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Abstract — Steam power plants play a key role in electricity generation throughout the world. Their
performance is strongly dependent on the boilers performance and feedwater heater network. In this study,
exergoeconomic analysis is performed on a steam power plant in Iran and effects of adding a new feedwater
heater to the cycle are investigated through exergy and exergoeconomic analyses. In this respect, two
configurations are considered, in the first one the new feedwater heater is placed before the first existing
feedwater heater and in the second configuration, the new feedwater heater is placed after the last one.
Performance of the system in these two new configurations is studied and then compared with the base
case condition. Also an optimization algorithm is applied to each configuration and the base case condition.
The results show that boiler has the highest rate of exergy destruction. Also in terms of exergoeconomic
analysis, boiler has a high value of relative cost different which 45% of it is because of exergy destruction
cost. Comparison between the results shows that adding the new feedwater heater increases the exergy
efficiency of the plant, but if it placed after the last feedwater heater, it can reduce the product cost rate
of the plant as well. Optimization results reveal that placing the new feedwater heater in this position can

reduce the product cost rate by 0.16% and increase the exergy efficiency by 0.33%.
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1 Introduction

Electricity is an important form of energy the genera-
tion of which is increased in the last decades, due to pop-
ulation growth and improved technology. Based on EIA!
statics, electricity generation is increased from 8 billion
MWh, in 1980 to 21.5 billion MWh, in 2012. There are
many different ways to generate electricity. Steam power
plant is one of the most conventional methods in which
superheated steam is produced in a boiler and then ex-
pands in a turbine to generate power. The power is used
in a generator to produce electricity. Different sources of
energy can be used to heat the water, including oil, nat-
ural gas, coal, nuclear energy, geothermal energy, etc.

Over the years, many researchers have tried to im-
prove the performance of steam power plants. To do
so, second law efficiency seems a better criterion. This
is because that in the first law, heat transfer to the
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environment is the only possible way for energy dissipa-
tion. But in exergy analysis, irreversibility of the system is
taking into account as well. Therefore, exergy is a better
indicator of the system performance.

Hongbin et al. [1] performed exergy analysis on a
steam power plant and calculated exergy destruction and
exergy efficiency of each component of the system. They
showed that boiler with 91.6% has the highest share of
exergy destruction in the plant. Aljundi [2] performed en-
ergy and exergy analyses on a steam power plant in Jor-
dan and analyzed system components separately to calcu-
late the highest energy and exergy losses in the plant. Also
the effect of varying ambient temperature on the plants
performance was studied. The results showed that the
highest energy and exergy losses occur in the condenser
and boiler, respectively. Rosen et al. [3] tried to decrease
irreversibilities of a coal-fired steam power plant. They
reduced the fraction of excess air in combustion process
and also decreased the temperature of stack outlet flue
gases. The results showed that if the fraction of excess
combustion air and stack-gas temperature from 0.4 and
149 °C decreases to 0.15 and 87 °C, respectively, exergy
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Nomenclature
C Flow cost rate ($/year)
c Cost per unit exergy ($/GJ)
CRF  Capital recovery factor
Ex Exergy (kW)
ex Specific exergy (kJ.kg™")
D

Ex Exergy destruction (kW)
Exergoeconomic factor (%)

h Enthalpy (kJ.kg ')

hr Hour

i Interest rate (%)

LHV  Lower heating value (kJ.kg™")

Mass flow rate (kg.s™')
Plant life time (year)
Universal gas constant
Relative cost difference (%)
Entropy (kJ.kg='.K™1)
Temperature (°C)
Ambient temperature
Power (kW)

Molar fraction

Capital cost rate ($/year)
Component purchase cost ($)

NNE S HNS Y 2

Greek symbols

I3 Chemical exergy/energy ratio
© Maintenance factor
P Exergy efficiency

Subscript
ch Chemical
Cond  Condenser
FWH  Feed water heater
ph Physical
ST Steam turbine

