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a b s t r a c t
In this research, Abadan combined cycle power plant (CCPP) has been thermodynamically 
modeled and the obtained results have been compared with the information obtained from the 
design conditions of the system. By introducing a multi-effect desalination cycle and several par-
abolic solar collectors, the CCPP, and the effects of these changes on its performance have been 
investigated. In this study, the exergy efficiency, carbon dioxide emission, and the cost of electricity 
generation have been considered based on the SPECO model. The results show that the thermal 
and exergy efficiency of the cogeneration of power and water with the parabolic solar collectors 
(CPWSC) depends on the design parameters. The efficiency of the power plant after using multi 
effect desalination (MED) system and parabolic solar collector increases from 48.71% to 50.91% and 
the exergy efficiency enhances from 45.95 to 50.03. The heat loss in the steam cycle is reduced by 
29%. Also, a reduction in the cost of exergy destruction in the condenser is observed to be 13.56%. 
The CPWSC produces 20,000  tons of freshwater per day. Also, CO2 emissions have decreased 
from 58.05 to 54.97 kg per megawatt hour of electricity.

Keywords: �Combined cycle; Exergy efficiency; Exergy destruction; Environmental effects; Cogeneration 
plant; Multi effect desalination; Parabolic solar collector

1. Introduction

Nowadays, renewable energies have many applica-
tions [1], especially solar energy [2–5]. Their applications 
are interesting in power generation and water desalination 
cycles. The latest studies have considered environmen-
tal and economic features of integrated power and water 
desalination cycle but most of the proposed configurations 
aren’t applicable or they require huge investment costs to 
use in existing power plants. The present study proposes 
a new configuration for a thermal system that can be 
implemented in existing power plants. This thermal system 
is considered that with minor modifications to existing 
power plants, by adding parabolic solar collectors and 

multi effect desalination (MED) system can increase overall 
cycle efficiency in addition to freshwater production from 
seawater. Finally, a comprehensive investigation includ-
ing 4E (energy, exergy, economic, environmental) analysis 
has been carried out on the proposed configuration.

Al Mutaz and Wazeer [6] have studied the effects of 
performance and important variables on the efficiency 
of combined cycle power plant (CCPP) with MED-TVC 
system. These variables include the number of effects, the 
vapor pressure of the stimulus, the high temperature of the 
salt, the temperature difference between the effects, and the 
water supply temperature. They have provided a mathemat-
ical model for plant analysis and compared the parameters 
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with existing power plants data and validated their mathe-
matical model in this way.

Baghernejad and Yaghoubi [7] investigated the Yazd 
cycle power plant with a solar collector in terms of energy 
and exergy. The exergy destruction of the power plant has 
been calculated. Exergy destruction of this power plant 
due to combustion chamber, solar collector, heat exchang-
ers, pumps, and turbines were 29.62%, 8.69%, 9.11%, 8% of 
the total exergy input to the power plant and energy effi-
ciency and exergy of 46.17% and 45.6% have been reported, 
respectively which is greater than the energy and exergy 
efficiency without solar collector. In another study, they 
also studied a power, refrigeration, and heat cogeneration 
plant which reduced the cost of fuel and exergy degradation 
and environmental impacts by 24.17%, 38.87%, and 24.17%, 
respectively [8].

Sanjay et al. [9] investigated this type of power plant. 
The closed-loop-steam-cooling can improve thermal effi-
ciency by up to 62%. In their study, it is shown that the com-
pressor pressure ratio range is a fundamental parameter for 
improving thermal efficiency. The pressure reheat param-
eter is another important design parameter for increasing 
efficiency. With the analysis of exergy, it was found that the 
highest losses in this cycle are related to the combustion 
chamber with 30% of losses and then the turbine with the 
4% has the highest losses.

Ihm et al. [10] compared the three MSF, MED, and 
SWRO systems. The result of their investigation includes 
a comparison between the energy savings in the combina-
tion of oil-fired power plant (OFPP) with CCPP. The results 
show that the amount of energy needed for desalination 
is 11%–49% lower than that of the OFPP due to the high 
efficiency of the CCPP.

Si et al. [11] evaluated the exergy of a 1,000 MW double 
reheat ultra-supercritical power plant. Their results show 
that the thermal recovery system is associated with a 2.3% 
of exergy loss. Also, 85% of the exergy loss of the power 
plant is due to energy losses in the combustion chamber 
and heat exchangers.

