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Abstract: This paper presents an energy analysis of main and auxiliary steam turbines from conventional coal fired power plant. Main 

turbine is composed of three cylinders connected to the same shaft which drives an electric generator, while auxiliary steam turbine is used 

for the boiler feedwater pump drive. The whole analyzed main steam turbine produces mechanical power equal to 312.34 MW, while in an 

ideal situation, it can produce mechanical power equal to 347.28 MW. The highest part of the mechanical power in the main turbine is 

produced in the low pressure cylinder. Auxiliary steam turbine in exploitation develops mechanical power equal to 6768.94 kW, while in an 

ideal situation it can develop 8029.03 kW. Whole main turbine energy efficiency is equal to almost 90% what is in the expected range for 

such high power turbines. The auxiliary steam turbine has an energy efficiency equal to 84.31%, which is almost 6% lower in comparison to 

the main turbine. Energy flows delivered to the last two feedwater heaters (HPH2 and HPH3) in the condensate/feedwater heating system 

are notably higher in comparison to energy flows delivered to any other condensate/feedwater heater. 
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1. Introduction 
 

     Electricity production worldwide is today mainly based on the 

various steam turbine power plants [1]. One of the base elements in 

each steam power plant is a main steam turbine, which is usually 

composed of several cylinders connected to the same shaft [2, 3]. 

Such main steam turbine arrangement allows many benefits in the 

power plant, while connecting several cylinders to the same shaft 

allows a wide range of produced mechanical power [4]. 

     In each steam turbine power plant is mounted 

condensate/feedwater heating system for increasing water 

temperature before its return to steam generator [5]. All the heaters 

inside that heating system usually get steam direct from the main 

steam turbine cylinders [6]. Therefore, the main turbine is not 

mechanical power producer only, but also heat supplier in the plant. 

     Along with main steam turbine, some steam power plants can 

have one or more auxiliary low power steam turbines for 

mechanical power delivery to various consumers inside the plant [7, 

8]. In many steam power plants with auxiliary steam turbine(s), one 

of such turbines is always used for the boiler feedwater pump drive 

[9, 10]. 

     In this paper is performed energy analysis of main and auxiliary 

steam turbine for the boiler feedwater pump drive from the 

conventional coal fired steam power plant. According to steam 

operating parameters measured inside the plant, it is presented 

developed mechanical power, energy losses and efficiencies of 

main steam turbine, its cylinders and auxiliary steam turbine. The 

additional analysis of energy flows from main turbine cylinders to 

condensate/feedwater heaters can be a baseline for further, detail 

analysis and optimization. 
 

2. Description of the analyzed main and auxiliary 

steam turbines from coal fired power plant 
 

     Scheme of the analyzed main and auxiliary steam turbines is 

presented in Fig. 1. 

     The main steam turbine is composed of three cylinders: High 

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

Low Pressure Cylinder (LPC) connected to the same shaft which 

drives an Electric Generator (EG). LPC is dual flow dissymmetrical 

steam turbine (steam extractions 12 and 13 have different 

pressures), so each part of the LPC (left part LPC-L and right part 

LPC-R) are considered individually. Superheated steam is produced 

in Steam Generator (SG) and delivered to HPC, while between HPC 

and IPC appears steam reheating in the reheater (RH). After 

expansion in the last, low pressure cylinder of the main turbine, the 

steam is delivered to a steam condenser (COND) for condensation. 

     Regenerative condensate/feedwater heating system is composed 

of four closed low pressure condensate heaters (from LPH1 to 

LPH4), deaerator as an open feedwater heater (DEA) and three 

closed high pressure feedwater heaters (from HPH1 to HPH3). Each 

heater in the condensate/feedwater heating system gets steam from 

main steam turbine extractions. According to presented 

condensate/feedwater heating system composition, in the paper will 

also be analyzed energy flows to each condensate/feedwater heater 

and energy flow arrangement. 