efficiency of the plant increases by 4.1%. Rosyid et al. [4]
studied a steam power plant two-stage binary cycle in
terms of energy and exergy. They investigated the effect of
variations in steam power plant operational load and con-
denser cooling water temperature, turbine inlet tempera-
ture and turbine inlet pressure on the performance of the
total cycle. Based on the results; reducing the steam tur-
bine load from 100% to 25% leads to a 0.97% decrease in
the plant’s efficiency. Vandani et al. [5] performed energy
and exergy analyses on a boiler blow down heat recovery
system. They also optimized the plants performance to
increase its exergy efficiency. The results indicated that
0.72% increase in exergy efficiency of the plant could be
achieved using heat recovery technique. Xu et al. [6] pro-
posed a new system in which a steam ejector is used to
integrate a steam power plant and a CO5 capture system.
Using the proposed method, surplus energy of the ex-
tracted steam is recovered and therefore the reduction in
output power of the steam turbine decreases. Also energy
loss in carbon capture process is reduced and total plants
efficiency is increased. Singh et al. [7] coupled a Kalina
cycle to a steam power plant to recover the waste heat
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of the exhaust gases and optimized the plant’s perfor-
mance. The results showed that for each operating pres-
sure, there is an optimum ammonia mass fraction which
yields the maximum cycle efficiency. In general, as turbine
inlet pressure increases, the plant’s efficiency increases,
but it also increases the difficulty in operation of the sys-
tem. Therefore a moderate pressure is more suitable for
the plant. Suresh et al. [8] studied a supercritical (SupC)
and an ultrasupercritical (USC) steam power plant and
optimized the plant’s performance. Exergy efficiency of
the optimized SupC and USC power plants showed 2.6%
and 4.8% increase, respectively. Also COs reduction is re-
duced by 6% and 11% in the selected power plants. They
also compared the effect of high and low ash coal on the
system performance. Li et al. [9] studied the effect of con-
denser pressure on exergy efficiency of the plant in sub-
critical, supercritical, and ultrasupercritical steam power
plants. Xu et al. [10] compared two schemes of extraction
steam in a double reheat ultrasupercritical power plant
based on thermodynamics and economics under part-load
and full-load operations, where one scheme adopts outer
steam coolers and the other employs a regenerative tur-
bine. The results showed that the regenerative turbine has
a better effect on the system performance. The amount
of saved energy is higher under part-load conditions.

Although exergy is a good criterion for analyzing en-
ergy systems, but it doesn’t take into account the eco-
nomic aspects of the system. To solve this issue, exergy
and economic analyses are combined together to form the
exergoeconomic analysis. Ozdemir et al. [11] carried out
an exergoeconomic analysis on a fluidized-bed coal com-
bustor steam power plant. The results showed that the
plant has an exergy efficiency of 20.28% and the unit
cost of the produced steam is found to be 1.397 c/kg.
They suggested that an air preheater between ventilation
fan and fluidized-bed coal combustor can significantly de-
crease exergy destruction of the plant. Matawala et al. [12]
analyzed a 50 MW steam power plant exergoeconomically.
The considered plant also applied a vapor absorption re-
frigeration system for its low temperature applications.
Two different heat sources for the refrigeration cycle were
considered, including steam generated in an independent
boiler and an extraction steam from the steam turbine.
Costs of these methods were compared together. Manesh
et al. [13] applied exergy, exergoeconomic and pinch anal-
yses on two steam power plants in Iran, simultaneously.
They also defined two new variables as exergy destruction
level and exergy cost destruction level and introduced
a new graphical representation to show performance of
each component based on exergoeconomic analysis. Ameri
et al. [14] carried out an exergoeconomic evaluation of a
steam power plant. They calculated exergy destruction
and exergy efficiency of each component and also studied
the effects of the load variations and ambient temperature
on exergy efficiency and irreversibility rates of the cycle.
The results showed that load reduction leads to a de-
crease in exergy efficiency of the components. Mehrpanahi
et al. [15] calculated thermo-economical parameters for
repowering a steam power plant. They also computed cost
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of electricity generation in a repowered steam plant and
compared it with those of a new gas turbine plant and a
combined power plant. Ganjehkaviri et al. [16] developed
a mathematical model to perform energy, exergy, exer-
goeconomic and exergoenvironmental analyses on a com-
bined cycle power plant. The main focus of their work
was to study the effect of vapor quality at steam turbine
outlet. They considered three different objective functions
including exergy efficiency, total cost rate of the system
product and the COy emission. The results showed that
an 88% quality at steam turbine outlet is the most realis-
tic with respect to efficiency, economic and environmental
aspects. Galanti et al. [17] represented a thermoeconomic
analysis on an upgraded steam power plant which pro-
duces electricity and hydrogen. The proposed system is
consisted of pyrolysis and gasification processes applied
to an existing large steam power plant. Coal and biomass
are fed to the system as fuel for both electricity and hy-
drogen production. The results showed that the gasifica-
tion process is more expensive for large-sized hydrogen
production because of higher capital costs. Khanmoham-
madi et al. [18] performed an exergoeconomic analysis on
a steam power plant in Iran and calculated the cost of
exergy destruction in each component. They studied the
effect of main steam temperature, reheated steam tem-
perature, condenser pressure and number of the feedwa-
ter heaters on the cycle performance. They showed that
increasing the number of feedwater heaters leads to a de-
crease in the electricity price. Chacartegui et al. [19] devel-
oped a tool to investigate the performance of fossil fuel
steam power plants under variable operating conditions
or under maintenance operations. They predicted the be-
havior of the plant in different operating conditions of
feedwater heaters, including different terminal tempera-
ture difference or drain cooler approach of the feedwater
heaters, or under maintenance conditions, like a feedwater
heater out of service. Farhad et al. [20] designed a method
to reduce irreversibility of the feedwater heaters network
in steam power plants based on pinch and exergy anal-
yses. Applying this method leads to increase the exergy
efficiency of the system components and the total system.