Abuelnuo et al. [12] conducted an exergy assessment 
for the 180  MW CCPP in Sudan. The results of this study 
also show that the highest exergy destruction has occurred 
in the combustion chamber and this is because of the high 
irreversibility of the combustion process. Sixty-three percent 
of destructive exergy is as follows: 13.6% gas turbine, 6.4% 
steam turbine, 6.3% recovery boiler, 4.7% recovery boiler gas, 
3.8 compressor, 2% cooling system. There are several meth-
ods and approaches in thermo-economism that are theory 
of exergetic cost [13], theory of exergetic cost disaggregating 
methodology [14], thermo-economic function analysis [15], 
intelligent functional approach [16], the last-inside-first-
outside principle [17], the specific exergy costing (SPECO) 
[18] and the engineering functional analysis [19,20].

In this research, the thermodynamic, exergy, economic 
model of Abadan CCPP was first modeled. The SPECO 
approach has been used in this research to compare with 
other studies. Then, the effects of adding MED system 
and parabolic solar collectors to Abadan CCPP have been 
investigated and evaluated in terms of exergy, energy, econ-
omy, and environment. In this way, the thermal and exergy 
efficiency, the cost of electricity and water generation, and 

the pollution are analyzed. An MED system and a parabolic 
solar collector have been added to the cycle to increase the 
efficiency of this plant. The cost of investment and the cost of 
exergy destruction and CO2 generation have also been inves-
tigated. By this method, the losses of various components of 
the co-generation of electricity and water with parabolic solar 
collector and costs have been analyzed and compared with 
Abadan CCPP.

2. Material and method

Abadan power plant with a nominal capacity of 450 MW 
has been studied in this research according to Fig. 1 and 
with the design specifications of the system presented in 
Table 1. Also, a MED system and a parabolic solar collector 
unit have been added according to Fig. 2. 

In this proposed cycle, the compressor outlet air enters 
the combustion chamber. The exhaust gases from the com-
bustion chamber, upon expanding in the turbine, create 
thrust, and generates electricity through the gas turbine. 
The exhaust gases, after passing through the turbine sec-
tion, enter the dual-pressure heat recovery steam generator 
(HRSG) and its temperature increased by the duct burner. 
These exhaust gases are used to produce the energy needed 
for the Rankine cycle steam turbine (ST). To increase the 
efficiency of the ST cycle, some of the water used in the 
high-pressure section of the HRSG is converted to steam 
by parabolic solar collectors and then transferred to the ST 
bypasses of the high-pressure superheater heat exchanger. 
Finally, the steam inlet to ST after going through sev-
eral stages of the turbine by reducing its pressure will be 
used as the steam generator for the MED system.

The following hypotheses have been considered in 
order to model the cogeneration of power and water with 
the parabolic solar collectors (CPWSC) [21]. All processes 
in this research are considered to be stable. The air and 
exhaust gases from the combustion chamber are considered 
to be ideal gas. The kinetic and potential energy and exergy 
changes have been neglected. The dead state in this research 
is T0  =  299.15  K and P0  =  1  bar. The pressure drop in the 
combustion chamber is assumed to be 0.03 Kpa, and in the 
turbine, compressor and feedwater pump are assumed to 
be adiabatic. The ambient temperature and pressure have 
been considered as input into the compressor. The fuel 
used in this study is methane. The steam formed in each 
effect is salt-free and the mass flow rate of all the effects 
is equal. Fig. 2 shows a schematic of the CPWSC.

The economic exergy analysis is linked to the cost 
associated with the exergy of each streamline. Therefore, 
in order to analyze the economic exergy, the exergy 
rate of each of the input and output lines to the various 
components should be specified. The flow exergy rate is 
determined at different points of the CPWSC by applying 
mass, energy, and exergy balance equations. The mass, 
energy, and exergy balance equations for various compo-
nents of CPWSC can be calculated for them by consider-
ing the control volume specified in Fig. 3 by the following 
equations [22]:







m h Q m h Wi i
I

e e
e

+ = +∑ ∑ 	 (1)
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The chemical exergy of fuel is derived from Eq. (3) [23,24]:

ξ =
ex
LHV

f

f

	 (3)

The result of the division of the chemical exergy of the 
fuel (methane gas) by LHVf is usually close to one for gas 
fuels [25–30]:

ξ ξH CH2 4
0 985 1 06= =. , . 	 (4)

The thermo-economic calculations of each system are 
based on the cost of investment of its components. Several 

 

Fig. 1. Schematic of Abadan power plant.

