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Abstract: The paper presents an analysis of two steam turbine operation regimes - regime with all steam extractions opened (base process) and regime with all steam extractions 
closed. Closing of all steam extractions significantly increases turbine real developed power for 5215.88 kW and increases turbine energy and exergy losses with simultaneous 
decrease of turbine energy and exergy efficiencies for more than 2%. First extracted steam mass flow rate has a dominant influence on turbine power losses (in comparison to 
turbine maximum power when all of steam extractions are closed). Cumulative power losses caused by steam mass flow rate extractions are the highest in the fourth turbine 
segment and equal to 1687.82 kW.  
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1 INTRODUCTION  
 
 Steam turbines are integral components of steam power 
plants of any kind (land based [1-3] or marine steam power 
plants [4, 5]). In the most of the cases its main function is 
electricity production (or ship propulsion in marine steam 
power plants) [6, 7].  
 In marine propulsion, new complex propulsion systems 
are completely or at least partially based on steam turbine 
processes [8]. Steam turbine processes are also inevitable 
components of combined [9-11], cogeneration [12, 13] or 
multi-generation power systems [14, 15].  
 In various power systems, low power steam turbines are 
also used for several auxiliary purposes (for pumps drive [16, 
17], for the drive of additional (or main) electrical generators 
[18], etc.). It should be noted that such auxiliary steam 
turbines usually did not possess any steam extractions [19]. 
 Along with the production of electricity (or ship 
propulsion) the purpose of the main steam turbine in any 
system is to provide a sufficient steam mass flow rate for 
condensate/feed water heating (at condensate/feed water 
return line from the steam condenser to steam generator) [20, 
21].  
 In this paper, the analysis of steam turbine with nominal 
power of 66 MW is presented. Two possible steam turbine 
operation regimes were investigated: operation regime with 
all steam extractions opened (base process) and operation 
regime when the all steam extractions are closed. Obtained 
results suggest that closing of steam extractions significantly 
increases turbine developed power, but simultaneously it 
increases turbine energy and exergy losses and decreases 
turbine energy and exergy efficiencies. Cumulative turbine 
power losses and turbine power losses in each turbine 
segment caused by steam extractions are calculated and 
discussed. 
 
 
 
 
 

2 CHARACTERISTICS AND OPERATING PROCESS OF THE 
ANALYZED STEAM TURBINE 

 
 The analyzed steam turbine has a nominal power of 66 
MW and operates in Al-Hussein power plant in Jordan [22]. 
For proper turbine analysis, it is important to know the steam 
mass flow rate as well as steam pressure and temperature at 
the turbine inlet, outlet and at each turbine extraction [23]. 
Steam turbine scheme and necessary operating points 
required for the performed analysis are presented in Fig. 1.  
 Superheated steam at the turbine inlet is delivered to the 
analyzed turbine direct from the steam generator [24-26], 
Fig. 1. At each steam turbine extraction, a certain steam mass 
flow rate was lead to regenerative condensate/feed water 
heating system (in this power plant regenerative 
condensate/feed water heating system consists of two low-
pressure condensate heaters [27, 28], deaerator [29] and two 
high-pressure feed water heaters [30, 31]). After expansion 
in the analyzed turbine, remaining steam mass flow rate is 
delivered to steam condenser [32, 33]. 
 Unlike most other conventional steam power plants, 
where the steam condenser is cooled with water [34, 35], in 
this power plant condenser is cooled with air. Steam 
condenser air cooling enables that steam, after expansion in 
the analyzed steam turbine – operating point 7, Fig. 1 and 
Fig. 2, is still superheated (not saturated as usual) [36, 37]. 
Air cooling performs additional cooling of superheated steam 
and enable its condensation. 
 Numerical analyses (energy and exergy analyses) 
performed in this paper do not require knowledge of the 
steam turbine or any other steam system component’s 
internal structure [38-40]. Those methods are widely used in 
the analyses of various steam turbines [41, 42], gas turbines 
[43] and the entire power plants [44, 45] (black box 
methods). 
 It should be noted that in Fig. 1 the numeration of 
condensate/feed water heaters (water heaters) is arranged 
from steam condenser to steam generator (water heater 
mounted closer to steam condenser has lower number). 
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Figure 1 Scheme of the analyzed steam turbine with steam extractions along with 