The aim of this study is to investigate the effect of
adding a new feedwater heater to a steam power plant in
terms of exergy and economy. In this respect, an actual
steam power plant in Iran is considered and two different
cases are defined to add the new feedwater heater. The
exergoeconomic analysis is performed on both cases and
the results are compared with the base case. Also using
a sensitivity analysis, the most effective parameters on
the system performance are identified and an optimiza-
tion analysis is performed on the system to find the best
achievable performance.

2 System description

Besat power plant, located in Tehran, Iran, is a steam
power plant which has three units, each of which has a
capacity of 82.5 MW. Flow diagram of the plant is shown
in Figure 1. As could be seen, the plant has 5 feedwater

heaters, including one open feedwater heater and 4 closed
ones. Using these feedwater heaters, temperature of feed-
water is increased before entering the boiler and there-
fore fuel consumption rate in boiler is decreased. Conse-
quently, efficiency of the plant is augmented.

To provide the heat source needed to increase tem-
perature of the feedwater, a stream is extracted from the
turbine for each feedwater heater. The open FWH (FWH
#3) is more like a mixer which has the role of deaeration
as well. Other FWHs can be considered as a shell and
tube heat exchanger. Steam outlet of each FWH is fed
to the previous FWH, except for the first one in which
the outlet stream is fed to the condenser. A water cooled
condenser is used in the plant. The cooling tower is not
considered in this study.

Two different options are considered for adding the
new feedwater heater to the system. In the first case, the
new FWH is placed before FWH #1. This scenario is
presented in Figure 2. To provide the heat source, a new
stream is extracted from the turbine. The other scenario
is shown in Figure 3, in which the new FWH is set after
FWH #5.

3 Mathematical Model
3.1 Exergy

Exergy is the maximum work which can be obtained
from a given form of energy using the environmental pa-
rameters as the reference state [21]. Exergy balance for a
control volume is represented as follows:

. . . v . e D
Ea:Q + Z M €Tin = Ez" + Z MouteTout + Ex (1)
. D
where Ex

is the amount of destructed exergy in the

component and Ea:Q and Ex" are the exergy associated
to the heat transfer and work, respectively. The amount
of these parameters are calculated as follows [22,23]:

. Q To .
FExr =|1—— 2
2= (1-1)a 2
74 .
Ex =W, (3)
In Equation (2), Ty is the ambient temperature and T, is
the temperature in which heat transfer is occurred.
Specific exergy is constituted of kinetic, potential,
physical and chemical exergy. Neglecting the first two
components, specific exergy could be defined as fol-
lows [24, 25]:
exr = eTpp + eTcp (4)

Physical and chemical exergies are calculated as:

expn, = (h —ho) — To (s — so) (5)

N N
cxen = Y _yiea{" + RTo(Y_ yiln?(y:)) (6)
i=1 i=1
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Fig. 1. Flow diagram of the considered plant (Base case).
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Fig. 3. Flow diagram of adding a new FWH (Case 2).

For calculating chemical exergy of fuels, the following sim-
plified equation is used [23]:

ET fuel
=_Tfuel 7
¢ LAYV fyel (M)

The value of £ is usually close to unity for the most of
commonly used fuel gases [23]. For example, its value for
methane and hydrogen are 1.06 and 0.985, respectively.

Using the above equations, exergy destruction and ex-
ergy efficiency for each component could be easily com-
puted. Table 1 shows the equations of exergy destruction
and exergy efficiency for each component in the plant.

Total exergy destruction of the plant equals to the
sum of exergy destruction of all the components.

3.2 Exergoeconomy

Exergoeconomic evaluation is a combination of both
exergy analysis and economic principles. Performing this
analysis provides some useful information about cost of
each stream which is crucial for optimized design of the
system. In exergoeconomic analysis, it is necessary to de-
fine the concepts of fuel and product exergies. The source
which is consumed in a component to generate the prod-
uct is defined as fuel. This is different with the actual fuel
(such as natural gas, oil, coal, etc.) which is utilized in the
plant. Also the product is the desired result generated by
using the fuel.

