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Abstract: In this paper are presented results of the energy and exergy analyses related to the steam generator from nuclear power plant at
four observed operating regimes. It is shown how the optimization processes and algorithms influence observed steam generator operation.
The highest steam generator energy outlet is equal to 3012.17 MW and the lowest energy loss is 0.07 MW — both of them are obtained by
using Genetic Algorithm (GA). Whale Optimization Algorithm (WOA) gives fluid operating parameters which will result with the lowest
steam generator exergy destruction (107.05 MW) and the highest exergy efficiency (92.709%) in comparison to all other operating regimes.
During the increase in ambient temperature from 5 °C up to 45 °C the lowest decrease in steam generator exergy efficiency (equal to
2.0136%) is obtained in the second operating regime which operating parameters are defined by using WOA. Final conclusion which can be
derived from the observed research is that WOA has the most beneficial influence on the steam generator operation.
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1. Introduction

In recent years, many technologies and processes are developed
with an aim to reduce fossil fuel consumption and to decrease the
emission of harmful elements from the fossil fuel combustion gases
[1, 2]. However, the dominant part of the electricity nowadays is
still produced by the combustion of various fossil fuel types [3].

Nuclear energy is one of the solutions how the harmful emissions
can be notably reduced, while the electricity production can be
maintained (or even increased if required) [4]. Nuclear power plants
nowadays operate on the nuclear fission principle, while the nuclear
fusion is currently under investigation [5, 6]. Many researchers and
scientists performed various analyses and improvements related to
nuclear power plants [7, 8]. Regardless of the potential problems
and challenges, nuclear power plants are surely promising solution
in electricity production worldwide in the future.

Operating medium used in nuclear power plants is water which is
transferred to almost saturated steam in steam generators. Such
steam is delivered to the steam turbine through which expands.
Steam generator in a nuclear power plant is a highly important
component, because it uses heat produced in nuclear reactors and
transfer that heat to the operating medium (water) which will
expand in the turbine [9]. Therefore, steam generator in nuclear
power plant actually connects reactor and turbine cycles [10].

In this paper are performed energy and exergy analyses of a
steam generator which operates in a nuclear power plant. Both
analyses are performed at four different operating regimes.
Research in this paper will not present the operating characteristics
of steam generator only (during the various operating regimes), it
will also show how optimization algorithms and procedures can
influence the steam generator operation and which improvements
can be expected. In addition, it will be presented that optimization
algorithms and procedures can help to reduce sensitivity of steam
generator exergy parameters during the ambient temperature
change.

2. Description of the analyzed steam generator from
nuclear power plant

Simplified scheme of the steam generator from nuclear power
plant analyzed in this paper is presented in Fig. 1. In Fig. 1 are also
presented operating points (from 1 to 4) required for the steam
generator energy and exergy analyses.

Steam generator in nuclear power plant is a completely different
component in comparison to steam generators from conventional
steam power plants. In conventional steam power plants, steam
generators are composed or at least three (or more) heat exchangers
- water heater, evaporator and superheater mounted in the same
housing. All steam generator components in conventional steam
power plants are using heat from combustion gases (combustion
gases are obtained by fossil fuel combustion) for increasing water
temperature, for the evaporation and finally for obtained saturated
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steam superheating [11]. In nuclear power plants, fossil fuel
combustion did not occur, so the steam generators cannot be
composed in a same manner as in conventional steam power plants.

