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Abstract—A cogeneration production system of power and freshwater was studied from the perspective of energy,
exergy, economic, and environmental (4E). The main components of this system include a Brayton cycle (BC), dual-pres-
sure heat recovery steam generator (HRSG), steam turbine (ST), and multi-effect evaporation with thermal vapor com-
pression (MEE-TVC). The system was optimized with a multi-objective genetic algorithm using MATLAB software and
by considering the performance of two objective functions: the total annual cost (TAC) to minimize and the thermal effi-
ciency to maximize. The results showed that, with increasing gas turbine inlet temperature, thermal efficiency, exergy effi-
ciency, and emission of pollutants improved, but the gain output ratio (GOR) decreased. GOR of desalination system,
exergy efficiency of combined cycle power plant (CCPP), and emission of pollutants improved by increasing the compres-
sor pressure ratio. In investigating the number of effects in desalination unit, by increasing this parameter the production
of freshwater, GOR and exergy efficiency of MEE-TVC was increased. By adding a duct burner to the cogeneration sys-
tem, the thermal efficiency, the exergy efficiency, and the net power output were reduced by 0.67, 3.9, and 5.91%, respec-
tively. But the freshwater production, GOR, and TAC was improved about 7.97, 9.69, and 1.265%, respectively.
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INTRODUCTION

Energy consumption in many countries is one of the important
factors of economic development. But energy efficiency is more
important than energy consumption because it affects how the
country grows economically [1]. The most basic energy sources in
the world today are fossil fuels. These resources have a limited lifes-
pan and have a significant impact on environmental pollution [2].
Since in the current situation it is not possible to use other sources
completely instead of fossil fuels, it is necessary to consider how to
use them and effective strategies to increase their productivity [3,4],
because it promotes economic development and reduces environ-
mental pollution [5,6]. Also, life, health, and continuous develop-
ment are constantly dependent on freshwater. In the world, the water
consumption of domestic, industrial and agricultural is 10, 20 and
70% of the total amount of water consumption, respectively. About
97% of the planet's waters are salty and the rest are fresh [7].

One of the most important applied technologies is the use of sys-
tems for the cogeneration production of power and water (CPW),
especially in areas facing shortages of freshwater resources, such as the
Persian Gulf [8,9]. Therefore, different methods for desalination of sea-
water have been studied by researchers. Thermal methods of seawa-
ter desalination are generally in the category: multi-stage flash (MSF)
and multi-effect evaporation with thermal vapor compression (MEE-
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TVC) [10,11]. In the MEE-TVC system, due to the low operating
pressure of the effects, the water temperature rises to about 70 °C. So,
the system is a good case to use the extra heat of the systems [12,13].

According to the previous literatures, combined and cogenera-
tion systems were examined from different perspectives. For exam-
ple, Esmaieli et al. optimized the power generation system by genetic
algorithm to achieve the best system layout [14]. The combined
cycle power plant was investigated from a thermo-economic per-
spective by Petrovic [15] and Mohammadi [16] by a multi-objec-
tive genetic algorithm. The prime mover of the studied systems is
the gas cycle, and the exhaust heat of the gas turbine is recovered
by HRSG and given to the Rankin cydle. The exergo-economic opti-
mization of gas turbines with absorption chillers was investigated
using an evolutionary algorithm by Ahmadi et al. [17]. Mohtaram
[18] and Yazdi [19] studied the combined cycle power plant from
an economic perspective using an evolutionary algorithm, respec-
tively, with the objective functions of reducing pollutant emissions -
increasing exergy efficiency and reducing the total annual cost -
increasing exergy efficiency. A mathematical model for the MEE-
TVC of a steady-state was developed by Mutaz [20] and compared
with commercial systems. Salimi et al. [21,22] optimized the MEE
by recovering the heat of the internal combustion engine and by
using this system in the steam cycle. Their results showed that with
increasing the number of effects, the GOR of desalination increased.
In the analysis of energy and exergy of the multi-effect distillation
desalination system by Guo et al. [23], the results showed that by
increasing the temperature difference between the effects and the
temperature of the motive steam of the first effect, the GOR and



4E analysis and optimization of the CCPP integrated with a desalination system 1689

exergy efficiency increased. Due to the high heat loss in the gas
cycle, its combination with the system makes sense. In one research,
Ahmadi et al. [24] examined this hybrid system. The results showed
that the total annual cost increases with increasing compressor pres-
sure ratio and the number of effects. In another research, Alzahrani
et al. [25] analyzed the performance of the simultaneous power and
water production system with the main drive of the gas turbine.
The results demonstrated that by increasing the pressure ratio of the
gas turbine, the amount of produced water flow is slightly reduced,
and the exergy efficiency of the cogeneration plant is increased.