Cost balance for a given control volume is expressed
as:

CQ+ZCin+Z:CW+ZCout (8)

C=cE 9)

In Equation (8), Z is the investment cost rate of the com-

ponent and is equal to sum of the capital cost and the op-

eration and maintenance costs. The investment cost rate
of each component is computed as follows:

_ ZCRF.yp
o hr

Z (10)
In this equation, ¢ is the maintenance factor [22] and hr
is the total annual working hour of the plant. CRF is the
capital recovery factor which is expressed as follows:

i1+ )N

CRF = ———
1+~ -1

(11)

In this equation ¢ and n are interest rate and plant’s
life time. Values of economical parameters are shown in
Table 2.

Also, Z is the investment cost of the component and
its value is computed by equations given in Reference [14].
It should be noted that all used equations to evaluate
capital cost of components are published in specific years.
Therefore the estimated costs should be brought to the
reference year using the Chemical Engineering Plant Cost
Index (CEPCI) [26] to update all costs to the year 2013.
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Table 1. Exergy destruction and exergy efficiency of each component in the power plant.

Component

Exergy destruction

Exergy efficiency

Feed Water Heater

Steam turbine

Condenser
Pump Emfump = Emzn - Exout + WPump
Boiler Ewgoile'r = Z szn + Exfuel - Z Ewout

Em?WH = E E.Z'ln — Z Emout
Ezsr = Exin — Exour — Wer

Exgond =3 Exin — > EZout

Ezco1d, 'infEmuold,out
Ezhot,iﬂ 7Emhot,out

_ Wsr
wST Emin*'ETout

YrwH =

Ex
j— Cond
Cond = 1 — —=<end
w on ) Ezj,
P _ Evout—Fwip
pump Wpumsp

Ezwater,out —ETwater,in

7/) oiler Byl

Table 2. Economical parameters.

Parameter Value
i (%) 8
N (year) 20
%) 1.06

hr (h) 8000

Cost balance and auxiliary equations of each component
are shown in Table 3.

Several parameters are defined to compare exergoeco-
nomic performance of different components. Average cost
per unit exergy of fuel and product are defined as follows,
respectively:

Cr

CRp = —— (12)
Er
Cp

CP,k; = — (13)
Epy

Also the cost associated with the exergy destruction could
be computed using the following equation:

Cp = criebp (14)
By using these parameters, some other variables could

be defined. The relative cost difference of a component is

defined as:
cpg—C
- Pk — CFk (15)
CFk
The difference is due to the cost rate associated with in-
vestment cost and exergy destruction cost. Also another
parameter is defined as exergoeconomic factor and ex-
pressed as follows:

Z

fo= =
Zr,+Ch.k

(16)

This parameter shows the importance of investment cost
in the sum of exergy destruction cost and investment cost.

4 Results and discussion

To perform energy and exergy analyses, a simulation
code has been developed in Matlab. Energy and mass
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balances for each component are applied and thermody-
namic properties of all streams are calculated based on
TAPWS IF-97. Table 4 shows thermodynamic properties
of all streams for the base case condition. It is worth men-
tioning that a gland steam condenser is used in real cycle
of the plant between points 9 and 10 to increase feedwa-
ter temperature using steam leakages from the turbine.
This component is neglected in thermodynamic modeling
of the plant and a temperature difference is applied in
the model between points 9 and 10, so that the developed
model is consistent with the actual plant.

Exergy destruction and exergy efficiency of each com-
ponent are calculated using equations in Table 1 and
known thermodynamic properties. Table 5 shows exergy
destruction of each component. As could be seen, boiler
due to chemical reactions has the highest rate of exergy
destruction and constitutes nearly 85% of the total exergy
destruction of the system. Preheating the air, fuel and wa-
ter could decrease the boiler’s exergy destruction. Usually
air and fuel are preheated using the heat of boiler outlet
flue gas. The heat source for preheating feedwater is the
steam extracted from the turbine. Although this method
decreases the generated power of the turbine, it increases
the plant’s efficiency. Therefore, lower fuel is consumed
and as a result lower emissions are produced. After boiler,
the highest rate of exergy destruction is belonged to the
turbine and condenser which have 8% and 5% of the to-
tal exergy destruction of the plant. Also exergy destructed
in feedwater heaters and pumps are negligible compared
to the other components as they are responsible for only
1.5% of total exergy destruction.