In nuclear power plants, steam generators are heat exchangers in
which occur heat transfer from the warmer water (from a nuclear
reactor) to colder water (from condensate/feedwater heating
system). During the heat transfer, the temperature of warmer water
decreases (from operating point 1 to operating point 2, Fig. 1) and
the heat is transferred to water from condensate/feedwater heating
system (operating point 3, Fig. 1) which temperature firstly
increases after which it evaporates. Obtained steam contains many
water droplets (wet steam) which are dominantly removed in the
steam separator (gray rectangle in Fig. 1). After the steam separator,
steam is very close to the dry saturated state and that steam is
delivered to the steam turbine (operating point 4, Fig. 1). After heat
transfer, warmer water (operating point 2, Fig. 1) is delivered back
to the nuclear reactor which increases its temperature. The entire
heat exchange in steam generator from nuclear power plant occurs
through the walls of U-pipes (through U-pipes passes warmer water,
while around U-pipes passes the colder water which will be
transferred to steam). It should be highlighted that nowadays, each
nuclear reactor has several identical steam generators (not only one)
[12], but the heat transfer and operating fluid parameters are
identical in all of them.

To steam
turbine

From
condensate/feedwater
heating system

From nuclear
reactor

To nuclear
reactor

Fig. 1. Simplified scheme of the analyzed steam generator from
nuclear power plant along with operating points required for
energy and exergy analyses

Observed steam generator from nuclear power plant is a counter-
flow heat exchanger [13]. Fluid streams temperature change
diagram of the analyzed steam generator is presented in Fig. 2.
Operating point numeration in Fig. 2 is in relation to operating point
numeration from Fig. 1.

From Fig. 2 can clearly be seen that warmer water transfers heat
to the colder water and its temperature decreases (from operating
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point 1 to operating point 2, Fig. 2), while due to the heat transfer,
colder water temperature increases (from operating point 3 to
operating point 4, Fig. 2). Fluid streams temperature change
diagram of any heat exchanger (as well as of the analyzed steam
generator) is a very useful tool for overall visualization of the heat
transfer process. Temperature change curves of both fluid streams
must not touch or intersect — touching or intersection of the curves
in Fig. 2 will denote an impossible heat transfer process.
Temperatures presented in Fig. 2 in each operating point are related
to the data from Table 1 (in Table 1 are presented data required for
the steam generator energy and exergy analyses in all four observed
operating regimes).

Al

274.27 °C

Temperature
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Fig. 2. Fluid streams temperature change diagram of the analyzed
steam generator from nuclear power plant (steam generator is a
counter-flow heat exchanger)

3. Equations for the energy and exergy analyses
3.1. Overall equations and balances

In comparison to the exergy analysis of any system or component
which is based on the second law of thermodynamics and consider
ambient conditions, the energy analysis is based on the first law of
thermodynamics and it did not consider the ambient conditions [14].
Therefore, in the observation of any system or component exergy
analysis offer additional possibilities related to the ambient
conditions change (which cannot be considered in the energy
analysis) [15]. Both energy and exergy analyses comprise some
general equations and balances which must be satisfied, regardless
of the observed system, component as well as operating or ambient
conditions.

The main energy and exergy balance equations can be found in
the variety of literature [16]:

Q_PZZEnout_ZEninx
Xheat -P= ZExout _ZExin +E.'xD-

)
@

In two equations above, @ is heat energy transfer, P is
mechanical power, index in denote inlet (input), index out denote
outlet (output) and index D denotes destruction (exergy loss).
Energy and exergy flows of any fluid stream (En and Ex) can be
defined as [17]:
En=m-h, (3)
(4)

where m is fluid mass flow rate, h is fluid stream specific
enthalpy and ¢ is fluid stream specific exergy which can be defined
by an equation [18]:

e=(h—hy) =Ty (s~ sp). 5)

In Eq. 5, index 0 denotes the ambient (environment) state, T is
temperature and s is fluid stream specific entropy. The last
undefined variable from Eq. 2 is a heat exergy transfer at the
temperature T (Xyeac ), Which can be calculated as [19]:

Xheat = 2(1 - 7’;—0) : Q

Ex=m"¢,

(6)
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In standard operation of any system or component fluid leakage
did not occur, therefore the mass flow rate balance is:

Xy = X Moyt (7
General energy and exergy efficiency equation, valid for any
system or component can be written as [20]:

cumulative energy (exergy ) output

Nen (ex) —

®)

It must be highlighted that exact energy and exergy efficiency
equations of any system or component can be notably different than
presented in Eq. 8. The exact energy and exergy efficiency
equations are dependable on system or component operation
characteristics.

cumulative energy (exergy ) input

3.2. Energy and exergy analyses equations of the observed
steam generator from nuclear power plant

Steam generator energy and exergy analysis equations are
composed according to recommendations and guidelines from the
literature [21]. In all equations from this subsection, numbers in the
indexes are related to operating points from Fig. 1 and Fig. 2.

