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Abstract: In this paper is performed energy evaluation of steam turbine from the solar-based combined cycle power plant which includes 

analysis of each cylinder and the whole turbine. Steam turbine has three cylinders – high, intermediate and low pressure cylinders (HPC, 

IPC and LPC). Observed turbine is interesting because it possesses steam cooling before its expansion through the last cylinder (LPC). Due 

to unknown steam mass flow rates through each cylinder, for the evaluation are used specific variables. The highest specific work is obtained 

in LPC, while the lowest specific work is obtained in IPC. The highest loss of a specific work is obtained in LPC (29.8 kJ/kg), followed by 

HPC (24.5 kJ/kg), while the lowest loss of a specific work is obtained for the IPC (19.5 kJ/kg). Regardless of higher loss in specific work, 

HPC has higher energy efficiency in comparison to IPC (95.08% in comparison to 95.02%), while the lowest energy efficiency of all 

cylinders has LPC (94.92%). For the whole observed steam turbine loss of a specific work is equal to 73.8 kJ/kg, while the energy efficiency 

of the whole turbine is 95.00%. 
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1. Introduction 
 

    In a variety of power plants in which can be found steam turbines 

[1-4], especially interesting are combined cycle power plants due to 

its many advantages [5, 6]. The most important advantage of 

combined cycle power plants is its high overall efficiency, much 

higher in comparison to all the other power plants [7]. In such 

power plants, heat in exhaust gasses of gas turbine is used for water 

heating and preparing of superheated steam for expansion in the 

steam turbine [8]. Therefore, in combined cycle power plants steam 

part of the cycle did not use (or use a little amount) of conventional 

fuel, which is the most expensive element during any power plant 

operation. Steam part of a combined cycle instead of conventional 

fuel uses a heat source which will be completely lost if the gas 

turbine operates as a stand-alone device. In many power plants and 

systems worldwide, not only in combined cycle power plants, the 

intention is to use a gas turbine along with other elements with a 

goal to improve overall plant efficiency [9, 10]. 

    Combined cycle power plants have also various disadvantages in 

comparison to other power plants. They are complex and consist of 

at least two different turbines (gas and steam turbine), maintenance 

of such plant is usually very complex, regulation systems are 

expensive and it involves many elements related to both turbines 

and their processes to ensure optimal operation of the entire plant 

[11]. However, all the disadvantages are usually overcome with a 

high overall efficiency of such plants. 

    In this paper is performed energy evaluation of a steam turbine 

from the solar-based combined cycle power plant. Energy 

evaluation of such turbine involves performance evaluation of each 

cylinder and the whole turbine. The main goal of this analysis was 

to detect the cylinder which shows the worst performance from the 

energy point of view. Detection of such cylinder will be a baseline 

for further research related to this steam turbine and the entire 

combined cycle power plant. 
 

2. Description of the analyzed steam turbine 
 

    Scheme of the analyzed steam turbine, along with operating 

points required for the analysis is presented in Fig. 1. Analyzed 

steam turbine consist of three cylinders – High Pressure Cylinder 

(HPC), Intermediate Pressure Cylinder (IPC) and Low Pressure 

Cylinder (LPC). All the cylinders are connected to the same shaft 

which drives an Electrical Generator (EG). Analyzed steam turbine 

operates in a solar-based combined cycle power plant [12]. 

    Steam with the highest pressure and temperature is delivered 

from Heat Recovery Steam Generator (HRSG) firstly to the HPC. 

HPC did not possess any steam extraction. After expansion in HPC, 

steam is delivered to reheater which is mounted inside HRSG. 