Figure 4 shows exergy efficiency of all components and
the whole plant. As shown, condenser and boiler have
the lowest exergy efficiencies. Also high pressure feedwa-
ter heaters have higher exergy efficiency than low pres-
sure feedwater heaters. This is because that in these feed-
water heaters, temperature difference between cold and
hot streams is lower than the low pressure ones. Also the
plants total exergy efficiency is 33.83%.

Detailed exergoeconomic results are shown in Table 6.
In exergoeconomic analysis, more attention should be
paid to component which has the highest rate of Z + Cp.
Based on the results shown in Table 6, boiler, turbine
and condenser have the highest value of Z + Cp, respec-
tively. Therefore any effort to increase the performance of
the plant should be applied to these components. Among
the feedwater heaters, FWH 3 has the highest value of
Z + Cp. Also the value of exergoeconomic factor in the
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Table 3. Cost balance and auxiliary equations of each component.

Component

Cost rate balance

Auxiliary equation

Boiler
Steam turbine

. Cie + Coair + Cfu_el + Zyoiter = C; + C.Q,bm'le.r
Ci+Zst=Co+C3+Cs+C5+Cs+ C7r+ Csr

Cq = Cfuel
C2 = C1,C3 = C1,C4 = C1
C5 = C1,C6 = C1,C7 = C1
cs = c7+ c25 c26 = 0
Cpumpl = CST
C25 = C23 + Co24
C22 = C23

€20 = €18 + C19
Ci8 = C17

Cpump2 = CST
Cpipel = Cé
Cpipe2 = C5
Cpipe3 = C4
Cpiped = C3

Condenser C'7 + 025 + Czs + Zcond = Os + 027

Pump 1 Cs + C'pumpl + Zpumpl = Cy ]
FWH #1 Cio+ Cos + Coa + Zrwm = Ci1 + Cas
FWH #2 Ci1+ Co2 + Zrwaz = Cr2 + Cas
FWH #3 Ci2 + Co0 + Ca1 + Zrwas = Ci3
FWH #4 C14+ C1s + Cro + Zrwua = C15 + Cao
FWH #5 01.5 + 01.7 + ZFW}(s =Cie “F.CIS
Pump 2 Ciz + Cpumpz + Zpump2 = Cra

Pipe 1 Cs + Zpiper = Coa + Cpipel

Pipe 2 Cs + ZpipeZ =Ca + Chpipe2

Pipe 3 Cy+ Z:pipe3 = C:'21 + C:'pipes

Pipe 4 Cs + Zpipes = ng + Cpipe4

Pipe 5 Cs + Zpipes = C17 + Cpipes

Cpipes = C2

Table 4. Thermodynamic properties of each stream for base condition.

Stream P (bar) T (°C) h (kJkg™ ") s (kJkg "K' T) 7 (kgs ')
1 87.198  510.000 3415.766 6.710 91.439
2 33.640  389.636 3201.387 6.828 6.317
3 17.416  308.361 3050.481 6.875 6.564
4 6.474 203.043 2854.873 6.943 4.818
5 2.668 129.573 2708.507 7.003 4.920
6 0.774 92.584 2533.787 7.090 4.668
7 0.085 42.588 2299.303 7.324 64.151
8 0.085 42.588 178.356 0.607 73.739
9 6.848 42.677 179.266 0.608 73.739
10 6.848 50.677 212.743 0.712 73.739
11 6.435 87.870 368.460 1.168 73.739
12 6.021 124.420 522.850 1.575 73.739
13 6.021 158.969 671.094 1.932 91.439
14 97.714  160.848 684.552 1.940 91.439
15 97.300  201.968 864.565 2.337 91.439
16 96.887  237.195 1025.109 2.663 91.439
17 31.285  386.496 3198.387 6.855 6.317
18 31.285  204.740 874.347 2.373 6.317
19 16.197  305.579 3047.481 6.902 6.564
20 16.197  166.400 703.962 2.005 12.881
21 6.021 200.600 2851.873 6.969 4.818
22 2.484 127.204 2705.507 7.028 4.920
23 2.484 93.430 391.535 1.232 4.920
24 0.719 90.654 2530.787 7.113 4.668
25 0.719 56.230 235.432 0.784 9.588
26 0.893 17.700 74.375 0.264 3265.563
27 0.893 27.700 116.208 0.405 3265.563

first three feedwater heaters is higher than the last two
ones.

Equations (15) and (16) can help to understand that
how the sum of investment cost and exergy destruction
cost affects the exergoeconomic performance of the com-
ponents. As shown in Table 6, the highest values of rela-
tive cost difference occur in condenser and boiler, respec-
tively. Based on value of f for these components, for the
condenser, almost 85% of the cost difference between in-

let and outlet streams is because of exergy destruction,
while for the boiler, exergy destruction is only respon-
sible for about 45% of the cost difference. Therefore it
could be concluded that decreasing exergy destruction in
these components could have a considerable effect on the
plant’s exergoeconomic performance. After condenser and
boiler, the highest value of r belongs to the first and sec-
ond feedwater heaters. A high value of exergoeconomic
factor for these components reveals that investment cost
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Fig. 4. Exergy efficiency of each component.