Steam generator cumulative energy (exergy) inlet is:

Enggin (Exsgn) =11y Z1 — 1y * Zy. C)]
Steam generator cumulative energy (exergy) outlet is:
Engg out (EXsgout) = My~ Zy — My * Z3. (10)

In Eq. 9 and Eq. 10 during the calculation of energy inlet and
outlet, Z is fluid stream specific enthalpy (h), while during the
calculation of exergy inlet and outlet Z is fluid stream specific
exergy (¢). Steam generator energy loss and exergy destruction are:

Engg. = Ensgin — Engg out (11)
Exsgp = Exsgin — EXscout- (12)
Steam generator energy and exergy efficiencies are:
Ensg ou
NsG,en = ﬁf (13)
Exsg ou
NsG.ex — ﬁ (14)

All equations (from Eq. 9 up to Eqg. 14) remain identical as
presented, regardless of the observed operating regime. In each
steam generator operating regime, variables which change their
values are fluid mass flow rates (m), fluid specific enthalpies (h)
and fluid specific exergies (), but the equations remain as
presented.

4. Fluid operating parameters required for the steam
generator energy and exergy analyses

The operating parameters of all fluid streams related to the
analyzed steam generator (in each operating point from Fig. 1 and
Fig. 2) at all four operating regimes are found in [22] and presented
in Table 1.

First of all, it should be highlighted that four observed operating
regimes include base plant operating regime (BASE) which
involves operating parameters measured during the nuclear power
plant operation. Second, third and fourth operating regimes are
related to operating parameters obtained by using three different
optimization algorithms and procedures (WOA Whale
Optimization Algorithm, GA = Genetic Algorithm and PSO =
Particle Swarm Optimization). The main goal in [22] was to
perform whole nuclear power plant optimization through overall
plant efficiency increase, while in this paper is observed how
applied optimization algorithms influence steam generator operation
only (and steam generator energy and exergy parameters).

Secondly, it should be highlighted that in [22] are found fluid
temperature, pressure and mass flow rate in each operating point
and at each operation regime — other operating parameters presented
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in Table 1 are obtained from the previous ones by using NIST-
Refprop 9.0 software [23].

In regards to energy analysis, in the exergy analysis is required to
define the base ambient state for which the calculations will be
performed. In this paper, the base ambient state is defined by the
ambient temperature of 25 °C (298.15 K) and ambient pressure of 1
bar (0.1 MPa).

Table 1. Steam operating parameters required for the steam
generator energy and exergy analyses — all four operating regimes

