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ABSTRACT

This paper presents an exergy analysis of the whole turbine, turbine cylinders and cylinder parts in 
four different operating regimes. Analyzed turbine operates in nuclear power plant while three of 
four operating regimes are obtained by using optimization algorithms – SA (Simplex Algorithm), GA 
(Genetic Algorithm) and IGSA (Improved Genetic-Simplex Algorithm). IGSA operating regime gives 
the highest developed mechanical power of the whole turbine equal to 1022.48 MW, followed by 
GA (1020.06 MW) and SA (1017.16 MW), while in Original operating regime whole turbine develop 
mechanical power equal to 996.29 MW. In addition, IGSA causes the highest increase in developed 
mechanical power of almost all cylinders and cylinder parts in comparison to the Original operating 
regime. All observed optimization algorithms increases the exergy destruction of the whole turbine 
in comparison to Original operating regime - the lowest increase causes IGSA, followed by GA and 
finally SA. The highest exergy efficiency of the whole turbine, equal to 85.92% is obtained by IGSA, 
followed by GA (85.89%) and SA (85.82%), while the lowest exergy efficiency is obtained in Original 
operating regime (85.70%). Analyzed turbine, which operates by using wet steam is low influenced 
by the ambient temperature change. IGSA, which shows dominant performance in exergy analysis 
parameters of the analyzed turbine, in certain situations is overpowered by GA. Therefore, in 
optimization of steam turbine performance, IGSA and GA can be recommended.

1	 Introduction

The dominant usage of steam turbines nowadays is 
production of mechanical power and electric generators 
drive [1, 2]. Such steam turbines can be found in conven-
tional [3, 4], nuclear [5, 6], combined or cogeneration [7-
9], marine [10-12], or various other power plants [13-15]. 
Also, steam turbines can be used for various other purpos-
es instead of electric generator drive. Steam turbines can 
be used in various power plants for the drive of pumps or 
ventilators [16-18], in marine steam power plants steam 
turbines are also used for main propulsion propeller drive 
[19, 20], in many complex power plants steam turbines 
can be used for the drive of various equipment [21, 22], 
etc.

Steam turbine operation in various power plants strong-
ly differs. They can dominantly operate by using wet or 

superheated steam [23, 24], they can be composed of one 
or more turbine cylinders [25, 26], turbine cylinders can 
be single flow or dual flow (while dual flow cylinders can 
be symmetrical or asymmetrical) [27], turbine cylinders 
can be connected to the same or to the various shafts [28, 
29], steam turbines are nowadays dominantly composed 
of many stages (however, still in exploitation can be found 
steam turbines with only one stage used for various auxil-
iary purposes) [30, 31], turbine stages can be of impulse, 
reaction or Curtis type [32], temperature and pressure of 
steam delivered to any steam turbine can significantly vary 
[33, 34]. Therefore, observations which pointed out that 
any steam turbine operates in a same manner is valid only 
in the most general and overall form.

In the scientific and professional literature can be 
found a variety of different techniques for steam turbines 
analysis and optimization. Although some researchers still 
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perform various types of energy analyses related to steam 
turbines [35, 36], the dominance over energy analysis has 
exergy analysis [37-39] which takes into consideration the 
parameters of the ambient where the observed steam tur-
bine operates, along with a fact that exergy analysis can 
be a proper baseline for the economic analysis, not only 
for steam turbines, but also for the entire power plants 
[40, 41]. Either energy or exergy analyses did not take 
into consideration steam turbine (or any other observed 
volume) inner structure [42, 43]. Along with mentioned, 
there also exist various other types of steam turbine nu-
merical analyses which may (or may not) take into consid-
eration turbine inner structure [44, 45].

Optimization of steam turbines (or the entire power 
plants) is nowadays often performed by using many opti-
mization algorithms [46, 47]. Each optimization algorithm 
can be used not only for one specific problem, it is also 
applicable to a variety of engineering problems and chal-
lenges [48, 49]. Along with optimization algorithms, many 
researchers use various artificial intelligence methods and 
processes for improving the operation of steam turbines 
as an independent components [50, 51] or for improving 
the operation of entire power plants [52, 53]. Therefore, 
optimization and improvement possibilities for any ob-
served component or a system are notable at the moment.

In this paper is investigated how the nuclear power 
plant operating parameters obtained by different opti-

mization algorithms influenced exergy analysis of the 
whole steam turbine, turbine cylinders and each cylin-
der part and what are the differences in comparison to 
Original plant operating regime (standard plant opera-
tion). The main aim of all optimization algorithms was 
to increase overall nuclear power plant efficiency, but it 
was interesting to investigate how the same algorithms 
influenced exergy losses and exergy efficiencies of whole 
steam turbine, turbine cylinders and cylinder parts. Also, 
it is investigated did the ambient temperature change in-
fluenced steam turbine from nuclear power plant (which 
dominantly operate by using wet steam) more than tur-
bine which dominantly operate by using superheated 
steam (turbine from conventional or marine steam pow-
er plant). Obtained results can be useful in the analysis 
and optimization of any complex steam turbine, because 
they show the influence of optimization algorithms not 
only on the whole turbine, but also on its cylinders and 
cylinder parts.

2 	 Description and operating characteristics 
of the analyzed steam turbine from nuclear 
power plant

Scheme of the analyzed steam turbine from nuclear 
power plant along with marked operating points required 
for the exergy analysis is presented in Fig. 1. 