Table 5. Exergy destruction of each component.

Component Exergy destruction (kW)
Boiler 138205.268
FWH 1 530.062
FWH 2 444.795
FWH 3 335.674
FWH 4 510.271
FWH 5 435.297
Steam turbine 13247.615
Condenser 8483.566
Pump 1 19.261
Pump2 212.537
Total 162424.346

has the dominant effect in the relative cost difference.
Therefore to decrease the cost difference, the investment
cost should be lowered. This could be done by reducing
the heat transfer area for these feedwater heaters, which
leads to a reduction in their exergetic performance. But,
since the effect of investment cost is higher than the ex-
ergy destruction cost, in general it leads to a better exer-
goeconomic performance. It’s worth mentioning that the
lowest values of f occur in pumps which shows the im-
portance of exergy destruction cost in these components.

4.1 Optimization

Optimization techniques could be used to achieve the
best performance of the plant. Genetic algorithm (GA)
is one of the best optimization techniques which has the
capability of dealing with non-linear problems. GA was
developed by Holland [27] and is based on natural genet-
ics. It follows the “survival of the fittest” theory stated
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for the first time by Charles Darwin. To perform the op-
timization, GA produces a population of chromosomes
randomly and then evaluates each individual in the popu-
lation. The fittest individuals are then selected to produce
next generation by mating procedure (crossover and mu-
tation). This trend continues until the optimal solution of
the problem is found. The flowchart of genetic algorithm
process is shown in Figure 5. More explanation about GA
could be found in Reference [28,29].

4.1.1 Objective functions

To perform the optimization, two objective functions
are defined. The first one is the exergy efficiency of the
plant which is defined as:

Wnet

M P S
= LV

(17)

where LHV is the lower heating value of the fuel and the
other one is total product cost rate, which is defined as
follows:

Min C Pitot

= OF,tot + Ziot (18)

The two considered objective functions are conflicting,
such that a system with low efficiency is usually a cheap
one, whereas the cost of a more efficient system is high.
To have a bright insight about the behavior of these ob-
jective functions, a multi-objective optimization will be
carried out along with the single objective one. It must
be mentioned that in a multi-objective optimization, the
optimal points are a set of values and it is the task of
an expert to choose from these values according to their
needs.
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Table 6. Exergoeconomic results of the base case.

Components  c¢r ($/GJ)  cp ($/GJ) Cp ($/year) Z ($)year)  Z+ Cp ($/year) [ (%) r (%)
Boiler 3 11.8284  1.3075 x 107 1.7853 x 107 3.0928 x 107 57.7223  294.2813
FWH 1 12.2631 22.7506  2.0499 x 10° 3.6309 x 10° 5.6808 x 10° 63.9153  85.5209
FWH 2 12.7305 19.1809 1.7857 x 10°  3.5975 x 10° 5.3832 x 10° 66.8279  50.6693
FWH 3 18.3742 20.2430 1.9451 x 10° 4.0531 x 10° 5.9982 x 10° 67.5726  10.1709
FWH 4 9.5503 10.7062 1.5368 x 10°  6.2300 x 10* 2.1598 x 10° 28.8448  12.1026
FWH 5 12.6517 13.8351 1.7368 x 10° 5.0650 x 10* 2.2433 x 10° 225786  9.3539

Steam turbine  12.5551 14.8215 5.2452 x 106 8.7814 x 10° 6.1233 x 10° 14.3407  18.0516

Condenser 11.9466 65.5548 3.1962 x 10° 6.8447 x 10° 3.8806 x 10° 17.6382  448.7311
Pump 1 14.8215 21.283 9.0027 x 10° 7.4356 x 102 9.7462 x 10° 7.6292  43.5954
Pump 2 14.8215 18.0986 9.9342 x 10* 5.8662 x 10° 1.0520 x 10° 5.5758  22.1105

Start .| Random Creaticlm of initial Calculate the ﬁtn.ess of parent
populatlon generatlon
A\ 4
D G o ST < Calculate the fitness of new < Application of

generation

operators(crossover & mutation)

7

|

Yes

|

Optimum solution

o

Fig. 5. Flowchart of genetic algorithm optimization.