    Auxiliary steam turbine in the analyzed power plant is Boiler 

Feedwater Pump Turbine (BFPT). This turbine gets steam from the 

last IPC extraction (operating point 7, Fig. 1). After expansion in 

BFPT, remaining steam is wet steam and it is delivered directly to 

the condenser for condensation. In any power plant operating 

regime BFPT produces mechanical power sufficient for at least 

boiler feedwater pump drive (remaining produced mechanical 

power by the BFPT can be effectively used in the plant for driving 

any other mechanical power consumer). 
 

 
 

Fig. 1. General scheme of the main and auxiliary steam turbine 

along with operating points required for the energy analysis 
 

     Real (polytropic) steam expansion process for the main turbine 

in h-s diagram, according to known steam operating parameters, is 

presented in Fig. 2 (operating points are in accordance to Fig. 1). 

From Fig. 2 can be seen that both LPC parts (left and right) have 

almost identical steam expansion process (slight difference is 

visible between operating points 11 and 14).   
 

 
 

Fig. 2. h-s diagram of steam expansion process through main 

turbine cylinders 

3. Equations for the main and auxiliary steam turbine 

energy analysis 
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3.1. Overall energy equations and balances 
 

     The main energy balance equation, according to [11, 12] is: 
 

 𝑄 in + 𝑃in +  𝐸 𝑛in = 𝑄 out + 𝑃out +  𝐸 𝑛out + 𝐸 𝑛L , (1) 
 

     where 𝑄  is heat energy transfer, 𝑃 is mechanical power, index in 

is related to the inlet (input), index out is related to outlet (output) 

and index L is related to energy loss. 𝐸 𝑛 is a total energy flow of 

any fluid stream which can be calculated as [13, 14]: 
 

 𝐸 𝑛 = 𝑚 ∙ ℎ, (2) 
 

     where 𝑚  is mass flow rate and ℎ is specific enthalpy. Valid mass 

flow rate balance is: 
 

  𝑚 in =  𝑚 out , (3) 
 

     while general energy efficiency equation of any system or a 

component can be defined according to [15] as: 
 

 𝜂en =
cumulative  energy  output

cumulative  energy  input
. (4) 

 

3.2. Equations for the energy analysis of observed turbines 
 

     Energy analysis of a steam turbine or turbine cylinder is based 

on the comparison of real (polytropic) and ideal (isentropic) steam 

expansion processes. Ideal (isentropic) steam expansion process 

assumes always the same steam specific entropy, while in the real 

(polytropic) expansion steam specific entropy increases during 

expansion. Comparison of ideal and real expansion processes for 

the BFPT is presented in Fig. 3. 
 

 
 

Fig. 3. h-s diagram of BFPT ideal (isentropic) and real (polytropic) 

steam expansion process  
 

     In the calculation of mechanical power (ideal and real), energy 

losses and energy efficiencies, markings in the equations are related 

to operating points from Fig. 1. Mechanical power for each cylinder 

and whole turbine is calculated as (index re is related to real, while 

index id is related to ideal process): 
 

- High Pressure Cylinder (HPC): 
 

 𝑃HPC ,re = 𝑚 1 ∙  ℎ1 − ℎ2 +  𝑚 1 −𝑚 2 ∙  ℎ2 − ℎ3 ,  (5) 

 𝑃𝐻𝑃𝐶 ,id = 𝑚 1 ∙  ℎ1 − ℎ2IS +  𝑚 1 −𝑚 2 ∙  ℎ2IS − ℎ3IS . (6) 
 

- Intermediate Pressure Cylinder (IPC): 
 

 𝑃IPC ,re = 𝑚 5 ∙  ℎ5 − ℎ6 +  𝑚 5 −𝑚 6 ∙  ℎ6 − ℎ7 , (7) 
 𝑃IPC ,id = 𝑚 5 ∙  ℎ5 − ℎ6IS +  𝑚 5 −𝑚 6 ∙  ℎ6IS − ℎ7IS . (8) 