marked operating points required for the analysis  
 
 Steam expansion processes inside the analyzed turbine 
in h-s (specific enthalpy-specific entropy) diagram are shown 
in Fig. 2. Real (polytropic) steam expansion process is 
presented with operating points from 1 to 7 - dark red curve 
(according to Fig. 1). Ideal (isentropic) steam expansion 
process is presented with operating points from 1 to 7 - blue 
line. Ideal (isentropic) steam expansion process assumes that 
steam specific entropy during the whole expansion process 
remains the same as at the beginning of the expansion (as in 
operating point 1) [46]. Steam mass flow rates extracted from 
the analyzed turbine are marked with red arrows. 
 Proper energy analysis of any steam turbine, as well as 
of turbine analyzed in this paper, requires comparison of real 
(polytropic) and ideal (isentropic) steam expansion processes 
[47], while the exergy analysis of any steam turbine requires 
only the real (polytropic) steam expansion process [48, 49]. 
 

 
Figure 2 Ideal (isentropic) and real (polytropic) steam expansion processes inside 

the analyzed turbine in h-s diagram 
 
3 EQUATIONS REQUIRED FOR THE COMPARISON OF 

STEAM TURBINE PROCESSES WITH AND WITHOUT 
EXTRACTIONS  

 
 All the equations for the steam turbine analysis in this 
paper are presented according to operating points from Fig. 1 

and according to turbine expansion processes (ideal and real) 
from Fig. 2. 
 Real (polytropic) power of the analyzed steam turbine 
for the process with steam extractions is: 
 
PRE,WSE=ṁ1∙(h1-h2)+(ṁ1-ṁ2)∙(h2-h3)+(ṁ1-ṁ2-ṁ3) ∙ 
(h3-h4)+(ṁ1-ṁ2-ṁ3-ṁ4)∙(h4-h5)+(ṁ1-ṁ2-ṁ3-ṁ4-ṁ5) ∙    (1) 
(h5-h6)+(ṁ1-ṁ2-ṁ3-ṁ4-ṁ5-ṁ6)∙(h6-h7), 
 
while for the turbine process without steam extractions 
(entire steam mass flow rate at the turbine inlet expanded 
through the turbine), real (polytropic) power is: 
 
PRE,WOSE=ṁ1∙(h1-h7).           (2) 
 
 Ideal (isentropic) power of the analyzed steam turbine 
for the process with steam extractions is: 
 
PID,WSE=ṁ1∙(h1-h2is)+(ṁ1-ṁ2)∙(h2is-h3is)+(ṁ1-ṁ2-ṁ3) ∙ 
(h3is-h4is)+(ṁ1-ṁ2-ṁ3-ṁ4)∙(h4is-h5is)+ 
(ṁ1-ṁ2-ṁ3-ṁ4-ṁ5)∙(h5is-h6is)+         (3) 
(ṁ1-ṁ2-ṁ3-ṁ4-ṁ5-ṁ6)∙(h6is-h7is), 
 
while for the turbine process without steam extractions, ideal 
(isentropic) power is: 
 
PID,WOSE=ṁ1∙(h1-h7is).           (4) 
 
 Energy losses of the analyzed steam turbine for the 
process with steam extractions are: 
 
Ėen,LOSS,WSE=PID,WSE-PRE,WSE,               (5) 
 
 while for the turbine process without steam extractions, 
energy losses are: 
 
Ėen,LOSS,WOSE=PID,WOSE-PRE,WOSE.        (6) 
 
 The exergy power of any fluid flow (i = index of each 
operating point from Fig. 1 or Fig. 2) is calculated according 
to [50, 51] as: 
 
Ėxi=ṁi∙exi.                 (7) 
 
 In the Eq. (7) exi is fluid flow specific exergy (for each 
operating point from Fig. 1 or Fig. 2). Fluid flow specific 
exergy is calculated according to [52, 53] as: 
 
exi=(hi-h0)-T0∙(si-s0).                    (8) 
 
 Conditions of the ambient for the calculation of fluid 
flow specific exergy in each operating point (0 is the index 
of the ambient conditions) are ambient temperature of 298.15 
K and ambient pressure of 0.1013 MPa, as proposed in the 
literature [22, 54]. 
 Exergy losses of the analyzed steam turbine for the 
process with steam extractions are: 
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Ėex,LOSS,WSE=Ėx1-Ėx2-Ėx3-Ėx4-Ėx5-Ėx6-Ėx7-PRE,WSE,      (9) 
 
 while for the turbine process without steam extractions, 
exergy losses are: 
 
