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Abstract

The thermodynamic (energy and exergy) analysis of a condensate heating system, its segments, and components from a marine
steam propulsion plant with steam reheating is performed in this paper. It is found that energy analysis of any condensate heating
system should be avoided because it is highly influenced by the measuring equipment accuracy and precision. All the compo-
nents from the observed marine condensate heating system have energy destructions lower than 3 kW, while the energy
efficiencies of this system are higher than 99%. The exergy efficiency of closed condensate heaters continuously increases from
the lowest to the highest steam pressures (from 70.10% to 92.29%). The ambient temperature variation between 5 °C and 45 °C
notably influences the exergy efficiency change of both low pressure heaters and the low pressure segment equal to 31.61%,

12.37%, and 18.35%, respectively.

Keywords Condensate heating system - Marine steam propulsion plant - Steam reheating - Thermodynamic analysis - Energy and
exergy analyses - Segmental analysis - Ambient temperature change

1 Introduction

Modern steam power plants consist of various systems that
improve the entire plant operation (Li et al. 2017; Chen et al.
2017a). One such system is a condensate heating system
mounted between the main condenser and steam generator
(Abdella and Nassar 2019) in which the condensate is heated
by steam extracted from the main turbine cylinders (Rocha
and Silva 2019; Hoseinzadeh and Heyns 2020). The main
goal of the condensate heating system is to reduce fuel
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consumption and simultaneously increase overall plant effi-
ciency (Woodruff et al. 2004; Oyedepo et al. 2020).

Many researchers have investigated condensate heating
systems and their components as part of a steam power plant
analysis. Naserabad et al. (2019) presented multi-objective
optimization of condensate heater arrangement options in a
steam power plant repowering. Economic and thermal perfor-
mance analysis of a 210-MW coal-fired steam power plant
was presented by Kumar et al. (2014), where the components
of the existing condensate heating system were investigated in
detail. These authors have also presented several improvement
options. Chauhan and Khanam (2019) used pinch analysis to
integrate improvements from the energy aspect in a 250-MW
thermal power plant. It was concluded that the best integration
option was to close one extraction, which leads steam to the
condensate heater nearest the main condenser. Zhao et al.
(2018) performed dynamic simulation that shows that the op-
erational flexibility of a 660-MW coal-fired steam power plant
can be improved by regulating steam extractions to high pres-
sure condensate heaters. The fatigue lifetime assessment of a
high pressure heater in supercritical coal-fired power plants
was investigated by Zhao et al. (2019). These authors con-
cluded that such a heater obtains maximum mechanical stress-
es before it reaches thermal stresses. Many researchers per-
formed failure analysis of various condensate heaters from
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thermal or nuclear power plants (Zangeneh and Bakhtiari
2019; Ramesh and Manavalan 2019; Fulger et al. 2019).
Several operation schemes of condensate heaters were inves-
tigated by Wijaya and Widodo (2019) using Cycle-Tempo
software, while Geete (2020) investigated the possibilities of
using a parabolic solar collector in condensate heating
systems.

During energy and exergy analyses of steam power plants,
condensate heating system components are commonly con-
sidered. Energy and exergy analyses of a 200-MW steam
power plant along with an investigation of the optimal number
of condensate heaters were presented by Kamil Mohammed
et al. (2019). Kumar et al. (2018) performed energy and
exergy analyses of a coal-fired power plant along with an
investigation of a currently operating condensate heating sys-
tem. Similar research for various power plants can be found in
the papers by Khan et al. (2019), Kowalczyk et al. (2019), and
Adeli et al. (2020). Kaushik et al. (2011) and Ray et al. (2010)
presented reviews, equations, methods, and techniques for
energy and exergy analyses of various thermal power plants
that include condensate heating systems and their compo-
nents. The results show that proper condensate heating system
operation significantly influences the performance of the en-
tire power plant.

The energy and exergy analyses of a condensate heating
system, its segments, and components from a marine steam
propulsion plant with steam reheating are performed in this
paper. It is found that the energy analysis of this system is
highly influenced by the measurement equipment accuracy
and precision, and it can provide unrealistic results, so the
exergy analysis is favored. A detailed literature review shows
that an ambient temperature change analysis for each compo-
nent of any condensate heating system has not been performed
to date. This analysis shows that the condensate heater nearest
the steam condenser is highly influenced by an ambient tem-
perature change. Moreover, the ambient temperature change
has an important influence on the entire low pressure heating
segment, which is useful for proper design and maintenance.