 

Fig. 2. Schematic of the CPWSC.
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methods have been proposed to determine the cost of pur-
chasing equipment based on the terms of design parame-
ters. Here, we use the cost function proposed by Rosen and 
Dincer [28]. However, changes have been made in order to 
achieve regional conditions in Iran. To convert the cost of 
investment into cost per unit time, one can write:

Z
Z
Nk
k=
× ×
×( )
CRF ϕ
3 600,

	 (5)

where Zk is the cost of purchasing equipment in dollars. 
The cost-return factor (CRF) in this relationship depends 
on the estimated interest rate and estimated lifetime for 
equipment. CRF is calculated according to Eq. (6) [31–34]:

CRF =
× +( )
+( ) −

i i

i

n

n

1

1 1
	 (6)

where i is the interest rate and n is the sum of years of 
operation of the system [35]. In Eq. (5), N represents the 
number of hours of operation of the CPWSC in 1 y, and Φ 
the maintenance factor, which are respectively 7,446 and 1.06.

To calculate the cost of exergy in each streamline, the cost 
balance equation is written separately for each component of 
the CPWSC. There are many approaches in this field. In this 
study, the specific exergy costing (SPECO) method is used 
[18,25]. This method is based on the specific exergy and the 
cost of each exergy unit and the auxiliary cost equations for 
each component of the thermal system. This method consists 
of three steps: the first step, the identification of the exergy 
flow. The second step is to define the fuel and product for 
each component of the CPWSC. Step three is to write the cost 
equation for each component.

Accordingly, the cost balance equation is written for 
the k-th component of the CPWSC based on the following 
relation [36,37]:

c c w c c Z
k w k k k k k kin in out out heat heatEx Ex Ex



  ( ) + = ( ) + +∑∑ , , , 	 (7)

Eq. (7) is written using cost balance equations and 
auxiliary equations separately for each component [18,38].

In the cost balance Eq. (11), there is no cost term that 
directly correlates with the exergy destruction of components. 
Accordingly, the cost associated with the exergy destruction 
in a component or process will be hidden cost, which will 
only appear in the thermo-economic analysis. The effect of 
exergy destruction will appear with the combination of the 
exergy balance Eq. (8) and economic exergy balance Eq. (9):

   Ex Ex Ex ExF k P k L k D k, , , ,= + + 	 (8)

c c C ZP k P k F k F k L k k, , , , ,
   Ex Ex= − + 	 (9)

where ĊL,k is the cost rates associated with exergy loss that 
represents the monetary loss associated with the rejection of 
exergy from a system to its surrounding [25]. As is clear from 
the above equations, the exergy loss cost rate (ĊL,k) affects the 
product cost rate (ĊP,k).

By eliminating ĖxF,k from the above equations, the 
following equation will be obtained:

c c c C Z cP k P k F k P k F k L k L k k F k D k, , , , , , , , ,
     Ex Ex Ex Ex= + −( ) + + 	 (10)

And by eliminating ĖxP,k, the following relation is 
obtained:

c c c C Z cP k F k F k F k P k L k L k k P k D k, , , , , , , , ,
     Ex Ex Ex Ex= + −( ) + + 	 (11)

Since the purpose of these calculations is to obtain 
the costs of the final products, so ĊL,k = 0 is considered.

The last term on the right of Eqs. (10) and (11) will include 
the exergy destruction rate. As discussed earlier, assuming 
that the product exergy is constant and the cost of the fuel 
unit ĊF,k for the k-component is independent of the exergy 
destruction, the cost of the exergy degradation is defined 
by the last term of Eq. (10) [25].

 C cD k F k D k, , ,= Ex 	 (12)

One of the goals of this study is to reduce CO2 emis-
sions. The CO2 generation in the combustion chamber is 
due to the combustion reaction, which is related to various 
properties, including the adiabatic temperature of the flame. 
The adiabatic flame temperature can be calculated from the 
following equation [37,39,40].

T A x y z
pz = +( )( )σ β σ λ π θ ξα exp

* * *2 	 (13)

 
Fig. 3. Control volume.