As discussed in the above paragraph, modeling of combined cycle
power plant with desalination unit from the perspective of energy
and exergy has been sufficiently investigated. But, the effect of desali-
nation design parameters, the effect of duct burner and environ-
mental impacts on cogeneration system performance were not in-
vestigated as well. According to the previous works, several research-
ers have proposed a combined system of power and water produc-
tion. However, there are few researches reporting the progress of
cogeneration systems. On other hand, a multi-effect evaporation
with thermal vapor compression (MEE-TVC) unit can operate either
single or in combination with other systems. Therefore, due to the
need for further research, the present study examines the system
of simultaneous production of power and freshwater. Main com-
ponents include a Brayton cycle (BC), a dual-pressure heat recovery
steam generator (HRSG), a steam turbine (ST), and MEE-TVC unit.
The proposed system is optimized from a thermo-economic point
of view and examined from an energy, exergy; economic and envi-
ronmental (4E) perspective. Finally, the advantage of the purpose
system compared to the Brayton cycle is expressed. In brief, here
are the contributions of this study:

 Modeling and 4E analysis were expressed of combined cycle
power plants using Multi-effect evaporation with thermal
vapor compression (CCPPW).

« Brayton cycle is considered as the main mover of the system.

« In the proposed system, waste heat from Brayton cycle serves
as a source of heat to produce power and desalinated water.

+ Modeling and optimization of the system is developed with
MATLAB software and leads to minimum total annual cost
(TAC) and to maximum thermal efficiency of the system by
multi-objective genetic algorithm (NSGA-II). Also, the thermo-
dynamic properties of different parts of the system are extracted
from engineering equation solving software (EES).

o System performance with and without duct burner is investi-
gated.

« Finally, the results are presented and the influence of design
parameters on system performance was investigated.

SYSTEM MODELING

A combined CCPPW system including a Brayton cycle (BC), a
Rankine cycle (RC), a dual-pressure heat recovery steam genera-
tor (HRSG), multi-effect evaporation with thermal vapor compres-
sion (MEE-TVC) is illustrated in Fig. 1. The air enters the com-
pressor at the atmospheric condition and leaves this compressor
with high pressure and high temperature. The air temperature of the
compressor outlet in the air preheater increases. The compressed air

enters the combustion chamber (CC) where it reacts with the in-
jected fuel, which is pure methane in the present study, and its
temperature rises considerably. Then, hot gases enter the gas tur-
bine and produce useful work. To the couple, a desalination unit
with a Brayton cycle, extra equipment is required. Since the pri-
mary energy of MEE-TVC is steam, this extra equipment should
have the ability to produce motive steam. This is done through an
HRSG. Turbine outlet gases thus enter this component, and their
energy is recovered. High-pressure steam is used to produce power
to the steam turbine, and low-pressure steam is used to produce
the driving steam into the desalination system.
1. Assumptions of Power Generation System

The combinations of energy and mass balance equations are
numerically solved and the temperature and enthalpy of each line
of the system are predicted. The assumptions of the power genera-
tion system are as follows:

o All the processes are steady-state and steady flow.

o The fuel injected to the combustion chamber is assumed to
be pure methane.

« The principle of ideal-gas mixture is applied for the combus-
tion products.

o The total pressure drop of the gas side in the heat recovery
steam generator is 5% [26].

o The dead-state conditions are P,=1.013 bar and T,=298.15 K.

o Heat loss from the combustion chamber is considered to be
3% of the fuel lower heating value [24]. Moreover, all other
components are considered adiabatic.

« Combustion chamber pressure drop is 5%. Also, pressure drop
in air preheater of air and gas flow side is 5% and 3%, respec-
tively [26].

« The process of evaporators is constant temperature and only
the steam quality increases.

o The deaerator evaporator is in an ideal condition, namely; its
pressure is constant.

o The pressure of the steam condenser is constant and its value
is 0.09 bar.