2 Marine Steam Propulsion Plant with Steam
Reheating

Current marine propulsion plants are mainly based on internal
combustion engines (Prasad Sinha and Balaji 2018,;
Cherednichenko and Serbin 2018; Senci¢ et al. 2019; Lamas
Galdo et al. 2020). However, steam propulsion plants remain
dominant for LNG carrier drives because of their high reliabil-
ity, operational flexibility, and specificity of transported cargo
(Adamkiewicz and Grzesiak 2019). Older versions of marine
steam propulsion plants have a main turbine composed of two
cylinders (high pressure turbine (HPT) cylinder and low pres-
sure turbine (LPT) cylinder) and do not perform steam
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reheating (Mrzljak et al. 2017a; Mrzljak and Poljak 2019).
Newer versions of these steam propulsion plants, as presented
in Figure 1, perform steam reheating and had an additional
cylinder (intermediate pressure turbine (IPT) cylinder).

Presently, marine steam propulsion plants (with and with-
out reheating) can be found on various LNG carriers. The total
produced power in such plants is between 35 MW and 45 MW
(Fernandez et al. 2017) and includes the main turbine, all
turbo-generators, and the low power steam turbine for the
main condensate pump drive (Kocijel et al. 2020). However,
steam propulsion plants can also be effectively used in other
marine vessels, such as crude oil carriers.

Steam reheating application increases the overall plant ef-
ficiency and divides the main turbine at three cylinders. All
main turbine cylinders are connected to the shaft, which drives
the main propulsion propeller through the gearbox (Song et al.
2015). The steam propulsion plant presented in Figure 1 is
used for the crude oil carrier drive, and the main turbine max-
imum power is 17 MW (Koroglu and Sogut 2018).

3 Description and Characteristics of the
Analyzed Marine Condensate Heating System

The analyzed condensate heating system (Figure 2) consists of
five basic components, four of which are closed condensate
low pressure and high pressure heaters (LPH1, LPH2, HPH1,
and HPH2). Closed condensate heaters are recuperative heat
exchangers in which heat transfer occurs through pipe walls,
so the heating medium and main condensate are not mixed
together.

The fifth basic component of the analyzed system is the
deaerator, which has a dual function. The deaerator is an open
condensate heater in which the heating medium (steam) and
the main condensate are mixed. The second deaerator function
is dissolved gas removal (deaerating process) to prevent ero-
sion (Chen et al. 2017b).

Along with the five basic components, the analyzed marine
condensate heating system consists of several pressure reduc-
tion valves and pumps.

4 Equations for the Energy and Exergy
Analyses

4.1 Governing Equations for the Energy and Exergy
Analyses of Any Control Volume

Energy analysis of any control volume is defined by the first
law of thermodynamics (Aljundi 2009; Elhelw et al. 2019;
Ahmadi et al. 2018; Kanoglu et al. 2012). For any control
volume, the energy balance equation can be defined as
Adibhatla and Kaushik (2017a), where in the most cases,
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Figure 1 Scheme of the marine steam propulsion plant with steam reheating

potential and kinetic energies can be disregarded (Medica-
Viola et al. 2020a):

(1)

In Eq. 1, O is heat energy transfer, P is mechanical power,
while indexes IN and OUT denotes input and output. £ n is
the total energy of a fluid flow defined according to (Blazevi¢
et al. 2019):

O + PN+ 2 Enn = Qour + Pour + X Enour

where m" is mass flow rate and /4 is specific enthalpy.

