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Abstract  

This paper presents an energy and exergy analyses of two steam turbines from geothermal double flash power system. 
Along with the calculation of efficiencies and losses, in the exergy analysis is performed variation of the ambient 
temperature to investigate its influence on the obtained results. Low pressure turbine (LPT) produces higher real 
mechanical power in comparison to high pressure turbine (HPT) (35793.89 kW of LPT and 20111.21 kW of LPT) dominantly 
due to higher steam mass flow rate which expands through LPT. Energy and exergy efficiencies of both observed turbines 
are around 90% what are high efficiencies for the turbines which dominantly operates by using wet steam. An increase  
in the ambient temperature increases exergy loss and decrease exergy efficiency of both observed steam turbines. 
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1. Introduction 

The dominant mechanical power producers worldwide are currently internal combustion engines, gas turbines and 
steam turbines [1-5]. Along with independent application, there are many examples of a complex power systems which 
contain of two or more different mechanical power producers [6-8]. In such power systems, mechanical power producers 
can operate each by itself or together in various combinations, what usually depends on system load or other factors [9]. 

Each day renewable energy sources takes a higher share in systems for mechanical power and heat energy production 
[10]. Possibility of its application, efficiencies and operation dynamics increases continuously each day. One of many 
interesting renewable (or partially renewable) energy sources are geothermal fields [11, 12]. In such fields, geothermal 
energy can be used for production of steam – such steam usually drives steam turbine (or more of them) which produce 
useful mechanical power. 

In this paper are preformed energy and exergy analyses of two steam turbines from geothermal double flash power 
system. It is calculated and presented energy and exergy efficiencies and losses for each turbine and for both turbines 
together. Also, it is investigated how exergy efficiencies and losses will be changed during the change in the ambient 
temperature.  

2. Description and operating process of the analyzed steam turbines 

The configuration of two analyzed steam turbines along with operating points required for the energy and exergy 
analyses is presented in Figure 1. High pressure turbine (HPT) receive main produced steam flow. After expansion in HPT, 
the steam mass flow rate is increased by the additional steam flow after which cumulative steam mass flow rate expands 
in the low pressure turbine (LPT). After expansion in LPT, steam is delivered to steam condenser for condensation. Each 
steam turbine drives own electrical generator (EG1 and EG2, Figure 1). Neither HPT nor LPT didn’t have steam extractions 
(entire steam mass flow rate, which enter in each cylinder expands through it). 
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Figure 1 - Configuration of the analyzed steam turbines along with operating points required for both analyses 

Steam expansion processes for both analyzed turbines are presented in Figure 2 (operating points numeration  
is in accordance with Figure 1). Figure 2 is obtained by using NIST-REFPROP 9.0 software [13] and steam operating 
parameters from Table 4. 

From Figure 2 can be seen that both observed steam turbines dominantly operate by using wet steam (the only 
operating point in which occurs superheated steam is the entrance in the HPT – operating point 1). For each turbine are 
compared two expansion processes – real (polytropic) and ideal (isentropic). In comparison to real expansion process, ideal 
(isentropic) steam expansion process neglected all the losses which occur during expansion, so in the ideal expansion 
process steam specific entropy remains always the same (from the cylinder inlet until the cylinder outlet). Therefore, it can 
be concluded that observed steam turbines have a similarity with steam turbines which operate in nuclear power plants - 
both of them dominantly uses wet steam. 

 

Figure 2 – Specific enthalpy – Specific entropy (h-s) diagram of the observed steam turbines 

3. Thermodynamic (energy and exergy) analyses of the observed steam turbines 

3.1. Base equations for the energy and exergy analyses 

 In the energy and exergy analyses of any system or a control volume exists several basic equations, principles and 
balances which must always be satisfied. All of them are presented in this subsection. 

 Energy analysis is based on the first law of thermodynamics and it did not consider parameters of the ambient 
inside which observed system or a control volume operates [14]. The exergy analysis origin can be found in the second law 
of thermodynamics, and it is strongly related to the parameters of the ambient (ambient temperature and pressure) inside 
which observed system or a control volume operates [15]. General energy and exergy balance equations are [16, 17]: 
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 �̇�inlet + 𝑃inlet + ∑ 𝐸�̇�inlet = �̇�outlet + 𝑃outlet + ∑ 𝐸�̇�outlet, (1) 