Fig. 1 Scheme of the analyzed steam turbine from nuclear power plant along with marked operating points required for the exergy analysis

Source: Authors
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Steam turbine is a complex one and consists of four 
cylinders (one High Pressure Cylinder – HPC and three 
Low Pressure Cylinders – LPC). All turbine cylinders are of 
dual flow type – steam enters in the middle of the cylinder 
and simultaneously expands through left and right cylin-
der part. All low pressure cylinders are symmetrical ones 
– steam extractions at both cylinder parts has the same 
pressure, temperature and mass flow rate. LPC1 and LPC3 
are actually identical cylinders, while LPC2 differs from 
the other low pressure cylinders due to different steam 
temperature, pressure and mass flow rate extracted in the 
first extraction.

HPC is asymmetrical cylinder – steam extraction in 
both of its parts occurs at different pressure and tem-
perature, while the extracted steam mass flow rate is also 
different.

As can be seen from Fig. 1, all four steam turbine cyl-
inders are connected to the same shaft which drives an 
electric generator. Such arrangement of turbine cylinders 
is standard for nuclear power plants – in comparison to 
conventional steam power plants, nuclear power plants 
did not posses intermediate pressure cylinder [54, 55].

The whole steam turbine process begins from steam 
delivery to HPC from steam generators (the dominant 
steam mass flow rate from steam generators is delivered 
to HPC, while a small part of the steam mass flow rate is 
delivered to Re-Heater – RH2), Fig. 1. The steam expands 
through left and right HPC parts (both HPC extractions de-
liver a certain steam mass flow rate to high pressure feed 
water heaters [56, 57]). After expansion in HPC, one small 
amount of steam mass flow rate is delivered to the deaera-
tor, while the dominant steam mass flow rate is re-heated 
– in nuclear power plants, steam re-heating is performed 
firstly through Steam Separator (SS) which removes the 
dominant amount of water droplets from wet steam and 
two Re-Heaters (RH1 and RH2) which increases steam 
temperature (by using steam of higher temperature for 
that purpose). Therefore, steam re-heating process in nu-
clear power plant notable differs from steam re-heating 
process in conventional steam power plants (because in 
nuclear power plants fossil fuels are not used at all) [58, 
59]. 

After steam re-heating process, one small amount of 
steam is delivered to the low power steam turbine which 
drives the main feed water pump [17], while other steam 
mass flow rate is equally distributed to all three low 
pressure cylinders. Steam extractions of all low pressure 
cylinders lead steam to low pressure condensate heaters 
[60, 61]. In Fig. 1 numeration of low pressure condensate 
heaters is performed in a manner that heater number 
increases from the main steam condenser to deaerator, 
while high pressure feed water heater number increas-
es from the deaerator to steam generators. Remaining 
steam mass flow rate, after expansion in each part of 
each LPC is delivered to the main steam condenser for 
condensation [62, 63].

3	 Exergy analysis equations

Thermodynamic performance is best evaluated using 
exergy analysis because it provides more insights and is 
more useful in efficiency-improvement efforts than energy 
analysis alone [64, 65]. For any observed control volume, 
exergy analysis shows performance in relation to the envi-
ronment [66, 67], while energy analysis did not have any 
relation with the environment in which control volume op-
erates [68-70]. Therefore, in the scientific and professional 
literature can be found that many researchers selected ex-
ergy analysis instead of energy analysis for researching the 
operation of various control volumes or systems [71-73]. 
Also, in this paper was most proper and adequate to ana-
lyze exergy efficiencies and losses of the observed steam 
turbine, its cylinders and cylinder parts and investigate the 
influences of all observed optimization algorithms. 

3.1 General exergy equations and balances

In the exergy analysis exists a few general equations 
and balances which must be always satisfied, regardless 
of the observed control volume or its operating regime 
[74-76]. 

First of all general exergy analysis equations is the 
equation of exergy balance, which can be often found in 
the literature [77-79]. So, for any observed control vol-
ume, the equation of exergy balance is:

+ ∑ + ∑
	

(1)

In the above equation, P is mechanical power, E
.
xd is ex-

ergy destruction (exergy loss), index in is related to the inlet 
(input), while index out is related to the outlet (output) of 
the observed control volume. A total exergy flow of operat-
ing fluid (E

.
x) can be defined by using equation [80, 81]:

	 (2)

where m. is operating fluid mass flow rate, while ɛ is spe-
cific exergy. The specific exergy calculation of any operat-
ing fluid stream can be performed by using equation [82]:

(ℎ − ℎ ) ∙ ( ) 	 (3)

where T is temperature, h is specific enthalpy, s is specific 
entropy and index 0 represents operating parameters of 
any fluid stream at the ambient state (at the ambient tem-
perature and pressure). Therefore, Eq. 3 represents the di-
rect involvement of the ambient state parameters into the 
exergy analysis of any observed control volume [83]. Also, 
Eq. 3 allows the change of the ambient temperature and 
pressure, so any observed control volume can be investi-
gated in the whole range of ambient states (inside which 
the control volume operation can be expected) [84].

The last undefined parameter from Eq. 1 is the exergy 
transfer by heat (X

.
ex) at the temperature T, which can be 

calculated by using an equation [85]:
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= ∑(1 −
	

(4)

where Q
. 

is the energy transfer by heat. Also, for any con-
trol volume should be valid mass flow rate balance [86]:

∑ = ∑ 	 (5)

In the analyses of some control volumes, as for exam-
ple in [25, 36, 87], mass flow rate leakages can be taken 
into account, but mass flow rate balance must always be 
satisfied because any mass flow rate cannot rise or disap-
pear by itself.