 

- Left part of the LPC (LPC-L): 
 

 

𝑃LPC −L,re =
𝑚 11

2
∙  ℎ11 − ℎ12 +  

𝑚 11

2
−𝑚 12 ∙  ℎ12 − ℎ14 +

 
𝑚 11

2
−𝑚 12 −

𝑚 14

2
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𝑚 11

2
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2
−

𝑚 15

2
 ∙
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(9) 

 

𝑃LPC −L,id =
𝑚 11

2
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𝑚 11
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(10) 

- Right part of the LPC (LPC-R): 
 

 

𝑃LPC−R,re =
𝑚 11
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(12) 

 

- Whole main turbine: 
 

 𝑃WMT ,re = 𝑃HPC ,re + 𝑃IPC ,re + 𝑃LPC−L,re + 𝑃LPC−R,re , (13) 

 𝑃WMT ,id = 𝑃HPC ,id + 𝑃IPC ,id + 𝑃LPC−L,id + 𝑃LPC−R,id
,.
 (14) 

 

- Auxiliary BFPT: 
 

 𝑃BFPT ,re = 𝑚 8 ∙  ℎ8 − ℎ10  , (15) 

 𝑃BFPT ,id = 𝑚 8 ∙  ℎ8 − ℎ10IS . (16) 
 

     The energy loss of each cylinder and the whole turbine is 

calculated as a difference between ideal (isentropic) and real 

(polytropic) mechanical power. The energy efficiency of each 

cylinder and the whole turbine is calculated as a ratio of real and 

ideal mechanical power. The energy flow to each regenerative 

heater from the main turbine cylinders is calculated by using Eq. 2. 
 

4. Steam operating parameters required for main and 

auxiliary steam turbines energy analysis 
 

     The operating parameters of each fluid flow stream (in each 

operating point presented in Fig. 1) are found in [16]. 

    The authors in [16] for each fluid flow stream presented mass 

flow rate, pressure and specific enthalpy. From those data are 

calculated temperatures and specific entropies in each operating 

point from Fig. 1 by using NIST-Refprop 9.0 software [17]. The 

same software is used for the calculation of specific enthalpies in 

ideal (isentropic) steam expansion processes. Ideal (isentropic) 

steam expansion process is the process between the same pressures 

and with same mass flow rates as real (polytropic) expansion 

process, but steam specific entropy remains always the same during 

expansion. Steam operating parameters in each operating point from 

Fig. 1, required for main and auxiliary steam turbines energy 

analysis are presented in Table 1 for the real (polytropic) and in 

Table 2 for ideal (isentropic) steam expansion process. 

     It should be highlighted that in Table 2 operating parameters of 

the ideal expansion process for LPC are presented in two columns – 

the first column is related to the left LPC part, while the second 

column is related to the right LPC part. 
 

Table 1. Steam operating parameters of all fluid streams  

(real expansion process) 
 

O.P. 
Mass flow 

rate (kg/s) 

Temperature 

(°C) 

Pressure 

(MPa) 

Specific 

enthalpy 

(kJ/kg) 

Specific 

entropy 

(kJ/kg∙K) 

1 252.86 537.03 16.660 3396.3 6.4133 

2 17.80 384.10 5.850 3140.1 6.4964 

3 20.55 320.59 3.650 3027.8 6.5154 

4 214.51 320.59 3.650 3027.8 6.5154 

5 214.51 536.95 3.290 3537.5 7.2956 

6 8.39 435.59 1.690 3330.9 7.3247 

7 18.80 342.14 0.860 3144.4 7.3490 

8 9.84 342.14 0.860 3144.4 7.3490 

9 8.95 342.14 0.860 3144.4 7.3490 

10 9.84 45.81 0.010 2456.8 7.7505 

11 187.31 342.14 0.860 3144.4 7.3490 

12 10.39 240.61 0.360 2946.6 7.3939 

13 6.43 142.00 0.130 2758.3 7.4512 

14 6.96 85.93 0.060 2635.9 7.4839 

15 8.06 63.11 0.023 2509.1 7.5463 

16 155.49 36.16 0.006 2339.0 7.5931 

O.P. = Operating point (refers to Fig. 1.) 