« The output of the economizer is saturated liquid.

o The quality of the inlet and outlet steam side in the super-
heater is 100% and, in this equipment, only the steam tem-
perature increases.

2. Energy Analysis

To model the system, the first law of thermodynamics is applied
for the following sub-sections. To simulate the system, the thermo-
physical properties of working fluids are obtained from engineer-
ing equation solving software, and the optimization algorithm is
NSGA-II developed by MATLAB software.
2-1. Brayton Cycle

The Brayton cycle, which is the main prime mover of this
CCPPW system, has a significant role in power generation. Also,
the Brayton cycle waste heat can be recovered in the HRSG to pro-
duce high and low-pressure steams.

o Air compressor

1
1 %
Rp,’ +1 @1
nis,Ac( Pa Jj

In Eq. (1) 7 4 is the isentropic efficiency of air compressor, Rp,,

TB:TAX[I-F
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Fig. 1. Schematic of the proposed integrated system.

is the air compressor pressure ratio and , is the air specific heat
ratio [24]. Also, according to the compressor pressure ratio, the
pressure of point B is obtained from the following equation:

= Rp Ac (2)

WAc:mana(TB_ TA) (3)

July, 2022

where m, is the air mass flow rate and is constant pressure spe-
cific heat of air, which is considered as a function of temperature
[24,26].

o Air preheater

The energy balance equation for air preheater is obtained from
the following equation [24,26]:

m, (he—hp)=m (hy—hg) 7, )
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PC
P— :(I_APAph) ©)
B

where AP, is the pressure drop along the regenerator and 77,,,=
0.81 is the regenerator effectiveness [24].

« Combustion chamber

In combustion analysis, the air is treated as a combination of O,
and N,. Thus, other gases (water vapor and CO,) are neglected, and
dry air is approximated as 21% of O, and 79% of N,. The combus-
tion reaction concerning pure methane fuel is expressed as follows
[27]. At high temperatures, nitrogen oxide (NO,) is produced, which
is very important in environmental analysis.

CH,+20,+N,—CO,+2H,0+N,+NO,+CO+heat 6)

The energy balance of the combustion chamber is obtained as fol-
lows [26]:

mh he+m LHV =rh hp,+(1- 7, )m LHV ?)
p

-L_(1-AP,) (8)
PC

Here, LHV=50,000 (kJ/kg) for the lower heating value of pure meth-
ane fuel, 77,=0.98, AP,,, efficiency and combustion chamber pres-
sure drop, respectively [24,26].

« Gas turbine
-7
P g
Tp=Tpy 1- 1 Gl‘|:1_(_D) ! } O]
> PE
WGT: mgcpg(TD_ Tp) (10)

In Eq. (10) C,, is the specific heat capacity, which is considered
as a function of temperature and i, is the mass flow rate of the
gas stream, which is expressed as the sum of air and fuel inlet [26]:

rh =, + i (11)

2-2. Rankine Cycle

« Heat recovery steam generator

HRSG produces steam at high and low-pressure levels. High-
pressure steam is given to the Rankine cycle to generate power. Two
pinch points temperature (i.e., temperature difference between the
evaporator output gas (T}; and T,s) and the saturation state (T, ;p
and T;; ;;p)) can be defined in a dual-pressure HRSG. According to
the first law of thermodynamics, the energy balance for equipment
is expressed as follows [28]:

o Duct burner

mhhp+ny,  LHV = (m+miy by + (1= 7pp)m, p, LHV - (12)

In Eq. 12, h, m; 5, 77,5=0.93 are gas stream enthalpy, mass flow
rate of fuel and efficiency of duct burner, respectively [29,30]. In
general, the energy balance for other components of the HRSG is
expressed as follows [24,25]:

mgcpg(Tin - Tout) = ms(hout_ hin) (13)
o Steam turbine
m o(hp—hg)= Wor (14)

W
== ST, ac (15)