Exergy analysis of any control volume is defined by
the second law of thermodynamics (Naserbegi et al.
2018; Adibhatla and Kaushik 2017b). The exergy bal-
ance equation is (Medica-Viola et al. 2020b):

Xheat N + PN + 2 Exin = Xneaout + Pout + X Exout

+ Exp (3)

En=m-h (2)
From intermediate
pressure turbine
From high 10
pressure turbine
To steam
generalor Deaerator
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Figure 2 Analyzed marine condensate heating system, its segments, and components
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Ex is the total exergy of a fluid flow, defined according
to Mrzljak et al. (2019) as

EX = m NS (4)

where ¢ is the specific exergy of the fluid stream (Tan
et al. 2018):

g = (h—ho)_To'(S_S()) (5)

In Eq. 5, s is specific entropy, while X e, represents the
heat exergy transfer at temperature 7

Xheat = Z(l_%>Q (6)

Energy and exergy efficiencies of any control volume can
be defined as

cumulative energy (or exergy) power output

Ty = (7)

cumulative energy (or exergy) power input

During control volume operation, fluid mass flow rate leak-
age usually does not occur, so the valid mass flow rate balance
is (Lorencin et al. 2019a)

Ymin = Ymour (8)

4.2 Equations for the Energy and Exergy Analyses of
the Investigated Heaters

Energy and exergy analyses of all condensate heaters are per-
formed using equations from Erdem et al. (2009), Uysal et al.
(2017), and Noroozian et al. (2017). All the equations are
developed according to the operating points from Figures 1
and 2 (green marked points). The energy analysis equations
are presented in Table 1.

Exergy analysis of each condensate heater is performed using
the same equations from Table 1 while replacing the total energy
of a flow (En) with the total exergy of a flow (£x) and the energy
efficiency (7)) with the exergy efficiency (7). These replace-
ments are made in all the equations for each heater.

4.3 Equations for the Energy and Exergy Analyses of
Segments and the Overall Heating System

In many research papers can be found the energy and
exergy analyses of each heater from a condensate
heating system (Zhao et al. 2017). This paper offers a
certain upgrade.

The observed marine condensate heating system is divided
into two segments. The first segment is a low pressure heating
segment, which encompasses both low pressure condensate
heaters (LPH1 and LPH2). The second segment (high pres-
sure heating segment) contains both high pressure condensate
heaters (HPH1 and HPH2) (Figure 2). The deaerator is a com-
ponent that divides the condensate heating system in two pre-
sented segments; it is analyzed separately as a component and
within the entire system. The energy analysis equations of the
overall condensate heating system and its segments are pre-
sented in Table 2.

Exergy analysis of the overall heating system and its seg-
ments is performed using the same equations from Table 2
while replacing the total energy of a flow (En) with the total
exergy of a flow (Ex) and the energy efficiency (1;) with the
exergy efficiency (7). For energy and exergy analyses of the
overall condensate heating system and its segments, the oper-
ating points are defined according to Figures 1 and 2. The base
ambient state is selected as proposed in Koroglu and Sogut
(2018)—the ambient pressure of 1 bar and the ambient tem-
perature of 15 °C.

Table 1  Energy analysis equations of condensate heaters

Comp. Energy power input Energy power output Energy destruction (energy power loss) Energy efficiency

LPHI E”}N,LPHl = ‘ En.OUTﬁLPH.l = E”.D‘LPHl = en1 = 2’1ZL$TLT271
=Eni 4+ Eny—Eny =Eng—Enp; = Enn e~ E nour,LpHI

ke E"'N=LP“2 - E”OUT-,LPHZ = EnD,LPHQ = TLPH2 = %
=Enp—Enys = Enp—Eny = Ennen2— E nour,Lem2

DEA Enpea = E nour.pea = E'nas E nDDEA = T DEA = EE";OI;\:TD[I)EEA
=Eny + Enyn + Enj = E'niNpea— E nour pea

HPHI Ennpen = Enourwem = = Emi—E EnD_Hle = =Ennppm—E ThupHI = EE"Z:THT:T
=Eng+ Enyp—Eny n26 NOUT,HPHI

HPH2 E AN HPH2 = = Eny—En, E nour ez = E D HPH2 = ThupH2 = EFT,:T,,',{,,PZZ

= Eny—Eny = E ninpen2— £ nour nenz
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Table 2  Energy analysis equations of the condensate heating system and its segments

Comp. Energy power input Energy power output Energy destruction (energy power Energy efficiency

loss)

LPHS ; ; ; — E nourvens
EnLens = E nour,Lens = Enp Lpus = TILLPHS = F i ons
=Enp + Eniz—Enp =Enyp—Eni;—Eny = EnLeus~ E nout Lpus