Table 2. Steam operating parameters of all fluid streams  
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(ideal expansion process) 
 

O.P. Pressure (MPa) 
Isentropic specific 

enthalpy (kJ/kg) 

1 16.660 3396.3 

2IS 5.850 3086.3 

3IS 3.650 2968.3 

4IS 3.650 2968.3 

5 3.290 3537.5 

6IS 1.690 3310.4 

7IS 0.860 3111.9 

8 0.860 3144.4 

9 0.860 - 

10IS 0.010 2328.8 

11 0.860 3144.4 3144.4 

12IS 0.360 2923.8 - 

13IS 0.130 - 2716.9 

14IS 0.060 2587.5 2587.5 

15IS 0.023 2442.8 2442.8 

16IS 0.006 2263.5 2263.5 

 
LPC-L LPC-R 

O.P. = Operating point (refers to Fig. 1.) 
 

5. Results of the main and auxiliary steam turbine 

energy analysis 
 

     Ideal (isentropic) and real (polytropic) mechanical power of the 

main turbine and each of its cylinders are presented in Fig. 4.  

     Observing main turbine cylinders, it can be concluded that the 

dominant mechanical power producer as a whole is LPC, regardless 

of the fact that it operates with a steam of the lowest pressure and 

temperature (in comparison to other cylinders). LPC-R produces 

higher mechanical power (both ideal and real) in comparison to 

LPC-L, what can be easily explained with a fact that operating point 

13 has notably lower pressure in comparison to operating point 12. 

According to presented steam operating parameters, the whole main 

turbine produces mechanical power equal to 312.34 MW, while in 

an ideal situation it can produce mechanical power equal to 347.28 

MW. 
 

 
 

Fig. 4. Ideal (isentropic) and real (polytropic) mechanical power of 

main turbine and its cylinders 
 

     When considering energy loss of each main turbine cylinder, 

Fig. 5, it can be stated that the highest energy loss has HPC (equal 

to 14950.48 kW) what can be explained with the highest steam 

temperatures and pressures (in comparison to other cylinders) which 

enter this cylinder. LPC has lower energy loss than HPC, while the 

lowest energy loss can be seen in IPC (equal to 6868.55 kW). 

Observing LPC parts, it can be noticed that LPC-R has higher 

energy loss (6722.27 kW) in comparison to LPC-L (6394.14 kW). 

The whole main turbine has energy loss equal to 34935.44 kW. 
 

 
 

Fig. 5. Energy loss of analyzed main turbine and its cylinders 

     BFPT produced power (real and ideal) as well as energy loss are 

presented in Fig. 6. BFPT is a low power, auxiliary steam turbine 

(similar to low power auxiliary steam turbine presented in [18]) and 

in the observed power plant is used for the feedwater pump drive. 

     According to presented steam operating parameters, BFPT in 

exploitation develops mechanical power equal to 6768.94 kW, 

while in an ideal situation it can develop 8029.03 kW. Energy loss 

of the BFPT is equal to 1260.09 kW.  
 

 
 

Fig. 6. BFPT power (ideal and real) as well as BFPT energy loss 
 

     Energy efficiency of the main turbine, each main turbine 

cylinder and BFPT is presented in Fig. 7. 

     IPC is the main turbine cylinder which has the highest energy 

efficiency equal to 92.34%. Slightly lower energy efficiency in 

comparison to IPC can be seen in each LPC part (both LPC parts 

have almost identical energy efficiencies). Due to the highest 

energy loss of all main turbine cylinders, HPC has the lowest 

energy efficiency equal to 85.91%. The whole main turbine has an 

energy efficiency equal to almost 90%, what is in the expected 

range for such high power turbines. 