Reheater increases steam temperature and after reheater steam is 

delivered to IPC. As HPC, IPC also did not possess any steam 

extraction. After expansion in IPC (operating point 4, Fig. 1), steam 

has high temperature and high specific entropy. To reduce such 

high temperature and specific entropy, after IPC steam is delivered 

to mixing chamber in which is mixed with additional steam of 

lower temperature. Steam of lower temperature (operating point a, 

Fig. 1) is delivered to mixing chamber from low pressure part of the 

HRSG. After steam cooling in mixing chamber while remaining the 

same steam pressure (in mixing chamber all steam streams – 

operating points 4, 5 and a, have the same pressure), steam is 

prepared for expansion in LPC (operating point 5, Fig. 1). In 

comparison to other cylinders which did not possess steam 

extractions, LPC has one steam extraction used for deaerator heat 

supply. After expansion in LPC, steam is finally delivered to steam 

condenser [13]. 

    It should be highlighted that steam mass flow rates through any 

turbine cylinder are not known, therefore the whole analysis will be 

performed by using specific variables (variables which result with 

operating parameters per unit of steam mass). All additional losses 

in each cylinder of the observed turbine (losses through the gland 

seals, heat losses, mechanical losses, etc.) [14, 15] were not taken 

into consideration in this analysis. 
 

 
 

Fig. 1. Scheme of the analyzed steam turbine from combined-cycle 

power plant along with operating points required for the analysis 
 

    The analysis in this paper is performed by comparing real 

(polytropic) and ideal (isentropic) steam expansion processes inside 

each cylinder and consequentially for the whole turbine. The 

presentation of both ideal and real expansion processes for each 

cylinder of the observed turbine, according to steam operating 

parameters measured in the power plant and calculated by using 

NIST REFPROP 9.0 software [16] (Table 1 and Table 2) are shown 

in Fig. 2 (h-s diagram). In Fig. 2 are presented only expansion 

processes inside each cylinder, it is not presented steam reheating 

(between operating points 2 and 3) or steam cooling in the mixing 

chamber before LPC (between operating points 4 and 5). 

    Real (polytropic) steam expansion process in each cylinder is 

characterized by an increase in steam specific entropy. Ideal 

(isentropic) steam expansion process in each cylinder is the process 

between the same pressures as in the real expansion process, but 

assuming always the same steam specific entropy. Therefore, the 

ideal (isentropic) steam expansion process in each cylinder of the 

observed turbine represents the best possible expansion process 

which did not take into consideration any losses [17]. In the ideal 
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expansion process, each steam turbine cylinder will develop the 

highest possible specific work. 
 

 
 

Fig. 2. Real (polytropic) and ideal (isentropic) steam expansion 

processes of all cylinders from the observed turbine in h-s diagram, 

performed by using [16] 
 

3. Equations for energy evaluation 
 

3.1. General balances and equations 
 

    Energy evaluation of any control volume or a system is based on 

the first law of thermodynamics [18]. Energy evaluation is 

independent of the ambient in which control volume or a system 

operates [19]. The base energy balance equation, valid for any 

control volume or a system can be written as proposed in [20, 21] 

as: 
 

 
𝑄 INLET + 𝑃INLET +  𝐸𝑛 INLET = 𝑄 OUTLET + 𝑃OUTLET +
 𝐸𝑛 OUTLET . 

(1) 

 

    In the base energy balance equation, Eq. (1), it should be 

highlighted that potential and kinetic energies are disregarded, due 

to its low, almost negligible influence on the entire balance [22, 23]. 

In Eq. (1), P is used or produced mechanical power in (kW) and 𝑄  
is an energy transfer by heat in (kW). 𝐸 𝑛 is a total energy power of 

fluid flow in (kW), which is defined according to [24] as: 
 

 𝐸 𝑛 = 𝑚 ∙ ℎ. (2) 
 

    In Eq. (2), 𝑚  is the fluid mass flow rate in (kg/s) and h is fluid 

specific enthalpy in (kJ/kg). The general definition of any control 

volume or a system energy efficiency is [25]: 
 

 𝜂EN =
CUMULATIVE  ENERGY  OUTLET

CUMULATIVE  ENERGY  INLET
. (3) 

 

    However, it should be highlighted that energy efficiency of any 

control volume or a system can be significantly different from the 

presented one, what depends on the type and operating 

characteristics of control volume or a system. 
 