Table 1
Design specifications of Abadan power plant

26Design temperature (°C)45Cooling tower temperature difference

3Elevation (m)450Power generation (MW)
9Condenser pressure (Kpa)44Humidity (%)
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where x is the molar ratio of carbon in the fuel and mfuel is the 
molar mass of fuel. This simple equation estimates precisely 
the CO2 emission rate in the complete combustion process.

We now investigate the thermodynamic model of a 
multi-effect steam water desalination cycle, which is located 
at the condenser site of the CPWSC which is seen in Fig. 2. 
The equilibrium equations of each effect have been speci-
fied in Eqs. (15)–(24). For each effect, the mass and energy 
conservation are considered in accordance with the control 
volume (Fig. 4) [6].

Water mass balance in effect i:

F B D Bi i i i+ = +−1 	 (15)

Brine balance in i-th effect:

FX X B X Bi F B i B ii i i
+ =

− −1 1 	 (16)

In Eqs. (15) and (16), F, B, and D, respectively, repre-
sent the mass flow rates of feed water, saline water, and 
non-saline steam (distilled water), and the F and B indices 
also indicate feed water and saline water. The concentration 
of saline water exiting from the system is obtained from 
Eq. (17) [6]:

X T T Tb b b b= − + −( )0 9 457 628 5 1 304 11 107 5781 0 3607473 3. , . , . . . 	(17)

In (17), the parameter Xb represents the concentration 
of saline water of the effect i in mg/L. In this regard, the 
maximum concentration for drainage water was 70,000 mg/L.

Energy balance of the effect i:

D d d FC T T Di i i i i i i p i f i i− − − − − −+ + ′ ′ = −( ) +1 1 1 1 1 1λ λ λ λ 	 (18)

In Eq. (18), d is the amount of steam formed by the 
evaporation of the saline water entering the previous stage, 
d′ is the water steam content formed by the evaporation 
of water in a sudden evaporation chambers, λ represents 
latent heat, Cp is the specific heat in constant pressure, and 
Ti represents the boiling temperature. The first and the sec-
ond terms on the left side of Eq. (18) are true from effect 
2 to the next, and the third sentence is true from effect 3 
onwards. The value of Cp depends on the concentration of 
feed water and its temperature. The value of latent heat only 
depends on temperature. The steam temperature formed in 
the i-th stage:

T Tivi BPE= − 	 (19)

In Eq. (19), BPE represents the boiling temperature 
increase due to the presence of salt within it and the range of 
this value is between 0.8 and 1.2. Tvi is the steam formed from 
feed water boiling.

T T T T Tc i i c, = − − − −BPE dem tr∆ ∆ ∆ 	 (20)

In Eq. (20), Tc,i is the condensation temperature of steam 
in the pipes of the next effect and is lower than the boiling 
temperature of the steam in the previous effect by the sum of 
the BPE and the losses due to the pressure drop in the dewa-
tering (∆Tdem), the friction of the transmission lines (∆Ttr), and 
the losses during the condensation (∆Tc).

The steam formed by the evaporation of saline water in 
the effect [6]:

d B C
T T

i i p
i i

i

=
− ′

−
−

1
1

λ
	 (21)

where

′ = +T Ti i NEABrineFlash 	 (22)

In Eq. (22), T’i is the temperature of the saline water 
removed from the previous stage entering a new stage for 
cooling. λi is the latent heat at the steam temperature of the 
effect calculated (Tvi) and the NEAj is the non-equilibrium 
allowance range calculated from Eq. (23). In this relationship, 
the temperatures are in °C:

NEA
BrineFlash

vi

( ) =
−( )−0 33 1

0 55
.

.
T T
T
i i 	 (23)

The thermodynamics of the parabolic solar collector 
cycle, which acts at the high pressure of the HRSG, has 
been studied. A parabolic solar collector has been used 
in the power plant, as shown in Fig. 5. Also, a section of 
the absorption tube has been shown in the following fig-
ure and, its various layers are identified. The geographical 
specifications of the research site have been shown in Table 2.

θ is the angle between the solar radiation and the 
normal vector of collector plates to place parabolic solar 
collectors in the north-south direction [7,8,41].

cos sin sin cos cos cos cos cos cos sin sinθ ϕ δ β ϕ δ ω β δ ω β= + + 	
� (24)

The thermal power obtained by the parabolic solar 
collector is obtained from Eq. (25) [6,41].