     In the literature can be found that low power steam turbines have 

notably lower efficiencies in comparison to high power turbines [4, 

19]. This fact is also confirmed in this analysis where is obtained 

that BFPT has an energy efficiency equal to 84.31%, which is 

almost 6% lower in comparison to the main turbine. Therefore, 

obtained BFPT energy efficiency is also in the expected range for 

such low power auxiliary steam turbines. 
 

 
 

Fig. 7. Energy efficiency of main turbine, main turbine cylinders 

and BFPT 
 

     At the end of this analysis are considered energy flows delivered 

to each heater in the regenerative condensate/feedwater heating 

system. These energy flows are extracted from the main turbine 

cylinders. The energy flow to each heater, according to steam 

operating parameters in the observed plant, is presented in Fig. 8.  

     Observation of low pressure condensate heaters shows that the 

last heater (LPH4) uses the highest energy flow from the main 

turbine, equal to 30603.92 kW. Other low pressure condensate 

heaters uses much lower steam energy flows in comparison to 

LPH4. 

     Steam energy flow delivered to deaerator is equal to 28151.02 

kW. Cumulative steam energy flow in the last IPC extraction 

(operating point 7, Fig. 1) is equal to 59105.8 kW, while energy 

flow delivered to BFPT is equal to 30954.77 kW. Therefore, energy 

flow delivered to deaerator has a lower share of the cumulative 

energy flow in operating point 7, when compared to energy flow 

share delivered to BFPT. 

     High pressure feedwater heaters get much higher average steam 

energy flows in comparison to low pressure condensate heaters, Fig. 

8. The highest energy flow delivered to high pressure feedwater 

heaters took HPH2 and that energy flow is equal to 62212.67 kW. 

This fact is interesting because, in general, it can be expected that 
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high pressure feedwater heater which increases water temperature to 

the highest level (HPH3) took the highest energy flow of all 

condensate/feedwater heaters. Finally, it can be concluded that 

energy flows delivered to the last two feedwater heaters (HPH2 and 

HPH3) are notably higher in comparison to energy flows delivered 

to any other condensate/feedwater heater. 
 

 
 

Fig. 8. Energy flow to all regenerative heaters from the observed 

power plant 
 

     Future analysis related to the observed main turbine, main 

turbine cylinders and BFPT will be based on novel Artificial 

Intelligence (AI) methods and processes [20, 21] with an aim of 

more detail analysis and possible optimization. 
 

6. Conclusions 
 

     In this paper is performed energy analysis of main and auxiliary 

steam turbines from conventional coal fired power plant. The main 

conclusions of the performed analysis are: 

- The dominant mechanical power producer is LPC as a whole, 

regardless of the fact that it operates with a steam of the lowest 

pressure and temperature, if all main turbine cylinders are 

compared. 

- The whole main turbine produces mechanical power equal to 

312.34 MW, while in an ideal situation, it can produce mechanical 

power equal to 347.28 MW. 

- The highest energy loss of all main turbine cylinders has HPC 

(equal to 14950.48 kW) what can be explained with the highest 

steam temperatures and pressures which enters in this cylinder. 

- Auxiliary steam turbine (BFPT) in exploitation develops 

mechanical power equal to 6768.94 kW, while in an ideal situation 

it can develop 8029.03 kW. 

- IPC is the main turbine cylinder which has the highest energy 

efficiency equal to 92.34%. Due to the highest energy loss of all 

main turbine cylinders, HPC has the lowest energy efficiency equal 

to 85.91%. Whole main turbine energy efficiency is equal to almost 

90% what is in the expected range for such high power turbines. 

- BFPT has an energy efficiency equal to 84.31%, which is almost 

6% lower energy efficiency in comparison to the main turbine. 

- Energy flows delivered to the last two feedwater heaters (HPH2 

and HPH3) in the condensate/feedwater heating system of the 

observed power plant are notably higher in comparison to energy 

flows delivered to any other condensate/feedwater heater. 
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