Final general equation related to exergy analysis is 
definition of any control volume exergy efficiency. The ex-
ergy efficiency definition depends on the characteristics 
and operating principles of a control volume, so the exact 
equation may significantly vary. General representation of 
control volume exergy efficiency can be shown, according 
to [88, 89], as:

=
	

(6)

3.2	 Equations for the exergy analysis of the observed 
steam turbine, turbine cylinders and cylinder parts

All the equations related to exergy analysis of whole 
observed steam turbine, turbine cylinders and cylinder 
parts are developed in accordance to available literature 
[90-94], by using operating points presented in Fig. 1. The 
equations presented in this subsection are identical in all 
turbine observed operating regimes (Original, IGSA, GA 
and SA) at each observed ambient temperature – the dif-
ferences occur in steam operating parameters for each op-
erating regime.

The essential parameter required in the exergy analy-
sis of any steam turbine is developed mechanical power 
(P). Developed mechanical power of the whole turbine, 

Table 1 Equations for mechanical power calculation – whole turbine, turbine cylinders and cylinder parts

Component* Mechanical power Eq.

HPC-L =
2
∙ (ℎ − ℎ ) +

2
∙ (ℎ − ℎ ) (7)

HPC-R =
2
∙ (ℎ − ℎ ) +

2
∙ (ℎ − ℎ ) (8)

HPC-EC  (9)

LPC1-L

=
6

∙ (ℎ − ℎ ) +
6

−
4

∙ (ℎ − ℎ )

+
6

−
4

−
6

∙ (ℎ − ℎ )

+
6

−
4

−
6

−
6

∙ (ℎ − ℎ ) 

(10)

LPC1-R ** (11)

LPC1-EC  (12)

LPC2-L

=
6

∙ (ℎ − ℎ ) +
6

−
2

∙ (ℎ − ℎ )

+
6

−
2

−
6

∙ (ℎ − ℎ )

+
6

−
2

−
6

−
6

∙ (ℎ − ℎ ) 

(13)

LPC2-R ** (14)

LPC2-EC  (15)

LPC3-L *** (16)

LPC3-R *** (17)

LPC3-EC *** (18)

WT  (19)

* L = Left part; R = Right part; EC = Entire Cylinder; WT = Whole Turbine; ** Symmetry of both cylinder parts; *** LPC1 and LPC3 are identical cylinders 
(the same steam mass flow rates, pressures and temperatures)

Source: Authors
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turbine cylinders and cylinder parts is calculated by using 
steam operating parameters and corresponding equations 
are presented in Table 1.

Equations for exergy destruction calculation of the 
whole turbine, turbine cylinders and cylinder parts are 
presented in Table 2.

In the calculation of exergy destructions, special at-
tention should be pointed to the steam mass flow rates 
at the HPC outlet (HPC is asymmetrical cylinder, so steam 
mass flow rates at the outlets of HPC-L and HPC-R are not 
equal). As mentioned before, LPC1 and LPC3 are identical 
cylinders, therefore steam mass flow rates at the outlet 
of each cylinder parts are identical. However, steam mass 
flow rates extracted from LPC2 differ (in comparison to 
LPC1 and LPC3), so steam mass flow rates at the outlet of 
both LPC2 parts are identical, but they differ in compari-
son to LPC1 and LPC3 outlet streams. If the explained facts 
related to outlet steam mass flow rates from the cylinders 
were not taken into consideration, it can easily lead to ob-
vious mistakes which significantly influenced the results 

of the entire exergy analysis. Mentioned outlet steam mass 
flow rates are also important in the exergy destruction cal-
culation, so the special attention is pointed out on its cor-
rect definition, as can be seen in Table 2.

The exergy efficiency of the whole turbine, turbine cyl-
inders and cylinder parts are calculated according to [95, 
96] by using always the same equation:

=
	

(33)

where i denotes each component from Table 1 and Table 2 
(each cylinder, cylinder part and the whole turbine).

In this analysis is also investigated the influence of the 
ambient temperature change on each observed turbine 
cylinder, cylinder part and the whole turbine in all four op-
erating regimes. The analysis equations presented in this 
section remains the same, regardless of the observed am-
bient temperature, the changeable variable in all the equa-
tions is specific exergy of fluid streams.

Table 2 Equations for the exergy destruction calculation – whole turbine, turbine cylinders and cylinder parts

Component* Exergy destruction Eq.

HPC-L =
2

−
2

 (20)

HPC-R =
2

−
2

 (21)

HPC-EC (22)

LPC1-L
=

6
−

4
−

6
−

6
−

6
−

4
−

6
−

6
 

(23)

LPC1-R ** (24)

LPC1-EC (25)

LPC2-L
=

6
−

2
−

6
−

6

−
6

−
2

−
6

−
6

 
(26)

LPC2-R ** (27)

LPC2-EC  (28)

LPC3-L  *** (29)

LPC3-R *** (30)

LPC3-EC *** (31)

WT  (32)

* L = Left part; R = Right part; EC = Entire Cylinder; WT = Whole Turbine; ** Symmetry of both cylinder parts; *** LPC1 and LPC3 are identical cylinders 
(the same steam mass flow rates, pressures and temperatures)

Source: Authors
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4 	 Operating parameters required for the 
observed steam turbine exergy analysis
Operating parameters required for the exergy analy-

sis of the whole observed steam turbine, its cylinders and 
cylinder parts are found in [97]. In mentioned literature 
the authors have made optimization of the whole nuclear 
power plant with an aim to increase the entire plant over-
all efficiency. Based on the measured results from nucle-
ar power plant (Original operating regime), the authors 
have used three optimization algorithms: SA (Simplex 
Algorithm), GA (Genetic Algorithm) and IGSA (Improved 
Genetic-Simplex Algorithm). Each optimization algorithm 
provided a new operating parameters in each nuclear 
power plant operating point (mass flow rates, specific en-
thalpies, temperatures and pressures). During the optimi-
zation by using each of three optimization algorithms are 
respected operating limits of each component from the 
observed nuclear power plant (provided by manufactur-
ers). The final conclusion in the described research was 
that all optimization algorithms increases overall power 
plant efficiency (in comparison to Original operating re-
gime), while the highest overall efficiency is obtained by 
IGSA, followed by GA and finally SA.