3.2. Equations for the analysis of the whole observed steam 

turbine and each cylinder 
 

    Markings in all the equations presented in this section will be 

related to operating points from Fig. 1 and Fig. 2. As the steam 

mass flow rates in any operating point from Fig. 1 and Fig. 2 are not 

known, all the equations related to the analyzed turbine and its 

cylinders will be defined through specific variables. 

    Basically, energy evaluation of any steam turbine and its 

cylinders is based on the comparison of real (polytropic) and ideal 

(isentropic) steam expansion processes, Fig. 2. Both processes for 

any cylinder and the whole turbine will be presented through 

specific work. Mathematical definition of a specific work is that it is 

equal to the operating fluid specific enthalpy difference: 
 

 𝑤 = Δℎ, (4) 
 

    where w is specific work in (kJ/kg). 

 

High Pressure Cylinder (HPC) 
 

- Real (polytropic) and ideal (isentropic) specific work: 
 

 𝑤RE ,HPC = ℎ1 − ℎ2, (5) 
 

 𝑤ID ,HPC = ℎ1 − ℎ2is . (6) 
 

- Loss of specific work: 
 

 𝑤LOSS ,HPC = 𝑤ID ,HPC − 𝑤RE ,HPC . (7) 
 

- Energy efficiency: 
 

 𝜂EN ,HPC =
𝑤RE ,HPC

𝑤ID ,HPC
. (8) 

 

Intermediate Pressure Cylinder (IPC) 
 

- Real (polytropic) and ideal (isentropic) specific work: 
 

 𝑤RE ,IPC = ℎ3 − ℎ4, (9) 
 

 𝑤ID ,IPC = ℎ3 − ℎ4is . (10) 
 

- Loss of specific work: 
 

 𝑤LOSS ,IPC = 𝑤ID ,IPC − 𝑤RE ,IPC . (11) 
 

- Energy efficiency: 
 

 𝜂EN ,IPC =
𝑤RE ,IPC

𝑤ID ,IPC
. (12) 

 

Low Pressure Cylinder (LPC) 
 

- Real (polytropic) and ideal (isentropic) specific work: 
 

 𝑤RE ,LPC = (ℎ5 − ℎ6) + (ℎ6 − ℎ7), (13) 
 

 𝑤ID ,LPC = (ℎ5 − ℎ6is ) + (ℎ6is − ℎ7is ). (14) 
 

- Loss of specific work: 
 

 𝑤LOSS ,LPC = 𝑤ID ,LPC − 𝑤RE ,LPC . (15) 
 

- Energy efficiency: 
 

 𝜂EN ,LPC =
𝑤RE ,LPC

𝑤ID ,LPC
. (16) 

 

Whole Turbine (WT) 
 

- Real (polytropic) and ideal (isentropic) specific work: 
 

 𝑤RE ,WT = 𝑤RE ,HPC + 𝑤RE ,IPC + 𝑤RE ,LPC , (17) 
 

 𝑤ID ,WT = 𝑤ID ,HPC + 𝑤ID ,IPC + 𝑤ID ,LPC . (18) 
 

- Loss of specific work: 
 

 𝑤LOSS ,WT = 𝑤ID ,WT − 𝑤RE ,WT . (19) 
 

- Energy efficiency: 
 

 𝜂EN ,WT =
𝑤RE ,WT

𝑤ID ,WT
. (20) 

 

4. Steam parameters required for the analysis 
 

    Steam parameters in each operating point from Fig. 1 (steam 

temperature, steam pressure, steam specific enthalpy and steam 

specific entropy) are found in [12] and presented in Table 1. Steam 

quality in each operating point of Fig. 1, is calculated from the other 

parameters presented in Table 1, by using NIST REFPROP 9.0 

software [16]. Steam parameters presented in Table 1 are related to 

real (polytropic) steam expansion process of each turbine cylinder. 

