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Abstract: This paper presents thermodynamic (energy and exergy) analysis of backpressure (BPT) and condensing (CT) steam turbines from 

cogeneration system. Based on the measurement data from exploitation it is performed calculation of main operating parameters for both 

turbines and its comparison. Analysis shows that BPT develops significantly lower mechanical power (22821.90 kW) in comparison to CT 

(30893.10 kW), but also BPT has more than four times lower energy and exergy power losses when compared to CT. Due to much lower 

losses, BPT has significantly higher energy and exergy efficiencies (93.26% and 94.95%, respectively) in comparison to CT (82.63% and 

83.87%, respectively). Energy and exergy power of a steam flow related to both observed turbines show that the BPT is the dominant heat 

supplier for all heat consumers inside the cogeneration system. 
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1. Introduction 
 

    Steam turbines, in a recent years, have a wide usage worldwide. 

The dominant function of a steam turbines is electrical power 

production in a various conventional or non-conventional steam 

power plants [1, 2]. However, steam turbines can also be found in a 

various marine propulsion systems [3-5], in a combined-cycle 

power plants (combined with gas turbines) [6, 7], as well as in 

various cogeneration systems where steam turbines are used for 

electrical power production and heat supply simultaneously [8]. 

    Low-power steam turbines have an important role inside various 

plants or systems as an auxiliary components. Such steam turbines 

can be used also for the electrical power production [9, 10], for the 

drive of various high-pressure pumps [11, 12], or for the drive of 

various components which operation has an important role inside 

many plants or systems. Mentioned low-power steam turbines, in 

comparison to medium or high-power steam turbines, have a much 

lower efficiencies [13], but also various advantages and benefits in 

comparison to other power producers. 

    In the literature can be found various classifications of steam 

turbines [14]. One important classification is according to steam 

pressure at the turbine outlet – in this manner steam turbines are 

divided on backpressure and condensing steam turbines. 

Backpressure steam turbines have steam pressure at the outlet (after 

steam expansion inside the turbine) far above the atmospheric 

pressure – steam after such turbine is used for various heating 

purposes [15]. Steam pressure at the outlet of condensing steam 

turbines is far below the atmospheric pressure – such steam cannot 

be used anywhere else in the plant or system, it must be delivered to 

steam condenser for condensation [16]. 

    This paper presents thermodynamic (energy and exergy) analysis 

of two steam turbines (backpressure and condensing) from 

cogeneration system. Based on the measured data from exploitation 

are calculated, presented and compared real (polytropic) and ideal 

(isentropic) mechanical power, energy and exergy power losses as 

well as the energy and exergy efficiencies of both analyzed 

turbines. The presented analysis gives an interesting comparison of 

backpressure and condensing steam turbines simultaneous 

operation. 
 

2. Operating principle and description of the analyzed 

backpressure and condensing steam turbines 
 

    Scheme of the analyzed backpressure (BPT) and condensing 

(CT) steam turbines is presented in Fig. 1. In the same figure are 

clearly visible operating points where the measurements in 

exploitation are performed with an aim to obtain all the necessary 

steam operating parameters required for the analysis. 

    In the cogeneration system inside which the analyzed steam 

turbines operate, superheated steam is produced in steam generator 

[17] and delivered simultaneously to BPT and CT (with different 

mass flow rates). Both analyzed steam turbines have one steam 

extraction – BPT through its extraction delivers a certain steam 

mass flow rate to the first heat consumer (Heat consumer 1), while 

CT through its extraction delivers a certain steam mass flow rate to 

the second heat consumer (Heat consumer 2). Steam after expansion 

in BPT is delivered to Heat consumer 2, while steam after 

expansion in CT has pressure significantly below the atmospheric 

one and can be delivered only to the steam condenser for 

condensation [18]. 

    Along with satisfying the needs of both heat consumers (Heat 

consumer 1 and 2), both analyzed steam turbines produce electrical 

power by driving own electrical generators, Fig. 1. 
 