As the mechanical power developed by the whole tur-
bine is one of two essential elements which define overall 
plant efficiency, the authors of this paper was interested 
how the newly obtained operating parameters (by each 
optimization algorithm) in each power plant operating 
point influenced exergy efficiencies and destructions of 
each turbine cylinder, cylinder part and the whole turbine. 
Also, it was interesting to analyze did a new operating pa-

rameters obtained by each algorithm notably influenced 
steam turbine sensitivity on the ambient temperature 
change, especially by taking into consideration fact that 
the dominant operation of any steam turbine from any 
nuclear power plant is performed with wet (not super-
heated) steam. As presented in [98], components which 
operates by using wet steam (in this example, heat ex-
changers) can be notably influenced by the ambient tem-
perature change. So, the analysis presented in this paper 
represents a continuation of a previous research with an 
aim to get a deeper insight into the steam turbine opera-
tion after optimization of the whole power plant.

Steam operating parameters of each stream related to 
the analyzed steam turbine (according to operating points 
presented in Fig. 1) in Original, IGSA, GA and SA operat-
ing regimes are presented in Table 3 and Table 4. In Table 
3 are presented steam mass flow rates and specific en-
thalpies, while in Table 4 are presented steam pressures 
and temperatures. All the other operating parameters re-
quired for the exergy analysis are calculated from the pre-
sented ones by using NIST-REFPROP 9.0 software [99].

In the exergy analysis of any control volume the base 
ambient state can be set arbitrarily, so in the literature can 
be found various selections [100, 101]. In this analysis, 
the base ambient state is defined by selecting the ambient 
pressure of 1 bar and the ambient temperature of 25 °C.

Steam turbines which operate in nuclear power plants 
strongly differs in relation to operating medium character-
istics in comparison to steam turbines from conventional 
power plants. While in conventional steam power plants 
turbine operate dominantly by using superheated steam 

Table 3 Steam mass flow rate and specific enthalpy in each operating point of the observed turbine [97]

Operating 
point*

Mass flow rate (kg/s) Specific enthalpy (kJ/kg)
Original IGSA GA SA Original IGSA GA SA

1 1532.70 1587.40 1579.70 1571.80 2768.9 2757.5 2758.1 2759.4
2 72.01 86.41 83.07 77.51 2652.4 2632.9 2633.8 2635.8
3 76.48 77.02 72.12 78.77 2652.4 2632.9 2633.8 2635.8
4 111.02 133.22 133.17 124.79 2597.9 2579.5 2580.2 2582.1
5 64.70 51.99 59.54 56.76 2476.3 2467.0 2466.6 2467.4
6 1208.50 1239.00 1231.80 1234.00 2476.3 2467.0 2466.6 2467.4
7 165.80 181.50 180.30 179.70 714.2 735.4 733.3 730.8
8 1042.70 1057.40 1051.50 1054.30 2984.5 2979.5 2978.8 2976.5
9 31.10 31.10 31.10 31.10 2984.5 2979.5 2978.8 2976.5

10 1011.60 1026.30 1020.40 1023.20 2984.5 2979.5 2978.8 2976.5
11 41.42 33.14 34.84 35.95 2823.6 2814.0 2813.9 2813.6
12 40.24 48.25 46.50 46.18 2712.1 2703.1 2703.1 2702.0
13 48.36 58.03 53.87 55.68 2617.0 2609.1 2608.9 2607.9
14 52.23 62.67 59.27 58.48 2483.2 2476.7 2476.4 2475.4
15 829.35 824.20 825.90 826.90 2350.4 2334.5 2334.2 2335.0

* Numeration of operating points is performed according to markings from Fig. 1.
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[102], steam turbines from nuclear power plants domi-
nantly operate by using wet steam [103]. 

The same conclusion can be derived for the analyzed 
steam turbine, what is presented in Fig. 2. For the turbine 
analyzed in this paper the entire HPC (both of its parts) 
operates by using wet steam. All LPC’s of the analyzed tur-
bine has five characteristic operating points and in three 
of them steam is under the saturation line (wet steam), 
therefore it can be concluded that the dominant part of 

each LPC also operates with wet steam, Fig. 2. Wet steam 
consist of steam and a certain amount of water droplets 
which causes significant erosion on the turbine blades 
(erosion is much higher than in the turbines which domi-
nantly operate by using superheated steam) [1, 32]. This 
is a reason why the maintenance must be much more rigid 
and why the turbine blades are changed much more often 
in nuclear power plants (in comparison to conventional 
steam power plants).

Table 4 Steam pressure and temperature in each operating point of the observed steam turbine [97]

Operating 
point*

Pressure (MPa) Temperature (°C)
Original IGSA GA SA Original IGSA GA SA

1 6.110 6.910 6.870 6.790 276.7 285.0 284.6 283.7
2 2.760 2.960 2.940 2.920 229.2 233.0 232.8 232.4
3 2.760 2.960 2.940 2.920 229.2 233.0 232.8 232.4
4 1.910 2.050 2.040 2.020 210.0 213.5 213.3 212.9
5 0.783 0.879 0.869 0.857 169.5 174.3 173.9 173.3
6 0.783 0.879 0.869 0.857 169.5 174.3 173.9 173.3
7 0.771 0.865 0.855 0.844 168.9 173.7 173.2 172.6
8 0.747 0.838 0.829 0.818 265.1 264.1 263.6 262.4
9 0.740 0.830 0.821 0.810 265.0 264.0 263.5 262.3

10 0.740 0.830 0.821 0.810 265.0 264.0 263.5 262.3
11 0.386 0.423 0.419 0.414 181.9 178.5 178.3 177.6
12 0.202 0.220 0.218 0.216 123.0 123.3 123.0 122.7
13 0.096 0.105 0.104 0.103 98.5 101.1 100.8 100.5
14 0.036 0.040 0.039 0.039 73.3 75.7 75.4 75.1
15 0.008 0.008 0.008 0.008 40.3 40.8 40.6 40.6

* Numeration of operating points is performed according to markings from Fig. 1.