Nsr=
WST, is

» Condenser

Q'cond:ms, Hp(hlo_h19) (16)

o Feed water pump

Wy,,=mh, (hjg—h,) 17)
W

M= (18)
wap, is

where 7, are wap, ; pump isentropic efficiency and isentro-
pic work.
2-3. Multi-effect Evaporation with Thermal Vapor Compression
MEE-TVC is one of the most effective desalination methods.
This system has an essential role in the production of freshwater
in many regions of the world, especially in the Persian Gulf coun-
tries. An MEE-TVC system includes few evaporators and flash
boxes, a condenser, a steam ejector. The performance of the ejec-
tor is such that the compressive energy of the steam entering the
ejector in the convergent part is converted into kinetic energy, and
due to the reduction of the cross-sectional area the steam velocity
increases to supersonic. After passing through the fixed diameter
part (throat), it enters the divergent part (diffuser) and its pressure
increases. The steam output of the ejector enters the first effect of
the MEE-TVC by passing between the pressure of the motive steam
and the suction steam. Then in the first effect, the feed water is
sprayed on the evaporating pipes and part of it evaporates and the
other part enters the next effect as brine, which has a higher con-
centration than the feed water. The steam produced in effect 1
enters effect 2 as a motive steam and this action is repeated in all
steps. From effect 2 to the last effect, there is a flash box. Condensed
steam in effect 2 enters the flash box of the same effect and due to
its lower working pressure compared to the effect, part of it evapo-
rates and enters effect 3 with motive steam produced by effect 2,
and this process continues until the last effect. The feed water after
entering the condenser due to heat exchange with the output steam
of the last effect, the output steam becomes liquid and the tem-
perature of the feed water increases. Part of the feed water returns
to the sea and the other part enters each effect in parallel. Fig. 2(a)
shows a schematic of MEE-TVC.
Modeling assumptions and equations governing the MEE-TVC
unit are as follows:
« All the processes are steady-state and steady flow.
o The steam produced in each effect is considered salt-free.
« The boiling point elevation (BPE=0.8) is equal for all effects
[20,24].
» According to environmental conditions, the maximum percent-
age of brine concentration of the last effect is 70,000 ppm [20,24].
o The system is considered sediment-free.
« Thermodynamic losses are negligible.
o The temperature difference between all the effects is constant
and is obtained from the following equation [20,21,24]:
TBl_ TB, Ne
AT 1w
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Fig. 2. (a) Shows a schematic of MEE-TVC and (b) Shows a schematic of the energy and mass balance in each z-effect.

where Ty, Ty, and Ne are the top brine temperature of first
effect, top brine temperature of last effect and number of effects,
respectively. Fig. 2(b) shows the mass and energy balance in each
effect of the MEE-TVC system. The mass and energy balance for
the MEE-TVC system is given in Appendix-A in Table Al.

According to the top brine temperature in each effect and the
temperature difference between the effects, the top brine tempera-
ture in the next effect is obtained the following relation [20,24]:

TB, Z+17 TB, z— AT

z=1,2,3,...,Ne (20)

July, 2022

The boiling point elevation in each effect and the specific heat
capacity of water, taking into account the salt concentration (Xj)
and its temperature (Tj y,), follow Eqgs. (21) and (22), respectively
[20,24]:

bpe=Xjz(a+(bxXp))/1,000 (21)
Cp=la+ (@, T wo) + (5(Tp, 5 )+ (a(Tp w1000 (22)

In Eq. (22) the temperature is in °C and the water salinity is in
g/kg. a and b are constant [20,24].
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In the ejector, there are three important parameters: entrain-
ment ratio (ER), expansion ratio (Er), and compression ratio (CR),
which have a good effect on its performance and are obtained the
following relationships, respectively [20,31]:

(P )1419

ER=0.235—%—x(Er)""" 23)
Ero e 4)
r=—
Pes
CR=1 (25)
P

es

According to the motive steam of first effect and the entrain-
ment ratio, the amount of entrained steam is obtained [20,24]:
D _Dcs (26)
es™ ER
The steam temperature in each effect is also obtained from the
relation [20]:

Ts,z:TB,z_bpe Z:L 2, 3, ...,Ne (27)

Given that the system is fed in parallel, the amount of feed water
for each effect is obtained by dividing the total feed water by the
number of effects [20,24]:

F
FZ_Ne z=1,2,3,...,Ne (28)
The gain output ratio (GOR) of desalination is obtained accord-
ing to the ratio of the total mass flow rate of the freshwater pro-

duced to the mass flow rate of the motive steam [20,24,32]:

GOR= 2t (29)
D,y
3. Energy Performance
Using the first law of thermodynamics, the ratio of useful pro-
duction work to input energy of CCPP is expressed as follows:

Wnet, crt Wnet, ST Wpump
meHV

ih, ccpp™= (30)
Here, m, is mass flow rate of fuel consumption (m,=m,  +
my pp ).
4. Exergy Analysis and Performance
Exergy consists of two important parts: chemical exergy and
physical exergy. In this research, the kinetic and latent components
of exergy are negligible. Exergy is defined as the maximum profes-
sional useful work that can be obtained as a system interacts with
an equilibrium state. Therefore, the specific exergy of each flow can
be calculated from the following equation [30]:

ex=ex,;+exy, (31)

where ex,, is a physical exergy and is obtained from the follow-
ing equation [30]:
exph: (h_ha)_To(S_So) (32)

The mixture chemical exergy is obtained from the following equa-
tion [30,33]:

n n
ex =3 X ex,;,+ Y X, InX, (33)
z z

where X is the molar fraction of each element.
The physical exergy of streams of brine, and feed water, desali-
nated can be obtained as follows [24]:

Exph = rh(Cp(T, X)x(T=T,)xCy(T-T,)x log(%)) (34)

The chemical exergy is obtained from the following equation
[24]:

Ex,,=m(N,, (X, M,, M,)x 107 (8.314)x T, x(-X,,—logX,, (35)

—X,xlogX))
X = Ngurc(X’ Mw)
" NMDI(X’ Mw’ Ms)
X = Nsalt(X> Ms)
i Nmal(X’ MW’ Ms)
1,000-X
NPure: M—w
X
N,y=—
alt Ms
Nmal: pure+Nsalt

Here, N, X, X, M=18 g, M,,=58.5 g are the number of parti-
cles, fraction of water, fraction of salt, molar weight of salt and molar
weight of water, respectively [24].

The second law of thermodynamics, defined as the product
exergy output divided by the input exergy, for the Brayton cycle,
CCPPW and MEE-TVC, can be expressed as follows [23,24,33]:

ere
17 ex, BC = —[,GI (36)
Exf

Exp, —Ex,
Mo, MEETVC= 5 o (37)

Ex D™ Ex Do

Wnet, ort Wnet, stt EXDM B EXD ”

Mex, ccPPW™= X - st (38)

Exf

where Ex; =m,LHV{ is the fuel exergy. Also, the specific exergy
loss (&) for pure methane is 1.06 [29].
5. Environmental Impact Evaluation

Environmental impact can be reduced by increasing efficiency,
which leads to reduced fuel consumption. Given that there is much
research in the field of energy and exergy; but little of it has addressed
the issue of the environment. The present research focuses on the
emission of CO,, CO and NO, in the combustion chamber as envi-
ronmental pollutants. The fuel reaction and adiabatic flame tem-
perature are two factors on which the emission of pollutants depends.
Pollutant emissions can be calculated as follows [32,35,36]:

M, =44.01xX o, x (1h,/ M) (39)

0.1 79E9exp(7:1§00)

5 _ pz
e P2 T(APMJ(’-S 4
P Pin
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- 71,100)

0.15E16 TO'Sexp(
T,

my, = (41)
NO, P0.05 {&)0.5
D P

in

where, X is the molar ratio of carbon in the fuel and M the molec-
ular weight of the fuel. 7the residence time in the combustion zone
(7is assumed constant and is equal to 0.022 s [32]), P is the com-
bustor inlet pressure, AP,,/P;, is the non-dimensional pressure drop
in the combustion chamber, T,, is the adiabatic flame temperature
in the primary zone of the combustion chamber and is expressed
by the following equation [37,38]:

T,.=Ac"exp(B(o+ 1)) 70 v 42)

B. Haghghi et al.

Here 7 the dimensionless pressure P/P, (P being the combustion
pressure P¢), fis a dimensionless temperature T/T, (T being the
inlet temperature T¢), y is the H/C atomic ratio (=4, the fuel
being pure methane [31]), (0=¢) ¢ being the fuel to air equiva-
lence ratio (¢=0.68 is assumed constant [31]), x, y and z are quadric
functions [32,33]. Also, A, o, fand A are constants in these equa-
tions and their value is given in references [32,33]. In this study, the
cost coefficient for CO,, CO and NO, is 0.02086 $/kg, 6.853 $/kg
and 0.024 $/kg, respectively [24].