Base plant (BASE)
Specific | Specific Specific
O. P.|Temp. Pressure| Mass flow enrihalpy er?tropy Quality| exergy
* | (°C) | (bar) [rate (kg/s) (KJ/kg) (kI/kg'K) *x (k;]ilig)
1 [322.64) 157.0 | 16800 | 1469.0 | 3.4498 | Sub. |445.02
2 [291.00| 154.0 | 16800 | 1289.7 | 3.1415 | Sub. |357.63
3 [223.82] 59.2 1660 962.1 | 2.5465 | Sub. |207.46
4 [274.27| 58.8 1660 2776.2 | 5.8820 [0.9939{1027.00
WOA
- - Specific
O. P.|Temp. Pressure| Mass flow Specific | Specific Quality| exergy
« | '©C) | (bar) |rate (kg/s) | ETENRIPY | €ntropy | =50 g )
(kJ/kg) (kJ/kg'K) ok
1 [322.64| 157.0 | 16800 | 1469.0 | 3.4498 | Sub. |445.02
2 [291.00| 154.0 | 16800 | 1289.7 | 3.1415 | Sub. |357.63
3 [224.48] 59.6 1664 965.2 | 2.5526 | Sub. [208.73
4 R74.27| 58.8 1664 2775.4 | 5.8805 [0.9934[1026.70,
GA
- - Specific
O. P.|Temp. Pressure| Mass flow esnliiglf;); Sﬁfrc(;gf/ Quality| exergy
* | (°C) | (bar) |rate (kg/s) (ki/kg) (kI/kg'K) folad (kilil:g)
1 [322.64) 157.0 | 16800 | 1469.0 | 3.4498 | Sub. |445.02
2 [291.00| 154.0 | 16800 | 1289.7 | 3.1415 | Sub. |357.63
3 [224.45 59.7 1664 965.1 | 2.5523 | Sub. [208.68
4 R74.27| 58.8 1664 2775.3 | 5.8803 |0.9933[1026.60,
PSO
- - Specific
O. P.|Temp. Pressure| Mass flow :naﬁ(;'ré; Sr?fr’cc:g)c/ Quality| exergy
(°C) | (bar) |rate (kg/s) (kilkg) (ky/ke'K) (k;]ilig)
1 [322.64] 157.0 | 16800 | 1469.0 | 3.4498 | Sub. |445.02
2 [291.00] 154.0 | 16800 | 1289.7 | 3.1415 | Sub. |357.63
3 [224.40| 60.0 1664 964.8 | 2.5517 | Sub. [208.60
4 R74.27| 58.8 1664 2775.0 | 5.8798 |0.9931[1026.50,

* 0. P. = Operating Point (in accordance to Fig. 1 and Fig. 2)
** Sub. = Subcooled; 0 = water; 1 = dry saturated steam
*** At the base ambient state

5. Results and discussion

Energy analysis results for the observed steam generator at all
four operating regimes are presented in Fig. 3.

In all operating regimes steam generator energy inlet is the same
and equal to 3012.24 MW, due to the same fluid temperature,
pressure and mass flow rate in operating points 1 and 2 (Fig. 1 and
Fig. 2). However, the steam generator energy outlet varies in all
operating regimes due to the change in fluid operating parameters in
operating point 3. In addition, each used optimization process and
algorithm increases the mass flow rate of fluid which enters in the
steam generator from the condensate/feedwater heating system.
Such change in fluid operating parameters resulted in a fact that the
steam generator energy outlet is higher for all operating regimes
where the optimization is performed (in comparison to the base
plant process). The highest steam generator energy outlet is equal to
3012.17 MW and is obtained by using GA.

Steam generator energy loss is the highest at the base plant
process (equal to 0.90 MW) and is notably reduced in all optimized
operating regimes. The lowest steam generator energy loss is
obtained by using GA (equal to 0.07 MW), while other optimization
algorithms and processes results with the highest steam generator
energy loss equal to 0.13 MW. The energy efficiency of the
observed steam generator is very high, higher than 99.95% in all
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observed operating regimes. Such high energy efficiency and low
heat losses in all operating regimes of various heat exchangers (not
only of the observed steam generator) are the reason why energy
analysis cannot be recommended for the heat exchangers operation
observation [24].

Presented energy analysis results lead to conclusion that
optimization algorithms and processes increase the steam mass flow
rate which will be delivered to the turbine, what increases produced
mechanical power and overall plant efficiency. Simultaneously, an
increase in the steam mass flow rate results with a notable decrease
in steam generator energy losses. GA has the most beneficial impact
on the steam generator energy analysis parameters — it results in the
lowest steam generator energy loss and the highest energy outlet.
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T+ 08
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T 04
+ 03
T 02
+ 0.1
+ 0.0
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Fig. 3. Steam generator energy outlet and energy loss for all four
observed operating regimes

The positive influence of optimization algorithms and processes
is also clear when observing steam generator exergy parameters,
Fig. 4.