Fig. 2 Real (polytropic) steam expansion processes in specific enthalpy – specific entropy (h-s) diagrams for each observed steam 
turbine part (Original operating regime)

Source: Authors
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5	 The influence of each observed optimization 
algorithm on the overall efficiency of the 
whole nuclear power plant

In this section is presented how the observed optimi-
zation algorithms (IGSA, GA and SA) influenced the over-
all efficiency of the entire power plant. By knowing that 
element, it can be predicted a behavior of certain turbine 
operating parameters related to the exergy analysis and it 
can be seen several relations between used optimization 
algorithms as well as the relation between the Original 
operating regime and obtained operating regime by each 
algorithm.

The overall efficiency of the entire nuclear power plant 
can be calculated by using an equation [104]:

=
	

(34)

where Q
.
SG is the amount of heat transferred to water in 

steam generators. Q
.
SG is directly proportional to the amount 

of heat delivered to HPC, which is calculated as [105]:

∙ ℎ 	 (35)

where E
.
n is a total steam energy flow, while index 1 is re-

lated to the HPC inlet (according to Fig. 1). The amount of 
heat delivered to HPC in all four observed operating re-
gimes (Original, IGSA, GA and SA) is presented in Fig. 3. 
In comparison to the Original operating regime, all used 
optimization algorithms increases the amount of heat de-
livered to HPC (and consequentially amount of heat trans-
ferred to water in steam generators). Also, from Fig. 3 is 
clear that the highest amount of heat delivered to HPC is 
performed by using IGSA, followed by GA, while the lowest 
amount of heat delivered to HPC is performed by the SA 
(in comparison to other algorithms). 

By following conclusions from [97] that the highest in-
crease in overall power plant efficiency (in comparison to 
Original operating regime) is obtained by IGSA, followed 
by GA and finally SA and according to Eq. 34, it can be ex-
pected that the highest increase in developed mechani-
cal power of the whole turbine (again, in comparison to 
Original operating regime) will be obtained by IGSA, fol-
lowed by GA and finally by SA. However, this conclusion 
is related to increase in mechanical power of the whole 
turbine, from it cannot be seen how each algorithm influ-
enced turbine cylinders and cylinder parts from the devel-
oped mechanical power viewpoint. 

6	 Exergy analysis of the observed steam turbine

The first element in exergy analysis of any steam tur-
bine, its cylinders or cylinder parts is a calculation of de-
veloped mechanical power (according to real – polytropic 
steam expansion process, Fig. 2). 

Mechanical power developed by the whole turbine in 
Original operating regime is equal to 996.29 MW and is 

notably lower in comparison to developed mechanical 
power of each observed algorithm, Fig. 4. Operating re-
gime obtained by IGSA gives the highest developed me-
chanical power of the whole turbine equal to 1022.48 MW, 
followed by GA (1020.06 MW), while the lowest devel-
oped mechanical power of the whole turbine is obtained 
by SA (1017.16 MW) if observing all the algorithms, Fig. 
4. However, even by using SA the developed mechanical 
power of the whole turbine is notably higher than in the 
Original operating regime. Obtained results confirm con-
clusion from a previous section that the highest developed 
mechanical power of the whole turbine will be obtained by 
IGSA, followed by GA and SA, while the lowest mechanical 
power of the whole turbine will be developed in Original 
operating regime.

From Fig. 3 and Fig. 4 can be concluded that each op-
timization algorithm increases the amount of heat trans-
ferred to water in steam generators and simultaneously 
increases developed mechanical power of the whole tur-
bine. The increase ratio of the whole turbine developed 
mechanical power is higher than the increase ratio of 
transferred heat amount in steam generators, so by using 
optimization algorithms overall plant efficiency increases 
(Eq. 34).

The influence of all optimization algorithms on the de-
veloped mechanical power of each cylinder and cylinder 
part can be clearly seen in Fig. 5. In general, all optimiza-
tion algorithms (IGSA, GA and SA) increases developed 
mechanical power of each cylinder or cylinder part (in 
comparison to Original operating regime). However, its ef-
fect and increase is not the same for each cylinder.

While observing entire HPC (HPC-EC) it can be seen 
that the highest increase in developed mechanical power is 
obtained by using GA, followed by IGSA and SA. Therefore, 
by observing entire HPC only, Genetic Algorithm is more 
beneficial for the mechanical power increase than the 
other two algorithms. Also, by observing both HPC parts, 
it can be seen that for left HPC part (HPC-L) the highest 
mechanical power is developed by using IGSA, while ob-
serving right HPC part (HPC-R), the highest mechanical 
power is developed in GA operating regime. Therefore, for 
the entire HPC can be concluded that due to the cylinder 
asymmetry, different optimization algorithms have vari-
ous influences of both cylinder parts (when the developed 
mechanical power is taken into consideration).

Observed optimization algorithms have the same in-
fluence on the developed mechanical power of all low 
pressure cylinders (LPC1, LPC2 and LPC3) and each of 
its parts, Fig. 5. In comparison to the Original operating 
regime, the IGSA result with the highest increase in me-
chanical power of each low pressure cylinder and its part, 
followed by GA and finally SA. 