 
 

Fig. 1. Scheme of the analyzed backpressure (BPT) and condensing 

(CT) steam turbines from a cogeneration system 
 

 
 

Fig. 2. General overview of real (polytropic) and ideal (isentropic) 

steam expansion processes inside BPT and CT in specific enthalpy-

specific entropy diagram 

 

    Real (polytropic) and ideal (isentropic) steam expansion 

processes in specific enthalpy-specific entropy diagram of both 

analyzed steam turbines are presented in Fig. 2. Real (polytropic) 

steam expansion process is marked with green curve and operating 

points A-B-C. Ideal (isentropic) steam expansion process assumes 

always the same steam specific entropy during the expansion, this 
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process is in Fig. 2 marked with a red dashed line and operating 

points A-Bis-Cis. Ideal (isentropic) steam expansion process 

assumes the same steam mass flow rates and is performed between 

the same pressures as real (polytropic) steam expansion process. 

    For the BPT, operating points A-B-C from Fig. 2 corresponds to 

operating points 1-2-3 from Fig. 1. For the CT, points A-B-C from 

Fig. 2 corresponds to operating points 4-5-6 from Fig. 1.  
 

3. Equations for thermodynamic analysis 
 

3.1. Overall equations for the energy and exergy analysis 
 

    Energy analysis of any system or a control volume has basis in 

the first law of thermodynamics [19, 20]. Overall energy balance 

equation, while disregarding potential and kinetic energies, can be 

written according to [21] as: 
 

 𝑄 IN + 𝑃IN +  𝐸𝑛 IN = 𝑄 OUT + 𝑃OUT +  𝐸𝑛 OUT . (1) 
 

    In Eq. 1 and throughout the paper, P is mechanical power in 

(kW), while 𝑄  is energy heat transfer in (kW). Index IN 

corresponds to the system or component inlet (input) and index 

OUT corresponds to the system or component outlet (output). 𝐸 𝑛 is 
a total energy power of operating medium flow in (kW), defined 

according to [22] by following equation: 
 

 𝐸 𝑛 = 𝑚 ∙ ℎ. (2) 
 

    In Eq. 2 and throughout the paper, 𝑚  is operating medium mass 

flow rate in (kg/s) and h is operating medium specific enthalpy in 

(kJ/kg). During system or a component operation usually did not 

occur operating medium mass flow rate leakage, so valid mass flow 

rate balance is [23]: 
 

  𝑚 IN =  𝑚 OUT . (3) 
 

    Exergy analysis of any system or a control volume has a basis in 

the second law of thermodynamics [24, 25]. The general exergy 

balance equation of any system or a control volume is defined as 

can be found in the literature [26] by using an equation: 
 

 𝑋 H + 𝑃IN +  𝐸𝑥 IN = 𝑃OUT +  𝐸𝑥 OUT + 𝐸 𝑥D . (4) 
 

    In Eq. 4 and throughout the paper, 𝐸 𝑥D is exergy destruction 

(exergy power loss) in (kW), while 𝑋 H is the exergy transfer by 

heat at the temperature T in (kW), defined by an equation [27]: 
 

 𝑋 H =  (1 −
𝑇0

𝑇
) ∙ 𝑄 . (5) 

 

    In Eq. 5 and throughout the paper, T is temperature in (K), while 

index 0 corresponds to the ambient state. 𝐸 𝑥 is a total exergy power 

of operating medium flow in (kW) which can be calculated as [28]: 
 

 𝐸 𝑥 = 𝑚 ∙ 𝜀. (6) 
 

    In Eq. 6 and throughout the paper, 𝜀 is specific exergy of 

operating medium in (kJ/kg), defined according to [29] by using an 

equation: 
 

 𝜀 =  ℎ − ℎ0 − 𝑇0 ∙ (𝑠 − 𝑠0). (7) 
 

    In Eq. 7 and throughout the paper, s is specific entropy of 

operating medium in (kJ/kg∙K). The general definition of any 

system or a control volume energy and exergy efficiency is: 
 

 𝜂en ,ex =
cumulative  energy  (exergy ) outlet  (output )

cumulative  energy  (exergy ) inlet  (input )
. (8) 

 

    Presented equations and balances will be used in energy and 

exergy analysis of both observed steam turbines (BPT and CT). 
 