    Ideal (isentropic) steam expansion process is the process between 

the same pressures as the real (polytropic) expansion, by assuming 

always the same steam specific entropy throughout each cylinder, 

Fig. 2. Steam pressure, isentropic steam specific entropy and 

isentropic steam specific enthalpy, in ideal (isentropic) steam 

expansion process of each cylinder are calculated also by using 

NIST REFPROP 9.0 software [16] and presented in Table 2. 

    By using steam specific enthalpies in real and ideal steam 

expansion processes throughout each cylinder can be performed 

energy evaluation of each cylinder and the whole analyzed steam 

turbine. 
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Table 1. Steam operating parameters for real (polytropic) 

expansion processes [12] 

O.P.* 
Temperature 

(K) 

Pressure 

(kPa) 

Specific 

enthalpy 

(kJ/kg) 

Specific 

entropy 

(kJ/kg∙K) 

Quality 

1 833.13 8000 3546 6.9091 Superheated 

2 590.00 1600 3073 6.9510 Superheated 

3 832.79 1600 3604 7.7046 Superheated 

4 653.86 500 3232 7.7347 Superheated 

5 552.57 500 3022 7.3858 Superheated 

6 493.24 300 2907 7.3982 Superheated 

7 333.21 20 2465 7.4753 0.939 

a 453.00 500 2812 6.9670 Superheated 

 * O.P. = Operating Point (according to Fig. 1)  
 

Table 2. Steam operating parameters for ideal (isentropic) 

expansion processes, calculated by using [16] 

O.P.* 
Pressure 

(kPa) 

Isentropic 

specific 

entropy 

(kJ/kg∙K) 

Isentropic 

specific 

enthalpy 

(kJ/kg) 

1 8000 6.9091 3546.0 

2is 1600 6.9091 3048.5 

3 1600 7.7046 3604.0 

4is 500 7.7046 3212.5 

5 500 7.3858 3022.0 

6is 300 7.3858 2900.9 

7is 20 7.3858 2435.2 

             * O.P. = Operating Point (according to Fig. 2)  
 

5. Results and discussion 
 

    Specific work of the whole turbine and each cylinder for real 

(polytropic) and ideal (isentropic) steam expansion processes are 

presented in Fig. 3. Ideal specific work of each cylinder and the 

whole turbine shows the maximum work potential which can be 

obtained in the ideal situation. Therefore, ideal specific work of 

each cylinder and the whole turbine will be higher in any situation 

in comparison to real specific work, Fig. 3. 

    By comparing turbine cylinders, it can be observed that the 

highest specific work (ideal or real) is obtained in LPC, followed by 

HPC, while the lowest specific work is obtained in IPC. Real 

(polytropic) specific work of LPC, HPC and IPC is equal to 557 

kJ/kg, 473 kJ/kg and 372 kJ/kg, while ideal (isentropic)  specific 

work of the same components is equal to 586.8 kJ/kg, 497.5 kJ/kg 

and 391.5 kJ/kg, respectively. Real or ideal specific work of the 

whole turbine is the sum of specific work obtained in all cylinders, 

Eq. (17) and Eq. (18). Therefore, real (polytropic) specific work of 

the whole turbine is 1402 kJ/kg, while ideal (isentropic) specific 

work of the whole turbine is equal to 1475.8 kJ/kg. 
 

 
 

Fig. 3. Real (polytropic) and ideal (isentropic) specific work for the 

whole analyzed steam turbine and all of its cylinders 

 

    Loss of specific work for the whole turbine and each cylinder is 

the difference between real (polytropic) and ideal (isentropic) 

specific work, Fig. 4.  