From Fig. 5 can be concluded that IGSA has a domi-
nant influence on the developed mechanical power of the 
observed turbine because in comparison to Original oper-
ating regime, it dominantly increases mechanical power 
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Fig. 4 Mechanical power developed by the whole turbine (WT) – Original operating regime and operating regimes obtained by three 
optimization algorithms (IGSA, GA and SA)

Source: Authors

Fig. 3 Amount of heat delivered to HPC – Original operating regime and operating regimes obtained by three optimization algorithms 
(IGSA, GA and SA)

Source: Authors

Fig. 5 Mechanical power developed by the turbine cylinders and its parts – Original operating regime and operating regimes obtained 
by three optimization algorithms (IGSA, GA and SA)

Source: Authors
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of those cylinders which cumulatively develop the high-
est part of mechanical power (low pressure cylinders). 
Regardless of the fact that increase in mechanical power 
of HPC is higher by using GA than IGSA, the HPC develops 
lower mechanical power in comparison to all low pressure 
cylinders. 

From the above observations can be concluded that 
observed optimization algorithms did not have the same 
influence for all turbine cylinders (related to developed 
mechanical power). The dominant increase in mechanical 
power of the whole turbine (in comparison to Original op-
erating regime) will have an optimization algorithm which 
dominantly increases the mechanical power of the most 
(not necessarily all) turbine cylinders. Also, from the view-
point of developed mechanical power, both parts of dual 
flow asymmetrical cylinders can be variously influenced 
if several optimization algorithms are considered, while 
such occurrence cannot be expected in symmetrical dual 
flow cylinders. 

6.1 Exergy analysis at the base ambient state

At the base ambient state it is performed calculation of 
exergy destruction and exergy efficiency of the whole tur-
bine, turbine cylinders and cylinder parts in Original oper-
ating regime as well as in operating regimes obtained by 
three optimization algorithms (IGSA, GA and SA). 

Fig. 6 shows the exergy destruction of the whole turbine 
at the base ambient state in each four observed operating 
regimes. Previously, it is confirmed that each optimization 
algorithm increases the amount of heat delivered to HPC 
and developed mechanical power of the whole turbine (in 
comparison to Original operating regime), but from Fig. 6 it 
can also be seen that all observed optimization algorithms 
increases whole turbine exergy destruction. 

IGSA which increases whole turbine developed me-
chanical power and the amount of heat delivered to HPC 
the most, simultaneously results with the lowest exergy 
destruction of the whole turbine (in comparison to other 
algorithms). Operating regime obtained by GA slightly in-
creases whole turbine exergy destruction in comparison 
to IGSA (167.56 MW in comparison to 167.49 MW), while 
SA resulted with the notably higher exergy destruction of 
the whole turbine in comparison to GA and IGSA (equal to 
168.07 MW).

From the viewpoint of the exergy destruction can be 
concluded that the lowest increase in the exergy destruc-
tion of the whole turbine (in comparison to Original op-
erating regime) causes the optimization algorithm which 
increases developed mechanical power of the whole tur-
bine more than others (in this case that is IGSA).

Change in the exergy destruction of turbine cylinders 
and its parts in Original operating regime and operating 
regimes obtained by three optimization algorithms (IGSA, 
GA and SA) is presented in Fig. 7.

For the entire HPC and both of its parts it can be stated 
that all optimization algorithms increases exergy destruc-
tion in comparison to the Original operating regime. For 
the left part of HPC (HPC-L) the lowest increase in exergy 
destruction in comparison to the Original operating re-
gime is obtained by using GA, while simultaneously, for 
the right HPC part (HPC-R) GA causes the highest exergy 
destruction when compared to other algorithms. Exergy 
destruction of the entire HPC (HPC-EC) is increased the 
lowest (in comparison to Original operating regime) by 
using GA, following by IGSA and finally by SA, Fig. 7. As 
well as developed mechanical power, exergy destruction 
also proves that the left and right parts of asymmetrical 
cylinders can be influenced completely differently while 
using various optimization algorithms.

Fig. 6 Exergy destruction of the whole turbine (WT) at the base ambient state – Original operating regime and operating regimes 
obtained by three optimization algorithms (IGSA, GA and SA)

Source: Authors
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Similar as for entire HPC and both of its parts, all op-
timization algorithms increases the exergy destruction 
of entire LPC2 and both of its parts in comparison to the 
Original operating regime. The lowest increase in the ex-
ergy destruction of entire LPC2 and both of its parts (in 
comparison to Original operating regime) can be seen if 
the GA is used, followed by SA, while IGSA causes the high-
est exergy destruction of entire LPC2 and both of its parts.

All observed optimization algorithms decreases exergy 
destruction of entire LPC1 and LPC3 as well as both parts 
of each cylinder in comparison to the Original operating 
regime. By observing three analyzed algorithms, it can 
be concluded that the lowest exergy destruction of entire 
LPC1 and LPC3 as well as both of its parts is obtained by 
using IGSA, while the highest exergy destruction is ob-
tained by using SA.

From the viewpoint of exergy destruction it can be con-
cluded that GA has the most beneficial influence on entire 
HPC and LPC2, while IGSA results with the lowest exergy 
destruction of LPC1 and LPC3. However, parts of each cyl-
inder can be differently influenced by various algorithms 
in terms of exergy destruction. Observing only the exergy 
destruction of entire turbine cylinders and its parts, it can 
be concluded that the optimal solution will be the usage of 
analyzed algorithms combination.

Exergy efficiencies of the whole turbine, turbine cylin-
ders and its parts in all four observed operating regimes 
are presented in Fig. 8.