3.2. Energy and exergy analysis equations of backpressure 

and condensing steam turbines 
 

    Equations for the energy and exergy analysis of backpressure 

(BPT) and condensing (CT) steam turbines are based on the 

operating points presented in Fig. 1. For the ideal (isentropic) steam 

expansion process are used the same operating points from Fig. 1 

with abbreviation – is. All of the equations required for the BPT and 

CT analysis are presented in Table 1. 

 

Table 1. Equations for the energy and exergy analysis of BPT and 

CT 
Calculated 

parameter 
BPT Eq. CT Eq. 

Real 
(polytropic) 

mechanical 

power 

𝑃re ,BPT = 𝑚 1 ∙  ℎ1 − ℎ2  
+ 𝑚 1 − 𝑚 2 ∙  ℎ2 − ℎ3  

(9) 
𝑃re ,CT = 𝑚 4 ∙  ℎ4 − ℎ5 + 

 𝑚 4 − 𝑚 5 ∙  ℎ5 − ℎ6  
(15) 

Ideal 

(isentropic) 

mechanical 
power 

𝑃is ,BPT = 𝑚 1 ∙  ℎ1 − ℎ2is  

+ 𝑚 1 − 𝑚 2 
∙  ℎ2is − ℎ3is  

(10) 

𝑃is ,CT = 𝑚 4 ∙  ℎ4 − ℎ5is  
+ 𝑚 4 − 𝑚 5 
∙  ℎ5is − ℎ6is  

(16) 

Energy 

power loss 
𝐸 𝑛L,BPT = 𝑃is ,BPT − 𝑃re ,BPT  (11) 𝐸 𝑛L,CT = 𝑃is ,CT − 𝑃re ,CT  (17) 

Energy 

efficiency 
𝜂en ,BPT =

𝑃re ,BPT

𝑃is ,BPT

 (12) 𝜂en ,CT =
𝑃re ,CT

𝑃is ,CT

 (18) 

Exergy 

destruction 

(exergy 
power loss) 

𝐸 𝑥D,BPT = 

𝐸 𝑥1 − 𝐸 𝑥2 − 𝐸 𝑥3 − 𝑃re ,BPT  
(13) 

𝐸 𝑥D,CT = 

𝐸 𝑥4 − 𝐸 𝑥5 − 𝐸 𝑥6 − 𝑃re ,CT  
(19) 

Exergy 

efficiency 
𝜂ex ,BPT =

𝑃re ,BPT

𝐸 𝑥1 − 𝐸 𝑥2 − 𝐸 𝑥3

 (14) 𝜂ex ,CT =
𝑃re ,CT

𝐸 𝑥4 − 𝐸 𝑥5 − 𝐸 𝑥6

 (20) 

 

4. Steam operating parameters required for the energy 

and exergy analysis 
 

    Steam operating parameters (temperature, pressure and mass flow 

rate) in each operating point from Fig. 1 are found in [30] and 

presented in Table 2 for the real (polytropic) steam expansion 

process of both analyzed turbines (BPT and CT). Steam specific 

enthalpies, specific entropies and steam quality in each operating 

point from Fig. 1 are also presented in Table 2 – they are calculated 

by using NIST REFPROP 9.0 software [31]. Steam specific 

exergies in each operating point of each turbine presented in Table 

2 are calculated for the ambient pressure of 1 bar and the ambient 

temperature of 25 °C by using Eq. 7. 
 

Table 2. Steam parameters in each operating point of Fig. 1 – real 

(polytropic) expansion process 

Turbine 
Op. 

point* 

Temp. 

(°C) 

Pressure 

(bar) 

Mass 

flow 

rate 

(kg/s) 

Specific 

enthalpy 

(kJ/kg) 

Specific 

entropy 

(kJ/kg∙K) 

Specific 

exergy 

(kJ/kg) 

Steam 

quality 

BPT 

1 490.00 65.0 33 3393.2 6.8086 1367.80 Superh. 