 �̇�heat + 𝑃inlet + ∑ 𝐸�̇�inlet = 𝑃outlet + ∑ 𝐸�̇�outlet + 𝐸𝑥L, (2) 

 where �̇� is heat energy transfer, P is mechanical power and 𝑬𝒙𝐋 is exergy loss. �̇�𝒏 and �̇�𝒙 are energy and exergy 
total flow streams (of any fluid flow) which are defined as [18]: 

 �̇�𝑛 = �̇� ∙ ℎ, (3) 

 �̇�𝑥 = �̇� ∙ 휀. (4) 

 In Equations 3 and 4, �̇� is a fluid mass flow rate and 𝒉 is fluid specific enthalpy. Specific exergy of any fluid stream 
(𝜺) is defined according to [19] as: 

 휀 = (ℎ − ℎ0) − 𝑇0 ∙ (𝑠 − 𝑠0), (5) 

 where 𝒔 is fluid specific entropy, 𝑻 is temperature and index 0 is related to the ambient state. The last undefined 

variable from Equation 2 is a heat exergy transfer at the temperature 𝑻 (�̇�𝐡𝐞𝐚𝐭), which can be calculated according to the 
equation [20]: 

 �̇�heat = ∑(1 −
𝑇0

𝑇
) ∙ �̇�. (6) 

 If in the analysis of any system or a control volume fluid mass flow rate leakage did not occur, then the valid mass 
flow rate balance is: 

 ∑ �̇�inlet = ∑ �̇�outlet. (7) 

 The general energy and exergy efficiency definition can be found in [21] and presented by the equation: 

 𝜂en (ex) =
cumulative energy (exergy) outlet

cumulative energy (exergy) inlet
. (8) 

 However, it should be highlighted that the above efficiency definition (both energy and exergy) is only general,  
it may significantly vary regarding operating characteristics and specifications of the observed system or a component. 

3.2. Equations for the observed steam turbines energy and exergy analyses 

 Energy and exergy analysis equations of each turbine and both turbines together are defined according  
to recommendations from the literature [22, 23]. All the markings used in presented equations are related to operating 
points from Figure 1 and Figure 2. 

 Table 1 present equations for the calculation of ideal (isentropic) and real (polytropic) mechanical power of each 
turbine and both turbines together. In Table 2 are shown equations for the energy loss and energy efficiency calculation, 
while in Table 3 are presented equations for the exergy loss and exergy efficiency calculation of each turbine and both 
turbines together. 

Table 1 – Equations for the calculation of real (polytropic) and ideal (isentropic) mechanical power  

 Real (polytropic) Eq. Ideal (isentropic) Eq. 

HPT 𝑷𝐇𝐏𝐓,𝐫𝐞 = �̇�𝟏 ∙ (𝒉𝟏 − 𝒉𝟐) (9) 𝑷𝐇𝐏𝐓,𝐢𝐝 = �̇�𝟏 ∙ (𝒉𝟏 − 𝒉𝟐𝐈𝐒) (12) 

LPT 𝑷𝐋𝐏𝐓,𝐫𝐞 = �̇�𝟒 ∙ (𝒉𝟒 − 𝒉𝟓) (10) 𝑷𝐋𝐏𝐓,𝐢𝐝 = �̇�𝟒 ∙ (𝒉𝟒 − 𝒉𝟓𝐈𝐒) (13) 

Both 
Turbines 

𝑷𝐁𝐓,𝐫𝐞 = 𝑷𝐇𝐏𝐓,𝐫𝐞 + 𝑷𝐋𝐏𝐓,𝐫𝐞 (11) 𝑷𝐁𝐓,𝐢𝐝 = 𝑷𝐇𝐏𝐓,𝐢𝐝 + 𝑷𝐋𝐏𝐓,𝐢𝐝 (14) 
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Table 2 – Energy loss and energy efficiency of each turbine and both turbines together 

 Energy loss Eq. Energy efficiency Eq. 

HPT 𝑬𝒏𝐋,𝐇𝐏𝐓 = 𝑷𝐇𝐏𝐓,𝐢𝐝 − 𝑷𝐇𝐏𝐓,𝐫𝐞 (15) 𝜼𝐞𝐧,𝐇𝐏𝐓 =
𝑷𝐇𝐏𝐓,𝐫𝐞

𝑷𝐇𝐏𝐓,𝐢𝐝

 (18) 

LPT 𝑬𝒏𝐋,𝐋𝐏𝐓 = 𝑷𝐋𝐏𝐓,𝐢𝐝 − 𝑷𝐋𝐏𝐓,𝐫𝐞 (16) 𝜼𝐞𝐧,𝐋𝐏𝐓 =
𝑷𝐋𝐏𝐓,𝐫𝐞

𝑷𝐋𝐏𝐓,𝐢𝐝

 (19) 