Ėex,LOSS,WOSE=Ėx1-ṁ1∙ex7-PRE,WOSE.                               (10) 
 
 The energy efficiency of the analyzed steam turbine for 
the process with steam extractions is: 
 
ηen,WSE= PRE,WSE

PID,WSE
,           (11) 

 
 while for the turbine process without steam extractions, 
energy efficiency is: 
 
ηen,WOSE= PRE,WOSE

PID,WOSE
.                (12) 

 
 The exergy efficiency of the analyzed steam turbine for 
the process with steam extractions, according to [55] is: 
 
ηex,WSE= PRE,WSE

Ėx1-Ėx2-Ėx3-Ėx4-Ėx5-Ėx6-Ėx7
,       (13) 

 
 while for the turbine process without steam extractions, 
exergy efficiency is: 
 
ηex,WOSE= PRE,WOSE

Ėx1-ṁ1∙ex7
.          (14) 

 
 Each steam mass flow rate extracted from the turbine 
does not expand throughout the whole turbine. When 
compared with the same turbine without steam extractions, 
each extracted steam mass flow rate causes turbine power 
losses and reduces turbine maximum power. For each 
extracted steam mass flow rate turbine power losses 
(cumulative power losses and power losses for each turbine 
segment) can be calculated with regard to turbine maximum 
power. Analyzed turbine is divided into six segments (one 
turbine segment is defined between each two consecutive 
operating points from Fig. 1 and Fig. 2). 
 Cumulative turbine power losses for each extracted 
steam mass flow rate and for the real (polytropic) steam 
expansion are calculated, according to Fig. 1 and Fig. 2, as: 
 
 -Turbine cumulative power losses for the first extracted 
steam mass flow rate (ṁ2): 
 
PLOSS,RE,m2=ṁ2∙(h2-h3)+ṁ2∙(h3-h4)+ṁ2∙(h4-h5)+ 

       ṁ2∙(h5-h6)+ṁ2∙(h6-h7).       (15) 
 
 -Turbine cumulative power losses for the second 
extracted steam mass flow rate (ṁ3): 
 
PLOSS,RE,m3=ṁ3∙(h3-h4)+ṁ3∙(h4-h5)+ṁ3∙(h5-h6)+ 

       ṁ3∙(h6-h7).           (16) 
 
 

 -Turbine cumulative power losses for the third extracted 
steam mass flow rate (ṁ4): 
 
PLOSS,RE,m4=ṁ4∙(h4-h5)+ṁ4∙(h5-h6)+ṁ4∙(h6-h7).    (17) 
 
 -Turbine cumulative power losses for the fourth 
extracted steam mass flow rate (ṁ5): 
 
PLOSS,RE,m5=ṁ5∙(h5-h6)+ṁ5∙(h6-h7).        (18) 
 
 -Turbine cumulative power losses for the fifth extracted 
steam mass flow rate (ṁ6): 
 
PLOSS,RE,m6=ṁ6∙(h6-h7).             (19) 
 
 Cumulative turbine power losses for each extracted 
steam mass flow rate and for the ideal (isentropic) steam 
expansion are calculated by using the same equations from 
Eq. (15) to Eq. (19) with a note that steam specific enthalpies 
must be taken for the same operating points but for ideal 
(isentropic) expansion process, Fig. 2. Steam mass flow rates 
extracted in each turbine extraction remain the same for real 
and ideal steam expansion processes. 
 
4 DATA FOR THE OBSERVED STEAM TURBINE ANALYSIS 
 
 Analysis of the observed steam turbine requires knowing 
the steam temperature, pressure and mass flow rate in each 
turbine operating point from Fig. 1 and Fig. 2. Such steam 
operating data were found in [22] and presented in Tab. 1. 
Mentioned data were obtained by measurements during 
turbine exploitation, therefore, they represent operating 
parameters of real (polytropic) steam expansion process. For 
each turbine operating point steam specific enthalpy, specific 
entropy and specific exergy were calculated by using NIST 
REFPROP 9.0 software [56], which are also presented in 
Tab. 1.  
 