2 210.00 8.0 5 2862.5 6.8653 820.20 Superh. 

3 127.41 2.5 28 2672.9 6.9435 607.21 0.98 

CT 

4 490.00 65.0 39 3393.2 6.8086 1367.80 Superh. 

5 127.41 2.5 25 2672.9 6.9435 607.21 0.98 

6 37.63 0.065 14 2472.8 7.9903 95.06 0.96 

* According to Fig. 1. 
 

    Steam operating parameters of the ideal (isentropic) expansion 

process required for the analysis are presented in Table 3. 
 

Table 3. Steam parameters in each operating point of Fig. 1 – ideal 

(isentropic) expansion process 

Turbine 
Operating 

point** 

Pressure 

(bar) 

Mass flow 

rate (kg/s) 

Specific 

entropy 

(kJ/kg∙K) 

Specific 

enthalpy 

(kJ/kg∙K) 

BPT 

1 65.0 33 6.8086 3393.2 

2is 8.0 5 6.8086 2835.5 

3is 2.5 28 6.8086 2618.8 

CT 

4 65.0 39 6.8086 3393.2 

5is 2.5 25 6.8086 2618.8 

6is 0.065 14 6.8086 2105.6 

     ** According to Fig. 1 and Table 1. 
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5. Results and discussion 
 

    BPT real (polytropic) mechanical power is calculated by using 

Eq. 9, while the ideal (isentropic) mechanical power of the same 

turbine is calculated by using Eq. 10. In exploitation conditions, 

BPT shows a good performance because real (polytropic) 

mechanical power is only slightly lower in comparison to the ideal 

(isentropic) mechanical power (22821.90 kW in comparison to 

24471.70 kW), Fig. 3. 

    Real (polytropic) and ideal (isentropic) mechanical power of a 

CT are calculated by using Eq. 15 and Eq. 16, respectively. Real 

(polytropic) steam expansion process of CT shows high difference 

in comparison to the ideal (isentropic) steam expansion process 

(real mechanical power is equal to 30893.10 kW, while ideal 

mechanical power is equal to 37386.40 kW), Fig. 3. Those results 

for CT leads to conclusion that the real expansion process can be 

significantly improved (with an aim to be as close as possible to the 

ideal one). 

    Direct comparison of BPT and CT from Fig. 3 leads to another 

conclusion that BPT produces significantly lower mechanical power 

(both ideal and real) in comparison to CT, but the real (polytropic) 

steam expansion process of BPT is much closer to the ideal 

(isentropic) one than in the case of CT. This element will result with 

much higher energy power loss of CT (in comparison to BPT). 
 

 
 

Fig. 3. Real (polytropic) and ideal (isentropic) mechanical power 

comparison of two analyzed steam turbines (BPT and CT) 
 

    A conclusion derived from Fig. 3 related to energy power loss of 

both observed steam turbines can be clearly seen in Fig. 4 – energy 

power loss of BPT is equal to 1649.80 kW, while energy power loss 

of CT is almost four times higher (6493.30 kW). Energy power loss 

of BPT is calculated by using Eq. 11, while energy power loss of 

CT is calculated by using Eq. 17. 

    The same trend related to energy power loss of both analyzed 

turbines is obtained in exergy power loss, with a note that CT has 

almost five times higher exergy power loss (exergy destruction) in 

comparison to BPT (5940.05 kW in comparison to 1212.62 kW), 

Fig. 4. Exergy power loss (exergy destruction) of BPT is calculated 

by using Eq. 13, while the same variable for CT is calculated by Eq. 

19. 

    Therefore, for both analyzed turbines can be concluded that 

energy power loss and exergy power loss show the same trend and 

for both analyzed turbines exergy power loss (exergy destruction) is 

lower in comparison to the energy power loss. 
 