Q I A NI b a= cosθ 	 (25)

In Eq. (25) Aa is the area of the collector plate, and the 
maximum value of Ībcosθ occurs in the early summer.

A W D La = −( )co 	 (26)

Table 2
Geographical specifications of the CPWSC

ValueDesign point parameter

30.22Latitude, °
48.20Longitude, °
AbadanLocation
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where W is the collector plate width, L is the length of the 
plate, and Dco is the outer diameter of the absorber collec-
tor cover. The thermal power absorbed by the absorbent is 
obtained from Eq. (27) [7,8,41].

Q I A Na b a s g a= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅IAM IF ELsdγ τ α η 	 (27)

where γs represents the reflection coefficient of the reflec-
tor, τg is the transmission coefficient of the glass cover of the 
absorbent pipe, αa is the absorptivity of absorber, IF is inter-
cept factor, ηsd represents the coefficient of correction of the 
effect of shading caused by dust and EL coefficient of power 
loss, and their values have been given in Table 3. IAM as the 
coefficient of the solar radiation angle optimizer for parabolic 
solar collectors is obtained by Eq. (28) [39].

IAM = − × × ( ) − × × ( )− −cos . .θ θ θ2 859621 10 5 25097 105 2 4 	 (28)

EL = −1 f
L
tanθ 	 (29)

The thermal power Q·

u from the heat transfer fluid is 
calculated from the following equation [41]:

 Q F Q U A T Tu r a l r i e= − − −( )( ) 	 (30)

Q m C T Tu f e i= −( )pf 	 (31)

A D Lr i= π 	 (32)

Fr as the heat loss factor of collector is obtained for each 
part of the collector through the following equation:

F
m C
U A

er
f p

L r

U A F
m C
L r

f p= −














−
′











1 	 (33)

The efficiency of the collector is calculated from the 
following equation [46].

′ = + +






















F
U U

D
D h

D
k

D
DL L

o

i f

o

r

o

i

1 1
2

ln 	 (34)

The heat loss coefficient for different values of absor-
bent temperature is obtained by using Eqs. (35)–(38) with 
the initial and repeated guess which corresponds to the 
section shown in Fig. 5 [41].

Q U D T T LI l o r o= −( )π 	 (35)

q q D h T T D T Tc s w o closs co co co co sky= = −( ) + −( )− π πσ ε 4 4 	 (36)

q q
k T T
D Dc c
c

loss
ci co

co ci

= =
−( )

( )−

2π
ln /

	 (37)

q q D T T
D
Dr c o r

r

o

c
loss ci

ci

= = −( ) + −


















− π σ

ε ε
4 4 1 1 1/ 	 (38)

In this section, the following relationships are used to 
calculate the variables of the CPWSC. Eq. (29) provides 
the exergy efficiency of the CPWSC where, ExQh  and ExQc 
are the exergy due to the absorbed heat in the parabolic 
solar collector cycle by the sun and MED system [41–43].

ηex

Ex Ex

Ex
=









 + +∑ 

 



Wn
n

Q Q

f

h c

	 (39)

Eq. (40) is the sum of the costs of the components of the 
CPWSC, the cost of fuel used in the combustion chamber, 
the fire channel, and the cost associated with the exergy 
destruction.

 
Fig. 4. Schematic view of one of the effects in MED system [6].
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    C C Z C CF k D
k

Total Env= + + +∑ 	 (40)



 C c m c m
x xEnv NO NO CO CO= +

2 2
	 (41)



C c mF f f= ×LHV 	 (42)

Eq. (43) represents the CO2 emission rate by the CPWSC, 
which is calculated from the following equation. Q·

h and Qc 
are the energy generated by the absorbed heat in the para-
bolic solar collector cycle by the sun and MED system [8].

∈=
+ +



  

m
W Q Qh c

CO

net

2 	 (43)

3. Discussion

First, for the validation of thermodynamic modeling of 
Abadan power plant, the results of modeling and system 
design conditions have been compared in Table 4.

As shown in Table 4, the modeling performed in this 
study is in good agreement with the design information 
of the system. In the following, the results of the addition 
of MED system and parabolic solar collector have been 
investigated and analyzed.

The results of the performance of various parameters 
of the CPWSC have been presented in Table 5. The thermal 
efficiencies of the Abadan CCPP and the CPWSC are 48.71 
and 50.91 respectively. The amount of freshwater produced 
by the CPWSC with 6 evaporation effects is 20,000 ton/d.