Table 1 Data for each steam turbine operating point (base process) [22] 

O.P.* Temperature 
(K) 

Pressure 
(MPa) 

Steam 
mass 

flow rate 
(kg/s) 

Steam 
specific 
enthalpy 
(kJ/kg) 

Steam 
specific 
entropy 

(kJ/kg·K) 

Steam 
specific 
exergy 
(kJ/kg) 

1 793.15 9.1233 76.389 3436.3 6.7168 1438.25 
2 618.55 2.4231 4.944 3118.1 6.8419 1082.75 
3 547.85 1.3244 4.144 2986.9 6.8835 939.15 
4 463.65 0.5690 4.556 2831.4 6.9511 763.49 
5 394.35 0.2060 3.878 2707.7 7.1173 590.24 
6 360.45 0.0628 1.775 2655.2 7.5169 418.60 
7 343.15 0.0272 57.092 2626.9 7.8193 300.14 
* O.P. = Operating Point (according to Fig. 1 and Fig. 2) 
 
 For the ideal (isentropic) steam expansion process, all the 
required operating parameters were calculated by knowing 
the steam pressure in each operating point from Fig. 1 and 
Fig. 2 (Tab. 1) as well as by knowing always the same steam 
specific entropy during ideal expansion through the turbine. 
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5 THE RESULTS OF THE STEAM TURBINE ANALYSIS AND 
COMPARISON OF ITS PROCESSES 

 
 Steam turbine real (polytropic) and ideal (isentropic) 
power with and without steam extractions are presented in 
Fig. 3. Steam extractions closing significantly increases real 
turbine power (for 5215.88 kW) and simultaneously 
increases ideal (isentropic) turbine power for 10117.61 kW. 
 Along with the turbine power increase, closing of all 
steam extractions simultaneously increases analyzed turbine 
energy and exergy losses - energy losses increase for 4901.73 
kW while exergy losses increase for 4748.09 kW, Fig. 3. 
Therefore, closing of all steam turbine extractions has a 
higher influence on turbine energy losses, which increase is 
higher in comparison to exergy losses. 
 

 
Figure 3 Change in developed power and losses of the analyzed turbine with and 

without steam extractions 
 

 Base turbine operation (when all steam extractions are 
open) results with turbine energy efficiency of 70.46 % and 
turbine exergy efficiency of 73.55 %, Fig. 4. Closing of all 
steam extractions resulted in a decrease in both efficiencies - 
turbine energy efficiency decreases for 2.11 %, while turbine 
exergy efficiency decreases for 2.43 %. From the obtained 
results it can also be concluded that closing of all steam 
extractions has a higher influence on the turbine exergy 
efficiency decrease (in comparison to turbine energy 
efficiency decrease). 
 Finally, regarding the analyzed turbine it can be 
concluded that closing of all steam extractions significantly 
increases turbine power (ideal or real power, Fig. 3), but 
simultaneously increases turbine energy and exergy losses 
and decreases turbine energy and exergy efficiencies, Fig. 4. 
 

 
Figure 4 Change in energy and exergy efficiency of the analyzed turbine with and 

without steam extractions 
 

 Each steam mass flow rate extraction from the analyzed 
turbine (base process) participates in the reduction of 
maximum real or ideal turbine power. Maximum real or ideal 

power, which can be developed with the same steam 
operating parameters at the turbine inlet and outlet (operating 
points 1 and 7, Tab. 1) without any steam mass flow rate 
extraction, is presented in Fig. 3 and equal to 61829.17 kW 
for real (polytropic) steam expansion and 90467.36 kW for 
ideal (isentropic) steam expansion. 
 Each steam mass flow rate extracted from the analyzed 
turbine will expand throughout the whole turbine (to the 
pressure at the turbine outlet) if steam extractions were 
closed. Therefore, each extracted steam mass flow rate 
causes turbine power losses which are calculated by using 
equations from Eq. (15) to Eq. (19) and which are presented 
in Fig. 5. Power losses are the highest for the first extracted 
steam mass flow rate from the turbine (ṁ2), regardless of the 
fact whether the steam expansion is ideal or real - Fig. 2, 
because of the highest pressure differences between which 
that steam mass flow rate can expand. Following the above, 
power losses (again, both real and ideal) are the lowest for 
the last extracted steam mass flow rate (ṁ6), Fig. 5. 
 