4.1.2 Decision variables

The most effective parameters on the performance of
a steam turbine power plant are outlet pressure and tem-
perature of the boiler, extraction pressures and condenser
pressure. Outlet pressure and temperature of the boiler
are selected based on turbine’s specification. Each indus-
trial turbine has its own pressure and temperature limits,
selected based on blades strength. In this study, it is as-
sumed that the turbine’s blade is not able to bear any
increment in the inlet pressure and temperature of the
turbine. Also working pressure of the condenser is a func-
tion of cooling water inlet temperature. Since the cooling
tower operation is not considered in this study, the con-
denser pressure is assumed to be constant. As a result,
only extraction pressures are considered as decision vari-
ables. Figures 6 and 7 show the effect of these parame-
ters on the plants exergy efficiency. To study the effect
of each decision variable, other parameters are kept con-
stant. As could be seen, for each extraction pressure there
is an optimum value which results the highest exergy effi-
ciency. Also Figure 8 shows the variation of product cost
rate versus extraction pressure for the 5th, 4th and 3rd
FWHs. It could be clearly seen that the product cost

rate is minimized for a specific value of each extraction
pressure.

In this study, each decision variable is defined in a way
that its pressure is higher than the previous extraction
and also all extraction pressures are between the inlet
and outlet pressure of the turbine. Therefore the above
constrain could be expressed as follows:

Piurbine, inlet > Prwas > Pewna > Prwns > Prwh e

> Prwa1 > Peondenser (19)

4.1.3 Optimization results

Single objective optimization is performed on the
plant for the base case and the results are shown in
Table 7.

As seen from Table 7, optimum extraction pressures
are different in the two objective functions. In the first
objective function, the aim is to reach to the maximum
exergy efficiency. Using the optimum values, exergy effi-
ciency reaches to 33.9313%, which shows nearly 0.3% in-
crease with respect to the base case condition. Although
this optimization increases the exergy efficiency of the sys-
tem, but it increases the product cost rate of the system as
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Fig. 6. Effect of extraction pressure of 4th and 5th FWH on the plant’s exergy efficiency.
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Fig. 7. Effect of extraction pressure of 1st, 2nd and 3rd FWH on the plant’s exergy efficiency.

8P FWH5 =P FWH4 «tP_FWH 3

1,013

1,012
1,011

-0

1,01

1,009 -
1,008

1,007

Product cost rate (x102 $/year)

1,006 1 1 I 1 1 1 1 1
10 20 30 40 50 60 70 80

Extraction pressure [bar]

o

Fig. 8. Effect of extraction pressure of 3rd, 4th and 5th FWH on product cost rate of the plant.
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Table 7. Results of single objective optimization for the base case.

Decision variable

Maximizing exergy efficiency

Minimizing product cost rate

Extraction pressure of FWH 1 (bar)
Extraction pressure of FWH 2 (bar)
Extraction pressure of FWH 3 (bar)
Extraction pressure of FWH 4 (bar)
Extraction pressure of FWH 5 (bar)
Exergy efficiency (%)
Product cost rate (x 10% $/year)

0.8435 0.2757
3.3790 0.7584
10.8632 6.8147
27.3258 24.2529
55.1423 53.5962
33.9313 33.7399
1.0104 0.98367

well. While in the base case condition, product cost rate of
the plant was equal to 1.008 x 108 § /year, after exergy effi-
ciency optimization it reaches to 1.0104x 10® $ /year which
shows a 0.228% increase. Also, as it was mentioned before,
optimizing the plant in terms of exergy efficiency leads to
a decrease in fuel consumption rate. Before the optimiza-
tion, fuel mass flow was 5.1423 kg.s~! which reduced to
4.8395 kg /s. This reduction in fuel consumption results to
an increase in the exergy efficiency of the boiler and a de-
crease in exergy destruction of this component. As shown
in Figure 4 and Table 5, boiler exergy efficiency and ex-
ergy destruction are equal to 53.61% and 1.3851 x 10° kW,
for the current operating condition, while they reaches to
56.94% and 1.2955 x 10° kW, respectively, after optimiza-
tion. Decrement in boiler exergy destruction reduces the
exergy destruction cost of boiler by 6.47%. Therefore the
exergoeconomic factor of boiler from 57.66% reaches to
59.29%. This indicates that the effect of investment cost
rate is increased in Z + Cp

In the second single objective optimization, product
cost rate of the plant is minimized. The results show that
performing the optimization reduces the product cost rate
of the plant by 2.42%, while exergy efficiency of the plant
decreases simultaneously by 0.26% which again shows the
conflict nature of the two selected objective functions. Al-
though performing this optimization leads to some ther-
modynamic improvements of the system, these improve-
ments are lower than the exergy efficiency maximization,
because the focus is on the minimization of product cost
rate. For example, reduction in fuel mass flow rate and
boiler exergy destruction in the first optimization was
5.88% and 6.47%, respectively, while in the second opti-
mization these reductions are equal to 5.51% and 6.07%,
which are lower than the previous ones.