The results of the exergy analysis, which include the 
amount of exergy destruction in various components of 
the CPWSC, have been shown in Fig. 6. In this figure, it is 
observed that the highest rate of exergy destruction occurs 
in the combustion chamber at 200  MW that, this is due to 
the irreversibility caused by the combustion process and 
the higher temperature difference between the air entering 
the combustion chamber and the flame temperature in this 
chamber.

In accordance with Fig. 6, the condenser is another 
component of the CPWSC with higher exergy degradation 
than other constituents. The resulting destruction rate is 

Table 3
Optical characteristics of parabolic solar collector [41]

M0.07Absorber tube outer diameter
M0.055Absorber tube inner diameter
M0.115Glass envelope outer diameter
M0.109Glass envelope inner diameter
–8Number of modules per collector
–8Number of collectors in a loop
M12.27Length of every module
M1.71Focal length
M5.77Aperture width
–0.92Intercept factor
–0.92Mirror reflectivity
–0.945Glass transmissivity
–094Solar absorptivity
–0.98Losses due to shading of heat collector element by dust on the envelope

 
Fig. 5. Parabolic solar collector and absorption tube [41].
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40 MW that, the main reason is the difference in temperature 
between the two steam and water and the high pressure drop 
in the condenser. The heat loss in the steam cycle is reduced 
by 29% and the reduction of 13.56% in the cost of exergy 
destruction is observed in the condenser.

With the addition of multi-effect desalination to the plant 
and the production of 20,000 tons per day of freshwater, with 

the sale rate of $0.16 per cubic meter in Iran, the income from 
the sale of fresh water to the cogeneration plant $0.037 per 
second for the power plant.

The economical thermodynamic information of the 
CPWSC for each component is presented in Table 6, which 
includes the exergy destruction, the cost of exergy destruc-
tion, the cost of fuel exergy, the cost of investment, and total.

Table 4
Validation of thermodynamic modeling of Abadan power plant  and system design conditions

State  
point

This study Design condition Deviation

T (K) P (kpa) T (K) P (kpa) T (%) P (%)

1 288.15 102.6 288.15 102.6 0.00 0.00
2 595.223 1,026 595.1 1,023 0.016 0.29
3 1,323.2 999.7883 1,323.2 998.2 0.00 0.16
4 817.966 102.6 816.15 98.89 0.22 3.75
5 724.397 102.6 720.6 99.1 0.52 3.53
6 590.57 102.6 592.4 99.26 –0.31 3.36
7 512.29 102.6 513.7 99.52 –0.28 3.10
8 510.05 102.6 510.5 99.88 –0.09 2.72
9 469.29 102.6 468.9 99.98 0.08 2.62
10 423.87 102.6 423.3 100.2 0.136 2.43
11 412.75 102.6 411.9 100.3 0.205 2.34
12 374.636 102.6 374.2 100.4 0.105 2.15
25 317.54 9.3 320 9 –0.78 3.33
26 317.55 9.3 318.9 9.15 –0.43 1.96
27 317.55 105.4 315.6 101.7 0.625 3.6
30 373.15 105.4 372.5 105 0.173 0.4
40 374.15 945.9 374.10 936.8 0.013 0.97
42 439.29 742.63 439.2 715.4 0.01 3.8
44 439.29 721 439.2 721.4 0.01 –0.05
48 441.26 8,147 442.7 8,102 –0.32 0.55
50 565.57 7,925 565.2 7,638 0.066 3.76
51 565.57 7,710 565.6 7,462 –0.006 3.33
62 488.15 700 486.7 696 0.307 0.57