Increase in steam mass flow rate which will be delivered to the
turbine (in comparison to the base plant process) reduces steam
generator exergy destruction and increases its exergy efficiency. All
optimization algorithms and processes decrease steam generator
exergy destruction and increases its exergy efficiency in comparison
to the base plant process. However, WOA gives fluid operating
parameters which will result with the lowest steam generator exergy
destruction (equal to 107.05 MW) and the highest exergy efficiency
(equal to 92.709%) in comparison to all other operating regimes.

Due to the additional losses considered in exergy analysis of any
heat exchanger (not only the observed steam generator), in
comparison to energy analysis, exergy analysis can be
recommended for any heat exchanger operation observation.

Final conclusion from the steam generator exergy analysis results
is that WOA has the most beneficial influence on the steam
generator operating parameters. Therefore, for the analyzed steam
generator, energy and exergy analyses gives different optimization
algorithms and procedures as the most beneficial ones, Fig. 3 and
Fig. 4.
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Fig. 4. Steam generator exergy destruction and exergy efficiency at
the base ambient state for all four observed operating regimes

At the end of this analysis is performed investigation related to
the ambient temperature change influence on the observed steam
generator exergy parameters in all four operating regimes. The
ambient temperature is varied from 5 °C up to 45 °C, while the
ambient pressure remains the same as at the base state (1 bar).

An increase in the ambient temperature results with an increase in
steam generator exergy destruction and simultaneously with a
decrease of its exergy efficiency in all operating regimes. However,
the decrease intensity of steam generator exergy efficiency is not
the same in all operating regimes.
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Fig. 5 shows that during the increase in ambient temperature
from 5 °C up to 45 °C the lowest decrease in steam generator
exergy efficiency (equal to 2.0136%) is obtained in the second
operating regime which operating parameters are defined by using
WOA. 1t is interesting that operating parameters obtained by the
GA are more sensitive to the ambient temperature change (in
regards to steam generator exergy efficiency) than operating
parameters of the base plant process.
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2.0190 +

2.0188
L
20180 + ~

20170 + ¥
20160 + L

2.0147
2.0150 +

Exergy efficiency decrease
during the ambient temperature

2.0140 +

change from 5 °C to 45 °C (%)

\ ,‘
o
2013 — @

2.0130

BASE WOA GA PSO

Fig. 5. Steam generator exergy efficiency decrease during the
ambient temperature change from 5 °C to 45 °C for all four
observed operating regimes

Final conclusion which can be derived from the observed
research is that WOA has the most beneficial influence also on the
steam generator operation (as well as on the overall plant efficiency
and produced mechanical power [22]).

6. Conclusions

This paper presents results of the energy and exergy analyses
related to the steam generator from nuclear power plant at four
observed operating regimes. The most important conclusions are:

- The highest steam generator energy outlet is equal to 3012.17 MW
and is obtained by using GA. The lowest steam generator energy
loss is obtained by using GA (equal to 0.07 MW), while other
optimization algorithms and processes results with the highest
steam generator energy loss equal to 0.13 MW. It is obvious that
GA has the most beneficial impact on the steam generator energy
parameters.

- Very high energy efficiency and low heat losses in all operating
regimes of various heat exchangers (not only of the observed steam
generator) are the reason why energy analysis cannot be
recommended for the heat exchangers operation observation.

- WOA gives fluid operating parameters which will result with the
lowest steam generator exergy destruction (equal to 107.05 MW)
and the highest exergy efficiency (equal to 92.709%) in comparison
to all other operating regimes. WOA has the most beneficial
influence on the steam generator exergy parameters.

- During the increase in ambient temperature from 5 °C up to 45 °C
the lowest decrease in steam generator exergy efficiency (equal to
2.0136%) is obtained in the second operating regime which
operating parameters are defined by using WOA.

- Final conclusion derived from the observed research is that WOA
has the most beneficial influence on the steam generator operation.
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