To investigate the effect of adding a new feedwa-
ter heater, optimization process is applied to both cases
shown in Figure 2 (case 1) and Figure 3 (case 2) and the
results are shown in Table 8.

Comparison of the results in Tables 7 and 8 reveals
that in both cases, the optimum exergy efficiency is higher
than the base case, but optimum value of product cost
rate in case 1 is higher than the base case and in case 2
is lower than the base case. Also between cases 1 and 2,
maximum exergy efficiency of case 1 is higher than case
2, but minimum product cost rate of case 2 is lower than
case 1. Based on these results, it could be concluded that
if the purpose is to achieve the highest exergy efficiency,
case 1 configuration should be adopted for the plant, but

if the goal is to reduce the product cost rate, then case 2
configuration results in better economic aspects.

The best thermodynamic performance occurs in ex-
ergy efficiency maximization in case 1, where it reduces
the fuel mass flow rate and boilers exergy destruction
by 7.97% and 7.29%, respectively. Also total product
cost rate in the optimization of case 2 decreases to
0.9821 x 10% $/year which is reduced by 2.57%.

To get a better insight about the behavior of the two
objective functions, a multi-objective optimization is per-
formed on the two selected scenarios along with the base
case. The results are shown in Figure 9. The one shown
in blue is the base case optimization, while the red and
green ones are related to case 1 and case 2, respectively.
The horizontal axis represents the exergy efficiency and
since both new cases are in the right hand side of the
base case in the graph, therefore in both cases, exergy ef-
ficiency is higher than the base case. But the value of the
product cost rate objective function is different in the two
selected cases. It could be clearly seen that case 1 leads
to higher product cost rate. In general it could be sug-
gested that case 2 has better performance than case 1, as
the exergy efficiency increases and the product cost rate
reduces simultaneously.

5 Conclusion

In this study, a new feedwater heater is added to a
steam power plant to investigate its exergoeconomic effect
on the cycle. To do this, two configurations are defined.
In the first one, the new feedwater heater is placed before
FWH 1 (case 1) and in the second one the new feedwater
heater is placed after FWH 5 (case 2). An optimization
algorithm is applied to each of these cases and the results
are compared. The main conclusions are summarized as
below:

— In base case condition, boiler has the highest rate
of exergy destruction and product cost rate. Nearly
85% of total exergy destruction is occurred in boiler.
Also after condenser, the lowest exergy efficiency is
belonged to the boiler.

— In base case condition, exergy efficiency optimization
of the plant (before adding the new feedwater heater)
increases the exergy efficiency by 0.3%. This incre-
ment in exergy efficiency is achieved by reducing the
fuel consumption. Also in exergoeconomic optimiza-
tion, product cost rate is decreased by 2.42%.
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Table 8. Optimization results of case 1 and 2.

Parameter Case 1 Case 2
Max '(/)tot Mln CP,tot Max 1/Jt0t Mll’l Cp,tot
Extraction pressure of FWH 1 (bar) 2.3161 0.7584 0.7806 0.2757
Extraction pressure of FWH 2 (bar) 6.6096 1.2410 2.8663 0.7584
Extraction pressure of FWH 3 (bar) 16.4559 10.2878 9.0033 5.2216
Extraction pressure of FWH 4 (bar) 34.2419 28.0634 22.5709 18.4838
Extraction pressure of FWH 5 (bar) 61.2555 54.5803 42.6167 39.5707
Extraction pressure of new FWH (bar) 0.6967 0.2757 58.1465 60.0810
Exergy efficiency (%) 34.0842 33.8423 33.9890 33.8511
Product cost rate (><108 $/year) 1.0221 0.9910 1.0070 0.9821
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Fig. 9. Pareto frontier of the base case and the two selected cases.

— Optimization results of case 1 showed that the highest
achievable exergy is equal to 34.0842% and the low-
est achievable product cost rate is 0.991 x 10% §/year.
While these values for case 2 are 33.989% and 0.9821 x
108 $/year. In both cases, fuel consumption decreases,
because adding the new feedwater heater increases the
temperature of boiler inlet water. As a result, lower
fuel is consumed and lower emissions are produced.

— Comparison of the results showed that case 2 can lead
to better performance than case 1 as it reduces the
product cost rate and increase the exergy efficiency,
simultaneously. But in case 1, both the exergy effi-
ciency and product cost rate increases.
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