HPHS : En =Eng—En " — E nourens
E”IN,HPHS = OUTHPHS B 26 EnD,HPHS = "hupHs = F 1IN HPHS
=Eng +Eng—Eny = EniNupas— £ nout HpHS

CHS _ E nourcns

E nincns = EniNLeas+

+ E ninupHs + E 1N DEA

E nout,cus = E nout,Leus+

+ E nour,upus + £ nout,pEa

Enpcus = TLCHS = Fmens

= Enmcns— E nour,cus

5 Data Required for the Energy and Exergy
Analyses

All fluid stream data required for the energy and exergy
analyses of the marine condensate heating system, its
segments, and components were found in Koroglu and
Sogut (2018) and are presented in Table 3. The specific en-
thalpy and specific entropy of each fluid stream are calculated
using NIST REFPROP 9.0 software (Lemmon et al. 2010).
The specific exergy of each fluid stream at the selected base
ambient state is calculated using Eq. 5.

6 Energy and Exergy Analysis Results

6.1 Energy and Exergy Analyses in the Base Ambient
State

The results of the energy analysis of the marine condensate
heating system, its segments, and components are presented in
Figure 3. The energy destruction of LPHS is higher than that
of HPHS and mostly caused by energy destruction of LPH2
(Figure 3). LPH2 and the deaerator have the highest energy
destructions, while all other condensate heating system

Table 3  Thermodynamic data of required fluid streams

Operating point*  Stream mass flow Stream pressure (kPa) Stream temperature (°C) Stream specific ~ Stream specific Stream specific
rate (kg/s) enthalpy (kJ/kg) entropy (kJ/kg'K) exergy at the base

ambient state (kJ/kg)

4 1.055 3770 397.26 3211.70 6.793 1256.02

6 1.679 2120 325.46 3079.20 6.837 1111.01

10 0.421 520 341.56 3 149.80 7.587 965.37

12 0.808 240 249.92 2 969.40 7.623 774.63

13 0.683 60 126.97 2734.10 7.746 503.93

17 10.947 520 42.80 179.06 0.607 5.69

18 10.947 520 81.23 339.75 1.088 28.09

19 1.491 60 85.93 359.10 1.144 3143

20 1.491 520 85.98 359.86 1.144 31.93

21 12.438 520 81.80 34231 1.095 28.54

22 12.438 520 119.37 500.65 1.519 64.75

23 0.808 240 126.07 528.99 1.591 72.23

24 0.808 60 85.93 528.99 1.616 64.97

25 15.593 520 153.32 645.87 1.874 107.74

26 15.593 10 300 155.03 659.20 1.880 119.28

27 15.593 10 300 210.35 901.55 2412 208.33

28 15.593 10 300 241.87 1 046.45 2.703 269.56

29 2.734 2120 21535 921.45 2473 210.75

30 2.734 520 153.32 921.45 2.520 197.13

31 1.055 3770 246.87 1 069.90 2.764 275.44

32 1.055 2120 215.35 1 069.90 2777 271.57

*QOperating point numeration refers to Figure 2
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Figure 3 Energy efficiencies and destructions (losses) of the condensate heating system, its segments, and components

components have energy destructions lower than 1 kW.
Comparison of all five components (heaters) shows that the
lowest energy efficiency has LPH2 (99.877%). Because of the
LPH2 influence, LPHS has a lower energy efficiency
(99.927%) than that of HPHS (99.988%). The overall conden-
sate heating system has an energy destruction equal to
4.77 kW and an energy efficiency equal to 99.976%, as pre-
sented in Figure 3.

The results of the energy analysis lead to the conclusion
that this analysis should be avoided for any condensate
heating system, its segments, or components. Low energy
destructions (and simultaneously high energy efficiencies)
do not allow even the smallest errors during data acquisition.
While observing HPH2, a decrease in steam specific enthalpy
(operating point 4, Table 3) of 0.2 kJ/kg led to a negative
energy destruction and to an energy efficiency higher than
100%, which is practically impossible.

6 x10°

Exergy power (kW)

LPH1

LPH2 LPH
segment

I [nput

Deaerator

By observing all the components (heaters) from the
analyzed marine condensate heating system at the base
ambient state, it can be easily noted that the deaerator
has the dominant exergy power inputs and outputs
(Figure 4). HPHS has approximately threefold higher
exergy power inputs and outputs than those of LPHS.
The overall condensate heating system has an exergy
power input equal to 5 278.31 kW, while its exergy
power output equals 4 718.9 kW.