 
Figure 5 Real (polytropic) and ideal (isentropic) power losses due to steam mass 

flow rate extractions from the analyzed turbine 
 

 Analyzed turbine is divided into the segments and each 
turbine segment is defined between turbine operating points 
presented in Fig. 1 and Fig. 2. Therefore, analyzed turbine 
has six segments. In each turbine segment developed turbine 
power is calculated with and without steam extractions as 
well as cumulative power losses from all extracted steam 
mass flow rates, Fig. 6. 
 As can be seen from Fig. 6, in the first turbine segment 
developed turbine power with and without steam extractions 
is the same (because in the first turbine segment the entire 
steam mass flow rate which enter in the turbine expands). In 
all the other analyzed turbine segments developed turbine 
power without extractions is higher than power with steam 
extractions. In any case, the first turbine segment develops 
the highest, while the last turbine segment develops the 
lowest power. 
 The difference between turbine power with and without 
steam extractions in each turbine segment represents 
cumulative power losses caused by steam extractions. It can 
be seen from Fig. 6 that cumulative power losses caused by 
steam extractions are the highest in the fourth turbine 
segment and equal to 1687.82 kW. 

Cumulative power losses caused by steam extractions in 
each turbine segment are the sum of power losses from each 
extracted steam mass flow rate. Distribution of power losses 
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on each extracted steam mass flow rate in any turbine 
segment is presented in Fig. 7. Power losses in the first 
turbine segment are not shown in Fig. 7, because the first 
turbine segment does not contain any steam extraction, so 
power losses on the first turbine segment are equal to zero, 
Fig. 6. 
 

 
Figure 6 Developed power and cumulative power losses at each segment of the 

analyzed steam turbine 
 

  
 An extracted steam mass flow rate, which has a dominant 
influence on power losses in each turbine segment is the first 
extracted steam mass flow rate (ṁ2). In the second turbine 
segment (2--3), the first extracted steam mass flow rate (ṁ2) 
is the only component which defines cumulative power 
losses, Fig. 7, while in the other turbine segments sum of at 
least two extracted steam mass flow rates defines cumulative 
power losses. In the last turbine segment, all of the extracted 
steam mass flow rates define cumulative power losses.  
 

 
Figure 7 Distribution of power losses at each analyzed turbine segment due to 

steam mass flow rate extractions 
 

 Further research, reduction of power losses and possible 
optimization of the steam turbine analyzed in this paper will 
be performed by using various artificial intelligence methods 
[57-61]. 
 
6 CONCLUSIONS 
 
 This paper presents an investigation of two possible 
steam turbine operation regimes – a regime with all steam 
extractions opened (base process) and a regime with all steam 
extractions closed. Major conclusions obtained from this 
analysis are as follows: 
-  Closing of all steam extractions significantly increases 

turbine real developed power in comparison to the 

regime when all steam extractions are opened (from 
56613.29 kW to 61829.17 kW). 

-  All steam turbine extractions closing, in comparison to 
the regime when all steam extractions are opened, 
significantly increases turbine energy and exergy losses 
(from 23736.46 kW to 28638.19 kW for energy losses 
and from 20361.77 kW to 25109.87 kW for exergy 
losses). 

-  Closing of all steam turbine extractions decreases turbine 
energy and exergy efficiencies when compared to the 
base process when all steam extractions are opened 
(from 70.46 % to 68.34 % for energy efficiency and from 
73.55 % to 71.12 % for exergy efficiency). 

-  First extracted steam mass flow rate has a dominant 
influence on turbine power losses (in comparison to 
maximum turbine power without steam extractions). 

-  Analyzed turbine develops the highest power (24306.94 
kW) in its first segment. 

-  Cumulative power losses caused by steam mass flow rate 
extractions are the highest in the fourth turbine segment 
and equal to 1687.82 kW (in comparison to the turbine 
regime when all of the extractions are closed).  
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NOMENCLATURE 
Latin symbols: 
ex specific exergy, kJ/kg 
Ė fluid flow power, kW 
h specific enthalpy, kJ/kg 
ṁ  mass flow rate, kg/s 
p pressure, MPa 
P power, kW 
s specific entropy, kJ/kg·K 
T temperature, K 
 
Greek symbols: 
η efficiency, % 
 
Subscripts: 
0 ambient state 
en energy 
ex exergy 
i operating point index 
ID IDeal (isentropic) 
RE REal (polytropic) 
WOSE WithOut Steam Extractions 
WSE With Steam Extractions 
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