When observing entire HPC and both of its parts, it can 
be seen that GA and IGSA increases, while SA decreases 
exergy efficiencies in comparison to the Original operat-

Fig. 7 Exergy destruction of the turbine cylinders and its parts at the base ambient state – Original operating regime and operating 
regimes obtained by three optimization algorithms (IGSA, GA and SA)

Source: Authors

Fig. 8 Exergy efficiency of the whole turbine, turbine cylinders and its parts at the base ambient state – Original operating regime and 
operating regimes obtained by three optimization algorithms (IGSA, GA and SA)

Source: Authors
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ing regime. The highest exergy efficiencies of entire HPC 
and both of its parts are obtained by using GA (when con-
sidering all four operating regimes). In comparison to all 
low pressure cylinders and its parts, it can be stated that 
HPC and both of its parts have higher exergy efficiencies 
(around 1% higher).

All three optimization algorithms increases exergy ef-
ficiencies of all low pressure cylinders and its parts in 
comparison to the Original operating regime. The high-
est exergy efficiencies of all low pressure cylinders and 
its parts are obtained by using IGSA, followed by GA and 
finally SA. Also, from Fig. 8 can be noted that all optimi-
zation algorithms notably increases exergy efficiencies of 
LPC1 and LPC3 (and both its parts) in comparison to the 
Original operating regime, while the increase in exergy ef-
ficiency is still visible for LPC2 and both its parts, but not 
so notable.

The highest exergy efficiency of the whole turbine, equal 
to 85.92% is obtained by IGSA, followed by GA (85.89%) 
and SA (85.82%), while the lowest exergy efficiency of the 
whole turbine can be observed in Original operating regime 
(85.70%). Exergy efficiencies of the whole observed tur-
bine, turbine cylinders and its parts are lower in compari-
son to steam turbines and its cylinders which dominantly 
operates by using superheated steam [76, 104].

Final conclusion which can be derived from Fig. 8 is 
that IGSA causes the highest increase in exergy efficien-
cies of the whole turbine and all low pressure turbine cyl-
inders (in comparison to the Original operating regime 
and other algorithms). Only for the entire HPC and both its 
parts, GA shows dominancy related to exergy efficiencies 
in comparison to all other operating regimes. 

Finally, it should be noted that the same relations about 
exergy destructions and exergy efficiencies of the whole 
turbine, turbine cylinders and its parts at the base ambi-
ent state are obtained at all the other observed ambient 

temperatures. Therefore, for the observed steam turbine it 
can be stated that obtained relations are valid in general, 
regardless of the selected ambient state.

6.2 	 Exergy analysis during the ambient temperature 
change

The average change in exergy destruction between the 
ambient temperatures 5 °C and 45 °C (in steps of 10 °C) of 
the whole turbine, turbine cylinders and its parts is pre-
sented in Fig. 9 in all four observed operating regimes.

For the entire HPC can be clearly seen that exergy de-
struction change will be the highest in operating regime 
obtained by IGSA, while the lowest will be in the Original 
operating regime. Both HPC parts again differs in the sen-
sitivity of exergy destruction change related to the am-
bient temperature change. HPC-L will have the highest 
exergy destruction change by using IGSA, while HPC-R will 
have the highest exergy destruction change by using SA. 
For the entire HPC and both its parts is valid that exergy 
destruction will be more sensitive by the ambient temper-
ature change in operating regimes obtained with optimi-
zation algorithms than in the Original operating regime.

Exergy destruction of entire LPC2 and both its parts 
will be more sensitive by the ambient temperature change 
in operating regimes obtained with optimization algo-
rithms than in the Original operating regime. Exergy de-
struction change of LPC2 and both its parts will be the 
highest in IGSA operating regime.

Exergy destruction of entire LPC1 and LPC3 as well 
as both its parts is the highest influenced by the ambi-
ent temperature change in the Original operating regime, 
Fig. 9. The lowest sensitivity to the ambient temperature 
change, related to the exergy destruction of entire LPC1 
and LPC3 as well as both its parts shows IGSA, followed by 
GA and SA.

Fig. 9 Average change in exergy destruction between the ambient temperatures 5 °C and 45 °C (in steps of 10 °C) of the whole turbine, turbine 
cylinders and its parts – Original operating regime and operating regimes obtained by three optimization algorithms (IGSA, GA and SA)

Source: Authors
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 Exergy destruction of the whole turbine will be more 
sensitive by the ambient temperature change in operating 
regimes obtained with optimization algorithms than in the 
Original operating regime. Observing operating regimes 
which involved all three optimization algorithms, it can 
be concluded that the exergy destruction of the whole tur-
bine shows the highest sensitivity related to the ambient 
temperature change in SA, followed by IGSA and GA oper-
ating regimes.

General conclusion related to the average change in ex-
ergy destruction during the ambient temperature change 
is that the whole turbine, turbine cylinders and its parts 
are more influenced in operating regimes obtained by 
three optimization algorithms than in the Original oper-
ating regime. Also, exergy destruction of HPC and both its 
parts is much more influenced by the ambient tempera-
ture change in comparison to all low pressure cylinders 
and its parts.

The average change in exergy efficiency between the 
ambient temperatures 5 °C and 45 °C (in steps of 10 °C) 
of the whole turbine, turbine cylinders and its parts in all 
four observed operating regimes is presented in Fig. 10. 

From Fig. 10 can be clearly seen that exergy efficiency 
of HPC and both its parts is much lower influenced by the 
ambient temperature change in comparison to all low 
pressure cylinders and its parts. The exergy efficiency of 
the entire HPC and both its parts is much lower influenced 
by the ambient temperature change in Original and GA op-
erating regimes in comparison to IGSA and SA operating 
regimes.