In the base ambient state of the observed condensate
heating system, the deaerator is the component with the lowest
exergy destruction (70.74 kW) and the highest exergy effi-
ciency (95.96%) (Figure 5). High pressure condensate heaters
have much higher exergy efficiencies than those of low pres-
sure heaters. HPH1 has a lower exergy efficiency (88.12%)
than that of HPH2 (92.29%) because of a higher exergy de-
struction. In the low pressure heating segment, LPH2 has a

HPHI1 HPH2 HPH

segment

CH-system
overall

=7 Output

Figure 4 Exergy power inputs and outputs of the condensate heating system, its segments, and components (base ambient state)
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Figure 5 Exergy efficiencies and destructions of the condensate heating system and its segments and components (base ambient state)

higher exergy efficiency (79.36%) than that of LPHI1
(70.10%), despite the higher exergy destruction.

Despite its lower exergy destruction, LPHS has a lower
exergy efficiency (75.34%) than that of HPHS (89.63%)
(Figure 5). Overall, the analyzed condensate heating system
has an exergy destruction of 559.41 kW, while its exergy
efficiency is 89.40%. Compared with the energy analysis,
the exergy analysis of the observed (and any other) condensate
heating system is less sensitive to the measuring equipment
accuracy and precision (Naserbegi et al. 2018), and it can be
recommended.

6.2 Exergy Analysis During the Ambient Temperature
Change

A literature review shows that several researchers have inves-
tigated the ambient temperature influence on steam power
plant components. The general conclusion is that most steam
power plant components are not significantly influenced by
the ambient temperature change. As an example, Ameri et al.
(2009) showed that an ambient temperature change of 10 °C
resulted in a 1% or smaller exergy efficiency change of high
power steam turbines. The same conclusion is reached in
Mizljak et al. (2017b) for marine auxiliary low power steam
turbines. However, Ahmadi and Toghraie (2016) showed that
most steam power plant components are not significantly in-
fluenced by the ambient temperature change but found excep-
tions in steam generators and low pressure steam turbine
cylinders. Kopac and Hilalci (2007) and Aljundi (2009) found
that condensate heaters from land-based steam power plants
are slightly influenced by an ambient temperature change. As
opposed to land-based steam power plants, Poljak et al. (2020)
showed that an ambient temperature change can notably in-
fluence heat exchangers from a marine steam power plant.

In this paper, the ambient temperature influence on the
analyzed marine condensate heating system, its segments,
and components is also investigated. The observed ambient
temperature range is set from 5 to 45 °C, and the calculations
are performed in steps of 10 °C. An analysis of condensate
heating system components (heaters) shows that the exergy
destruction of each heater increases with the ambient temper-
ature, as presented in Figure 6.

An increase in the ambient temperature decreases the
exergy efficiencies of all heaters (Figure 7). The ambient tem-
perature change slightly influenced the exergy efficiencies of
HPH2, the deaerator, and HPH1 and highly influenced those
of both low pressure heaters (LPH2 and LPH1) (Figure 7). In
the observed ambient temperature range, the cumulative
exergy efficiency change of HPH2, the deaerator, and HPH1
equals 2.55%, 3.83%, and 4.43%, respectively, while that of
LPH2 and LPHI is 12.37% and 31.61%, respectively.

The important conclusion derived from this observation is
that the influence of the ambient temperature differs between
condensate heaters. The exergy efficiency of a condensate
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Figure 6 Exergy destruction of condensate heating system components
during an ambient temperature change
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heater mounted nearest the main condenser is highly influ-
enced by the ambient temperature change. Because of this
fact, attention should be paid to the design and operation of
this condensate heater.

The exergy destructions of LPHS and HPHS, as well as the
overall condensate heating system, increase with the ambient
temperature (Figure 8). The change in the ambient tempera-
ture resulted in a more intensive exergy destruction change of
HPHS (in comparison with that of LPHS). In the observed
ambient temperature range, the exergy destruction of the en-
tire condensate heating system increases from 543.21 kW (at 5
°C) to 620.73 kW (at 45 °C) (Figure 8).