Table 5
Comparison of the specifications of Abadan power plant and CPWSC

UnitsCombine  
cycle

Co-generation with 
parabolic solar collector

Parameters

MW752.40752.40Heat input to CC
KWth–17,868.8Solar power incident on the collectors
W/m2–822.79Maximum value of DNI
M2–21,714.1Actual aperture area
MW444.6455.99Power output
MWh2,998,1003,038,900Heat input to cycle
Kg/s9.81529.8152Fuel mass flow rate
%48.7150.91Plant energy efficiency
%45.9150.03Plant exergy efficiency
Kg/MWh58.0554.97Environmental effect of CO2

ton/d–20,000Distilled water
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In Fig. 7, the effect of pressure ratio on the exergy effi-
ciency of Abadan plant and the same power plant once 
with parabolic solar collector and again with MED system 
has been investigated. As can be seen from Fig. 7, adding a 
parabolic solar collector at the pressure ratio of 11, and by 
adding MED system, the exergy efficiency of the Abadan 
power plant increases by approximately 2% and 4.2% 
respectively. In other words, the compressor pressure ratio 
change rate does not affect the slope of exergy efficiency in 
three modes of CCPP and CPWSC and cogeneration power 
and water plant (CPWP). This diagram shows for CPWP, 
higher exergy efficiency increase can be obtained compared 
to adding parabolic solar collectors. Because in parabolic 
solar collectors, the share of exergy losses is high and hence 
they have a smaller share in increasing the exergy efficiency.

Fig. 8 shows the changes in the cost of exergy destruc-
tion of the CPWSC versus increasing the temperature of gas 
entering the gas turbine for the pressure ratios of 10, 12, and 
14. By increasing the temperature of the gas entering the gas 
turbine from 1,260 to 1,550 K at a pressure ratio of 10, 12, and 
14, the exergy destruction cost decreases by 25%, 50%, and 
60% respectively, also, according to Fig. 8, with increasing 
compressor pressure ratio, the cost of total exergy destruc-
tion increases. According to Fig. 9, with an increase in fresh-
water production from 100 to 350 kg/s, with 7 effects on the 

CPWSC, the exergy efficiency increases by 0.1. Similarly, 
for 8 effects, the exergy efficiency increases. But in 6 effects, 
with increasing water production, the exergy efficiency is 
increasing and decreasing. Also, increasing the number of 
effects reduces the efficiency of exergy.

 
Fig. 6. Results of exergy destruction in various components of the CPWSC.

Table 6
Economic characteristics of the CPWSC

ED
kj
s









CD

$
s









CF

$
s









Z $

s








 Z CD+Component

7.1016e30.13322.29010.08850.2217Compressor
1.7329e91.21353.74460.00471.2128Combustion chamber
7.4376e60.07542.62240.01790.093Gas turbine
3.0378e40.24541.19650.13810.3835HRSG
3.7333e40.00910.00940.01060.0198Condenser
2.8816e-122.9499e-170.01260.00400.0040BFP pumps
3.4126e40.23901.34551.8862.1278Steam turbine
1.0915e40.01620.08200.21640.2325MED
1.2183e40.17430.51060.05710.4310Parabolic solar collectors

 
Fig. 7. Compressor pressure ratio variations versus exergy 
efficiency.
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According to Fig. 10, by increasing the production 
of freshwater from 100 to 350  kg/s, the production cost 
per megawatt hour of electricity can be reduced by 30%. 
However, with the increase in the number of effects, the cost 
of electricity generation increases by 0.2  cents per mega-
watt hour. In Fig. 11, considering the investment cost and 
the cost of exergy losses and the cost of emissions, it can be 
seen from the graph that, with the increase in the lifetime 
of the CPWSC, the cost of electricity generation per mega-
watt hour during 30 y of the operation of the CPWSC will 
be reduced by about 50%. Also, with 20  y of power plant 
life, the cost of electricity and water will reach the sta-
ble status. Of course, it is observed that by changing the 
profit rate from 10% to 14% in the first 5  y of the activity 
of the CPWSC, electricity costs are not significantly differ-
ent but over time, the cost of electricity generation can be 
reduced by reducing the profit rate.

Fig. 12 shows the cost of electricity generation at a profit 
rate of 10% during the 30 y period of operation of the CPWSC 
vs. to the Abadan CCPP to be about 0.3  cent/MWh higher. 
Fig. 13 shows the variation in the environmental impact and 
the compressor pressure ratio. It can be seen that by add-
ing a parabolic solar collector and MED system to Abadan 
CCPP, the pollution from power plant decreased by 4% in 
the ratio of 10–35. Also, at the pressure ratio of 11, where 
Abadan power plant performs better at this pressure ratio, 
the decrease in the environmental impact caused by adding a 
parabolic solar collector and MED system is about 2.