Both 
Turbines 

𝑬𝒏𝐋,𝐁𝐓 = 𝑷𝐁𝐓,𝐢𝐝 − 𝑷𝐁𝐓,𝐫𝐞 (17) 𝜼𝐞𝐧,𝐁𝐓 =
𝑷𝐁𝐓,𝐫𝐞

𝑷𝐁𝐓,𝐢𝐝

 (20) 

Table 3 – Exergy loss and exergy efficiency of each turbine and both turbines together 

 Exergy loss Eq. Exergy efficiency Eq. 

HPT 𝐸𝑥L,HPT = 𝐸�̇�1 − 𝐸�̇�2 − 𝑃HPT,re (21) 𝜂ex,HPT =
𝑃HPT,re

𝐸�̇�1 − 𝐸�̇�2

 (24) 

LPT 𝐸𝑥L,LPT = 𝐸�̇�4 − 𝐸�̇�5 − 𝑃LPT,re (22) 𝜂ex,LPT =
𝑃LPT,re

𝐸�̇�4 − 𝐸�̇�5

 (25) 

Both 
Turbines 

𝐸𝑥L,BT = 𝐸�̇�1 + 𝐸�̇�3 − 𝐸�̇�5 − 𝑃BT,re (23) 𝜂ex,BT =
𝑃BT,re

𝐸�̇�1 + 𝐸�̇�3 − 𝐸�̇�5

 (26) 

4. Steam operating parameters required for both analyses 

Thermodynamic parameters of steam (temperatures, specific enthalpies and mass flow rates) for the real (polytropic) 
steam expansion process are found in [24] and presented in Table 4. Other operating parameters (of ideal expansion 
process, pressures, specific entropies, specific exergies and steam quality) are calculated by using NIST-REFPROP  
9.0 software [13]. The base ambient state required for the exergy analysis is selected as: ambient temperature of 25 °C and 
a pressure of 1 bar. 

Table 4 – Steam data used in the energy and exergy analyses of the observed steam turbines 

O. P.* 
Temperature 

(°C) 

Specific 
enthalpy 
(kJ/kg) 

Mass 
flow rate 

(kg/s) 

Pressure 
(bar) 

Specific 
entropy 
(kJ/kg∙K) 

Specific 
exergy 

(kJ/kg)** 
Quality 

1 163.20 2761.0 70.64 6.6915 6.7227 761.18 Superh. 

2IS 102.10 2451.3 70.64 1.0926 6.7227 451.50 0.90 

2 102.10 2476.3 70.64 1.0926 6.7893 456.63 0.91 

3 102.16 2679.0 50.00 1.0926 7.3295 498.28 Superh. 

4 102.10 2546.0 120.64 1.0926 6.9750 470.96 0.94 

5IS 45.80 2209.4 120.64 0.1000 6.9750 134.39 0.84 

5 45.80 2249.3 120.64 0.1000 7.1000 136.99 0.86 

* O. P. = Operating Point (in accordance with Figure 1 and Figure 2). 

** Specific exergies at the base ambient state. 

5. Results and discussion 

A comparison of real (polytropic) mechanical power of both observed turbines shows that LPT produces higher real 
mechanical power than HPT (35793.89 kW in comparison to 20111.21 kW), dominantly due to higher steam mass flow rate 
which expands through LPT. Both turbines cumulatively produce 55905.10 kW in real (polytropic) expansion processes, 
Figure 3. 

Ideal (isentropic) mechanical power of each observed (or any other) steam turbine is always higher than real (polytropic) 
one, due to neglecting all the expansion losses in ideal process. Therefore, HPT in ideal process produces 1766 kW more 
mechanical power, while LPT produce 4813.54 kW more mechanical power in comparison to real (polytropic) processes. 
Both turbines cumulatively produce 62484.63 kW of mechanical power in ideal process, what is 6579.54 kW higher than  
in the real expansion process, Figure 3.  
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Figure 3 – Ideal (isentropic) and real (polytropic) mechanical power of each observed turbine and cumulative for both 
turbines 

Higher produced mechanical power of LPT results with a fact that LPT has a higher energy loss in comparison to HPT, 
Figure 4. Simultaneously, HPT has higher energy efficiency in comparison to LPT (91.93% in comparison to 88.15%). Any 
notable problems or malfunctions during operation of any steam turbine will clearly be seen in the value of obtained energy 
efficiency, which will be much lower than for the observed two steam turbines. Both steam turbines (HPT and LPT) have  
an energy loss equal to 6579.5 kW and energy efficiency equal to 89.47%. 