For the overall condensate heating system and both of its
segments (as for the heaters), it is also valid that an increase in
the ambient temperature decreases exergy efficiencies.
Figure 9 shows that the exergy efficiencies of HPHS and the
overall condensate heating system are not significantly influ-
enced by the ambient temperature change. However, the am-
bient temperature change has a notable influence on the LPHS
exergy efficiency. In the observed ambient temperature range,
the cumulative change in the exergy efficiency of HPHS, the
overall condensate heating system, and LPHS is 3.69%,
6.23%, and 18.35%, respectively. This fact leads to the
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Figure 9 Exergy efficiency of the condensate heating system and its
segments during the ambient temperature change

conclusion that the entire LPHS (not only the condensate
heater nearest the main condenser) should be carefully de-
signed and maintained.

Figure 10 shows the average percentage difference of
exergy power output and input for the overall analyzed con-
densate heating system, its segments, and components in the
observed ambient temperature range (from 5 to 45 °C). An
average percentage difference of exergy power output and
input higher than 2% indicates a notable exergy efficiency
change during the change in the ambient temperature and vice
versa. Therefore, an increase in the ambient temperature
causes the largest exergy efficiency decrease of LPHI,
LPHS, and LPH2, respectively.

Further analysis, improvements and possible optimization
of the marine condensate heating system will be performed
using various artificial intelligence (Al) methods, algorithms,
and techniques. Our research team has already successfully
applied such AI methods in several marine systems
(Lorencin et al. 2019b; Baressi Segota et al. 2020), for elec-
trical power output prediction of a complex combined cycle
power plant (Lorencin et al. 2019c¢), and in various medical
applications (Car et al. 2020; Lorencin et al. 2020). Therefore,
we have enough reasons to believe that the abovementioned
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Figure 8 Exergy destruction of the condensate heating system and its segments during an ambient temperature change
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Figure 10 Average percentage difference of exergy power output and input for the condensate heating system, its segments, and components in the

observed ambient temperature range

methods will be very useful in further investigations of the
marine condensate heating system, its segments and
components.

7 Conclusions

This paper presents a thermodynamic (energy and exergy)
analysis of the condensate heating system, its segments, and
components from a marine steam propulsion plant with steam
reheating. It is found that energy analysis of any condensate
heating system (not only of the observed one) should be
avoided, because it can give unrealistic results caused by mea-
surement equipment inaccuracy and imprecision. In the ob-
served marine condensate heating system, the energy power
losses related to any component did not exceed 3 kW, while
the energy efficiencies were higher than 99%.

Exergy analysis of condensate heating systems is an effec-
tive evaluation approach. In the base ambient state, the deaer-
ator from the analyzed system has a higher exergy efficiency
and lower exergy destruction (95.96% and 70.74 kW, respec-
tively) than those of all other heaters. In a properly balanced
condensate heating system, exergy efficiencies of closed con-
densate heaters should continuously increase from the lowest
to the highest steam pressure. In the analyzed system, exergy
efficiencies of closed condensate heaters in the base ambient
state continuously increase from 70.10% to 92.29%, while the
exergy efficiency of the low pressure heating segment
(75.34%) is much lower than that of the high pressure heating
segment (89.63%). The entire observed condensate heating
system has an exergy destruction of 559.41 kW and an exergy
efficiency of 89.40% in the base ambient state.

Components and segments of the marine condensate
heating system are not equally influenced by the ambient tem-
perature change. The exergy efficiency of the closed conden-
sate heater mounted nearest the main condenser is the most

influenced by the ambient temperature change. In the per-
formed analysis, a change in the ambient temperature from 5
to 45 °C causes an LPH1 exergy efficiency change of 31.61%,
which is much higher than those of the other components. The
ambient temperature change also has a notable influence on
the exergy efficiency of the low pressure heating segment,
whereas its influence on the exergy efficiency of the deaerator,
high pressure heaters, and high pressure heating segment is
slight.

The average percentage difference of exergy power output
and input can be used as an effective measure in the ambient
temperature influence evaluation for any component or seg-
ment or for the entire condensate heating system. In the ana-
lyzed system, an average percentage difference of exergy
power output and input higher than 2% indicates a notable
exergy efficiency change during the change in the ambient
temperature and vice versa.
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