4. Conclusion

This research has provided the use of the well-known 
method of economical thermodynamic analysis of SPECO 
in order to evaluate the CPWSC. Economical exergy vari-
ables, cost equilibrium equations, and auxiliary equations for 
each component of the CPWSC have been obtained and the 

Fig. 8. Exergy degradation cost changes by increasing the 
temperature of gas entering the gas turbine.

 

Fig. 10. Effect of fresh water production on the cost of electricity 
generation at the CPWSC.

 

Fig. 11. Comparison of the lifetime of the CPWSC and the cost 
of generating electricity plus the production profit percentage.

 

Fig. 9. Freshwater production and the number of effects on the 
exergy efficiency of the CPWSC.
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average cost of each exergy unit for different points has been 
calculated by solving the equation system.

The main conclusions reached in this study are the 
following:

•	 By applying changes, including employs six evapora-
tion effects and parabolic solar collectors, in a CCPP, in 
addition to producing 20,000  tons of freshwater daily, 
the amount of heat loss 29% in the steam cycle and the 
cost rate of exergy destruction 13.56% in the condenser 
is reduced.

•	 By increasing the amount of freshwater produced with 
constant investment cost, the cost of electricity genera-
tion of the CPWSC could be reduced by 36%. The cost 
of electricity generation with a profit rate of 10% over 
the course of 30 y of the operation of CPWSC has been 
compared with Abadan CCPP that, higher costs of about 
0.3 cents per megawatt hour of electricity are observed. 
However, in contrast, the thermal efficiency, and exergy 
efficiency of the Abadan CCPP with the addition of MED 
system and parabolic solar collector, has increased from 
48.71 to 50.91, and from 45.91 to 50.03, respectively.

•	 At the pressure ratio of 11, which is the design conditions 
of the Abadan CCPP, the environmental impact caused 
by adding a parabolic solar collector and MED system 
decreases by about 2%. On the other hand, CO2 emissions 
decreased from 58.05 to 54.97 kg per megawatt hour of 
electricity.

•	 According to the provided contents, it can be concluded 
that, the SPECO economic exergy analysis method is an 
effective tool for identifying and evaluating inefficiencies 
in terms of cost and efficiency.

Symbols

c	 —	 Cost per exergy unit, $/MJ
cf	 —	 Cost of fuel per energy unit, $/MJ
Ċ	 —	 Cost flow rate, $/s
cp	 —	 Specific heat at constant pressure, kJ/kg K
CRF	 —	 Capital recovery factor
Ėx	 —	 Exergy flow rate, MW
ĖxD	 —	 Exergy destruction rate, MW
ex	 —	 Specific exergy, kJ/kg
i	 —	 Annual interest rate, %
h	 —	 Specific enthalpy, kJ/kg
h0	 —	� Specific enthalpy at environmental state, 

kJ/kg
LHV	 —	 Lower heating value, kJ/kg
m·	 —	 Mass flow rate, kg/s
n	 —	 Number of years
N	 —	 Number of hours of plant operation per year
PP	 —	 Pinch point
Q·	 —	 Heat transfer rate, kW
rAC	 —	 Compressor pressure ratio
s	 —	 Specific entropy, kJ/kg K
s0	 —	� Specific entropy at environmental state, 

kJ/kg K
Ẇnet	 —	 Net power output, MW
Z	 —	 Capital cost of a component, $
Ż 	 —	 Capital cost rate, $/s

Greek letters

η	 —	 Isentropic efficiency
ξ	 —	 Coefficient of fuel chemical exergy
Φ	 —	 Maintenance factor

Subscripts

a	 —	 Air
AC	 —	 Air compressor
CC	 —	 Combustion chamber
CCPP	 —	 combined cycle power plant
ch	 —	 Chemical
Cond	 —	 Condenser
CPWSC	 —	� Cogeneration of Power and Water with the 

parabolic solar collectors
GT	 —	 Gas turbine
HP	 —	 High pressure
HRSG	 —	 Heat recovery steam generator
ST	 —	 Steam turbine
LP	 —	 Low pressure
ph	 —	 Physical

 

Fig. 12. Comparison of the cost of electricity generation between 
Abadan power plant and the CPWSC.

 

Fig. 13. Changes in the environmental impact and compressor 
pressure ratio.
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w	 —	 Water
TVC	 —	 Thermal vapor compression
MSF	 —	 Multi-stage flash
MED	 —	 Multi-effect distillation
SWRO	 —	 Sea water reverse osmosis
IAM	 —	 Incidence angle modifier
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