 

Figure 4 – Energy loss and energy efficiency of each observed turbine and cumulative for both turbines 

 In the exergy analysis of the observed steam turbines is also performed variation of the ambient temperature  
(in the range from 5 °C up to 45 °C). Such variation in the ambient temperature will show the trends of exergy losses and 
exergy efficiencies (of each turbine and both turbines together) when the ambient conditions are changed notably. For the 
ambient pressure cannot be expected a notable change, therefore the ambient pressure always remain constant and equal 
to 1 bar. As the ambient parameters did not affect the energy analysis of any observed system or a component, ambient 
temperature change will influence only the exergy analysis variables. 

 Figure 5 shows trends of exergy loss for various ambient temperatures of each observed steam turbine and of both 
turbines cumulatively. For each turbine and for both turbines together can be noticed that increase in the ambient 
temperature increases exergy loss and vice versa. When comparing the analyzed turbines it can be seen the same trends 
as in the energy analysis – HPT will have a much lower exergy loss in comparison to LPT, regardless of the observed ambient 
temperature. 

 At the selected base ambient state, HPT has exergy loss equal to 1402.2 kW, LPT has exergy loss equal to 4496.3 
kW, while both turbines cumulatively have exergy loss equal to 6252.2 kW. Comparison of energy and exergy loss show 
that each turbine and both turbines cumulatively will have a lower exergy loss (in comparison to the energy loss of the 
same components) even at the highest observed ambient temperature of 45 °C. 

 

Figure 5 – Exergy loss of each observed turbine and cumulative for both turbines at the various ambient temperatures  
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Change in the ambient temperature shows reverse proportionality of any steam turbine exergy loss and exergy 
efficiency. The same conclusion can be observed for the analyzed steam turbines when comparing Figure 5 and  
Figure 6 – increase in the ambient temperature increases exergy loss and decreases exergy efficiency of each turbine and 
both turbines together (and vice versa). At the base ambient state, HPT and LPT have exergy efficiencies equal to 93.48% 
and 88.84%, while both turbines cumulatively have exergy efficiency equal to 89.94%, Figure 6. Comparison of energy and 
exergy efficiencies show that each turbine and both turbines cumulatively will have a higher exergy efficiency  
(in comparison to the energy efficiency of the same components) even at the highest observed ambient temperature  
of 45 °C. 

 

Figure 6 – Exergy efficiency of each observed turbine and cumulative for both turbines at the various ambient 
temperatures 

Energy and exergy analyses performed in this paper show that the observed turbines have low losses and high 
efficiencies (both energy and exergy), regardless of the fact that both steam turbines dominantly operates by using wet 
steam. In the future work, the intention of the authors will be to improve (and possibly optimize) operation of the analyzed 
steam turbines. For that purpose will be used various artificial intelligence methods and processes which show interesting 
opportunities in many sectors [25, 26].  

Conclusions 

The paper presents an energy and exergy analyses of two steam turbines from geothermal double flash power system. 
It is calculated and discussed energy and exergy efficiencies and losses for each turbine and for both turbines together. 
Additionally, it is investigated the change in exergy analysis parameters of both turbines during the change in the ambient 
temperature. The most important conclusions of the performed analyses are: 

- LPT produces higher real mechanical power than HPT (35793.89 kW in comparison to 20111.21 kW), dominantly due 
to higher steam mass flow rate which expands through LPT. 

- Higher produced mechanical power of LPT results with a higher energy loss and lower energy efficiency  
in comparison to HPT (LPT energy loss and energy efficiency are 4813.54 kW and 88.15%, while the same variables 
for HPT are 1766 kW and 91.93%).  

- At the selected base ambient state, HPT and LPT exergy loss is equal to 1402.2 kW and 4496.3 kW, while exergy 
efficiencies of HPT and LPT are equal to 93.48% and 88.84%. 

- Change in the ambient temperature shows reverse proportionality in the change of any steam turbine exergy loss 
and exergy efficiency (what is also confirmed for the observed turbines) – increase in the ambient temperature 
increases exergy loss and decreases exergy efficiency. 

- Observed turbines have high efficiencies (both energy and exergy), regardless of the fact that both steam turbines 
dominantly operate by using wet steam, which (due to the influence of water droplets) brings many additional losses 
in the turbine expansion process. 
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