 
 

Fig. 4. Energy and exergy power loss of two analyzed steam 

turbines (BPT and CT) 
 

    Power loss and efficiency (energy or exergy) of various control 

volumes are usually reverse proportional. The same is valid for the 

observed steam turbines – BPT which has significantly lower power 

losses (energy or exergy) has significantly higher efficiencies 

(energy or exergy) in comparison to CT, Fig. 4 and Fig. 5. Also, as 

for the both observed steam turbines exergy power loss (exergy 

destruction) is lower in comparison to the energy power loss, Fig. 4, 

exergy efficiencies of both observed steam turbines are higher than 

energy efficiencies, Fig. 5. For the BPT, obtained energy efficiency, 

calculated by using Eq. 12 is equal to 93.26%, while obtained 

exergy efficiency of the same turbine, calculated by using Eq. 14 is 

equal to 94.95%. For the CT, obtained energy efficiency, calculated 

by using Eq. 18 is equal to 82.63%, while obtained exergy 

efficiency of the same turbine, calculated by using Eq. 20 is equal to 

83.87%, Fig. 5. 
 

 
 

Fig. 5. Energy and exergy efficiency of two analyzed steam turbines 

(BPT and CT) 

 

    Energy and exergy power of each steam flow stream (in each 

operating point) from Fig. 1 are presented in Fig. 6. From Fig. 6 can 

also clearly be seen energy and exergy power of a steam flow 

delivered to all heat consumers. In each operating point from Fig. 1, 

energy power of a steam flow is calculated by using Eq. 2, while 

exergy power of a steam flow is calculated by using Eq. 6. 

    As expected, the highest energy and exergy power of a steam 

flow are related to inlet of both turbines (operating point 1 for BPT 

and operating point 4 for CT, Fig. 1). Due to higher steam mass 

flow rate delivered to CT inlet, both energy and exergy power of a 

steam flow are higher at the inlet of CT (in comparison to BPT 

inlet). Fig. 6 clearly presents that Heat consumer 1 is actually 

secondary heat consumer inside observed cogeneration system - 

energy and exergy power of a steam flow delivered to Heat 

consumer 1 are much lower in comparison to energy and exergy 

power of a steam flow delivered to Heat consumer 2 from each of 

the observed steam turbines. However, it should be noted that both 

energy and exergy power of a steam flow delivered to Heat 

consumer 2 are higher from BPT than from a CT. Therefore, BPT is 

more involved in satisfying Heat consumer 2 needs in comparison 

to CT. 
 

 
 

Fig. 6. Energy and exergy power of a steam flow in each operating 

point from Fig. 1. 
 

    From Fig. 6 can be also seen one expected fact – the lowest 

exergy power of a steam flow, while observing all operating points 

from Fig. 1, is related to steam flow delivered to Steam condenser 

(1330.8 kW). This fact can be explained from the exergy analysis 

definition – in comparison with energy analysis which did not take 

into account the conditions of the ambient in which control volume 

or a system operates, exergy analysis takes into account the 

temperature and pressure of the ambient in which control volume or 

a system operates. Steam flow which has a temperature the closest 

to the ambient temperature will have the lowest specific exergy, 

Table 2, and in this analysis that is a steam flow delivered to Steam 

condenser.  
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6. Conclusions 
 

    The paper presents thermodynamic (energy and exergy) analysis 

of backpressure (BPT) and condensing (CT) steam turbines from 

cogeneration system. Measured data from exploitation are used for 

calculation and comparison of real (polytropic) and ideal 

(isentropic) mechanical power, energy and exergy power losses as 

well as the energy and exergy efficiencies of both analyzed 

turbines. The most important conclusions from the performed 

analysis are: 

- BPT in comparison to CT produces lower mechanical power (both 

real and ideal). 

- Both power losses (energy and exergy) are significantly lower for 

BPT when compared to CT. 

- Exergy power loss (exergy destruction) of both analyzed steam 

turbines is lower than energy power loss. 

- Lower power losses of BPT results with significantly higher 

efficiencies (both energy and exergy) in comparison to CT. 

- Energy and exergy power of a steam flow related to both observed 

turbines show that the dominant heat consumer inside the observed 

cogeneration system is Heat consumer 2. 
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