    When observing all turbine cylinders, the highest loss of specific 

work can be seen in LPC (29.8 kJ/kg), followed by HPC (24.5 

kJ/kg), while the lowest loss of a specific work is calculated for the 

IPC (19.5 kJ/kg), Fig. 4. From these results related to all cylinders, 

it can be concluded that in LPC real (polytropic) steam expansion 

process notably differs in comparison to ideal (isentropic) steam 

expansion process, while the difference between ideal and real 

expansion processes is the lowest for IPC. The same conclusion can 

be confirmed by direct comparison of expansion processes for each 

cylinder from Fig. 2. For the whole observed steam turbine, loss of 

a specific work is equal to 73.8 kJ/kg, obtained by using Eq. (19). 
 

 
 

Fig. 4. Loss of the specific work in relation to ideal process for the 

whole analyzed steam turbine and each cylinder 
 

    Using of specific variables in energy evaluation of the analyzed 

steam turbine and its cylinders also enables calculation of energy 

efficiencies. Energy efficiencies of each cylinder and the whole 

turbine are presented in Fig. 5. 

    While observing turbine cylinders, it can be seen that HPC has 

the highest energy efficiency (95.08%), while IPC has slightly 

lower energy efficiency (95.02%) regardless of lower loss in a 

specific work, Fig. 4. The lowest energy efficiency of all cylinders 

has LPC (94.92%), which simultaneously has the highest loss in 

specific work in comparison to the other cylinders. The energy 

efficiency of the whole analyzed steam turbine is equal to 95.00%, 

Fig. 5. 

    Finally, it can be concluded that the analyzed steam turbine and 

all of its cylinders have very high energy efficiencies (around 95%) 

what proves a good balance and proper performance of each 

cylinder and the whole turbine. However, there exists a possibility 

for improvement of the observed steam turbine and its cylinders. 
 

 
 

Fig. 5. Energy efficiency for the whole analyzed steam turbine and 

all of its cylinders 
 

    Further research, analysis and possible optimization of the 

observed steam turbine will be performed by using real assumptions 

and with involving various artificial intelligence and optimization 

methods [26-29]. LPC which has the highest loss of specific work 

and the lowest energy efficiency will be a baseline of any possible 

improvement. 
 

6. Conclusions 
    This paper presents an energy evaluation of a steam turbine from 

the solar-based combined cycle power plant. Such evaluation 

involves energy analysis of each cylinder and the whole turbine. 

Due to unknown steam mass flow rates through any of the observed 

cylinders, evaluation is performed by using specific variables. The 

most important conclusions from the performed evaluation are: 

- In comparison to steam turbines from other power plants found in 

the literature, analyzed steam turbine has steam cooling in a mixing 
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chamber before LPC with an aim to reduce steam temperature (and 

consequentially steam specific entropy). 

- Comparison of all turbine cylinders shows that the highest specific 

work is obtained in LPC (557 kJ/kg for real expansion process and 

586.8 kJ/kg for ideal expansion process), while the lowest specific 

work is obtained in IPC (372 kJ/kg for real expansion process and 

391.5 kJ/kg for ideal expansion process). The whole steam turbine 

has real (polytropic) specific work equal to 1402 kJ/kg, while ideal 

(isentropic) specific work of the whole turbine is 1475.8 kJ/kg. 

- When observing turbine cylinders, the highest loss of a specific 

work is obtained in LPC (29.8 kJ/kg), followed by HPC (24.5 

kJ/kg), while the lowest loss of a specific work is obtained for the 

IPC (19.5 kJ/kg). Loss of specific work for the whole observed 

steam turbine is equal to 73.8 kJ/kg. 

- Regardless of higher loss in specific work, HPC has higher energy 

efficiency in comparison to IPC (95.08% in comparison to 95.02%). 

The lowest energy efficiency of all cylinders has LPC (94.92%), 

while energy efficiency of the whole observed turbine is 95.00%. 
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