The exergy efficiency of all low pressure cylinders 
and its parts is the highest influenced by the ambient 
temperature change in the Original operating regime in 
comparison to any other operating regime obtained with 
optimization algorithms. Also, from Fig. 10 can clearly be 

seen that exergy efficiency of all low pressure cylinders 
and its parts is the lowest influenced by the ambient tem-
perature change in IGSA operating regime (followed by GA 
and SA operating regimes).

The exergy efficiency of the whole turbine is high-
est influenced by the ambient temperature change in the 
Original operating regime, followed by the SA operating 
regime. IGSA and GA operating regimes show the lowest 
sensitivity related to exergy efficiency during the ambient 
temperature change.

Exergy analysis of the whole turbine, turbine cylin-
ders and its parts during the ambient temperature change 
shows that this turbine (which dominantly operate by us-
ing wet steam) is low influenced by the ambient tempera-
ture change. This fact is confirmed from Fig. 10 because 
the ambient temperature change of 10 °C results with 
an average change in exergy efficiency lower than 0.5% 
for the whole turbine, turbine cylinders and each cylin-
der part. The same conclusion can be found in the litera-
ture [77] for a steam turbines which dominantly operate 
by using superheated steam. The exergy efficiency of the 
analyzed steam turbine is low sensitive by the ambient 
temperature change what significantly differs in compari-
son to some other components (for example, low pressure 
condensate heaters) which also uses wet steam for its op-
eration [98].

Further research and analysis of the whole observed 
steam turbine, turbine cylinders and cylinder parts will 
be performed by using other optimization algorithms and 
various artificial intelligence methods which proved its 
applicability and good performance not only in power sys-
tems, but also in other engineering fields [106-109]. It will 
be investigated can some other optimization algorithm or 
method show better performance related to this turbine 
exergy destruction and efficiency.

Fig. 10 Average change in exergy efficiency between the ambient temperatures 5 °C and 45 °C (in steps of 10 °C) of the whole turbine, turbine 
cylinders and its parts – Original operating regime and operating regimes obtained by three optimization algorithms (IGSA, GA and SA)

Source: Authors
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7	 Conclusions

In this paper is performed exergy analysis of the whole 
steam turbine from nuclear power plant, turbine cylinders 
and each cylinder part in four different operating regimes: 
Original operating regime (standard turbine operation) 
and three operating regimes obtained by different optimi-
zation algorithms. Optimization algorithms: SA (Simplex 
Algorithm), GA (Genetic Algorithm) and IGSA (Improved 
Genetic-Simplex Algorithm) are basically used for the 
overall nuclear power plant efficiency increase. However, 
from the literature is not known how each of these algo-
rithms influenced efficiencies and destructions of the 
whole steam turbine, turbine cylinders and each cylinder 
part. In addition, in this research is investigated did the 
ambient temperature change influenced steam turbine 
from nuclear power plant (which dominantly operates by 
using wet steam) more than turbine which dominantly op-
erate by using superheated steam (turbine from conven-
tional or marine steam power plant). The most important 
conclusions obtained in this research are:
–	 All observed optimization algorithms increases over-

all plant efficiency (in comparison to the Original op-
erating regime) by the simultaneous increase of heat 
amount transferred to water in steam generators and 
increase of whole turbine developed mechanical pow-
er. In this relation, increase in mechanical power has 
a higher intensity than the increase in heat amount 
transferred to water.

–	 Whole turbine develop higher mechanical power in 
any operating regime obtained by optimization algo-
rithms in comparison to the Original operating regime. 
Operating regime obtained by IGSA gives the high-
est developed mechanical power of the whole turbine 
equal to 1022.48 MW, followed by GA (1020.06 MW) 
and SA (1017.16 MW), while in Original operating re-
gime whole turbine develop mechanical power equal 
to 996.29 MW.

–	 IGSA causes the highest increase in developed mechan-
ical power of almost all cylinders and cylinder parts (in 
relation to the Original operating regime). Only the en-
tire HPC and its right part (HPC-R) shows better per-
formance in the developed mechanical power if the GA 
is used (instead of IGSA).

–	 All observed optimization algorithms increases the ex-
ergy destruction of the whole turbine (in comparison 
to the Original operating regime). The lowest increase 
in the exergy destruction of the whole turbine (in com-
parison to the Original operating regime) causes IGSA, 
followed by GA, while SA causes the highest increase in 
the exergy destruction of the whole turbine.

–	 GA has the most beneficial influence on the exergy 
destruction of entire HPC and LPC2, while IGSA re-
sults with the lowest exergy destruction of LPC1 and 
LPC3. However, parts of each cylinder can be differ-
ently influenced by various algorithms in terms of 
exergy destruction. The optimal solution in terms of 

exergy destruction decrease of entire turbine cylinders 
and its parts will be the usage of analyzed algorithms 
combination.

–	 When considering all four operating regimes, the high-
est exergy efficiencies of entire HPC and both of its 
parts are obtained by using GA. The highest exergy 
efficiencies of all low pressure cylinders and its parts 
are obtained by using IGSA. IGSA also shows its domi-
nancy in terms of exergy efficiency if the whole turbine 
is observed - the highest exergy efficiency of the whole 
turbine, equal to 85.92% is obtained by IGSA, followed 
by GA (85.89%) and SA (85.82%), while the lowest ex-
ergy efficiency of the whole turbine is obtained in the 
Original operating regime (85.7%).

–	 Analyzed turbine, which dominantly operates by using 
wet steam is low influenced by the ambient tempera-
ture change because the ambient temperature change of  
10 °C resulted with an average change in exergy efficiency 
lower than 0.5% for the whole turbine, turbine cylinders 
and each cylinder part. Therefore, from the viewpoint of 
the ambient temperature change – there is no notable 
difference between steam turbines which dominantly 
operate by using wet or superheated steam.
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