CASE STUDY AND MODEL VALIDATION

The proposed system is presented according to the environmen-

Table 1. Properties of the coastal site of Asaluyeh located in the south of Iran

Ambient temperature (°C) [40]

Seawater temperature (°C) [41,42]

Seawater Salinity (ppm) [43]
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Fig. 3. (a) Variation of the gas temperature in parts of the Brayton cycle compared to reference [26], (b), (c) Variation of hot gas temperature

at different parts of HRSG compared to reference [34].
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Table 2. Brayton cycle performance parameters compared to reference [26]

Parameter Model Reference Difference (%)

Mass flow rate of air (kg/s) 101.42 99.4559 1.97

Mass flow rate of fuel (kg/s) 1.6662 1.6274 2.39

Compressor work (kW) 30,855.6 29,692.2 3.92

Turbine work (kW) 60,855.4 59,692.5 1.95

Table 3. The output results in different parts of the MEE-TVC system to reference

System Model Ref. [20] Difference (%) Ref. [38] Difference (%)
Design conditions
Number of effects Ne 4 4 4 -
Motive pressure P,,, kPa 2,300 2,300 0 - 2300 0 -
Top brine temperature Ty, °C 40.1 4.1 - 4.1
Minimum brine temperature Ty, °C 454 454 - 454 -
Temperature difference per effect, °C 49 49 49
Feed seawater temperature T °C 415 415 - 415 -
Cooling seawater temperature T,,, °C 315 315 - 31 -
Motive steam flow rate D), kg/s 8.8 88 88
TVC
Entrainment ratio ER 1.14 114 - .14 -
Expansion ratio ER 240.9 2409 - e
Compression ratio CR 2.65 265 - e
System performance
Distillate production D, kg/s 58.2 58.02 0.3 57.8 0.6
Gain output ratio GOR 6.61 6.59 0.3 6.51 1.5
Specific heat consumption Q, kJ/kg 382.81 370.8 32 NA -
Specific heat transfer area Ad, m*/kg/s 270.3 2771 2.5 NA

tal conditions of Asaluyeh city, which is in the south of Iran. Envi-
ronmental and coastal conditions for Asaluyeh city are listed in
Table 1.

o Brayton cycle

The calculation code for the Brayton cycle with air preheater
has been developed in MATLAB software, and to determine the
thermodynamic properties of the various parts of the cycle, MAT-
LAB software has been linked to EES. To validate the modeling,
the model output was compared with the same input data as the
reference [26]. Note that there is an acceptable percentage differ-
ence between the output data due to changes in some hypotheses
to develop and model the model. Fig. 3(a) shows the output data
for temperature in parts of the cycle. The amount of turbine pro-
duction work, compressor consumption work, mass flow rate of
tuel consumption, and mass flow rate of air for the model and ref-
erence [26] are presented in Table 2. According to Table 2 the high-
est percentage difference in compressor equipment is observed at
3.92%.

« HRSG

To validate the heat recovery steam generator modeling, the tem-
perature of the gas side in different parts is compared with the ref-
erence [34] and this order is done with the same input data. Also,
Fig. 3(b), (c) shows the comparison of exhaust gas temperatures in

different parts of the system, for the model and reference [34]. To
compare HRSG with and without duct burner, the highest per-
centage difference is observed in high pressure level evaporator
and high-pressure level economizer, respectively.

o« MEE-TVC

System modeling was performed in MATLAB software and to
validate the performance of the model, its output was compared
with the same input data as scientific reference [20] and commer-
cial reference [39], and the results can be Acceptance was obtained.
Table 3 shows the output results in different parts of the MEE-TVC
system relative to the references. The highest percentage of differ-
ence in specific heat consumption was observed at 3.2%.

ECONOMIC ANALYSIS

Economic analysis is an important step in any feasibility study
for the functional evaluation of a project concerning financial im-
plications. Economic analysis includes estimates of total investment
cost, total annual cost, capital recovery coefficient, operating and
maintenance coefficient, and some other economic variables that
provide information about the total cost and benefits of investments.
The main output of the economic analysis report is the estimation
of the capital cost of the components and the cost of their opera-
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tion and maintenance (depending on the desired size and perfor-
mance) and the cost of fuel. Therefore, the total annual cost (TAC)
is determined as follows [33]:

TAC($/year)=Cf+ CREx ¢xCjpy+Coy (43)

Here, ¢, CRE Cf, C,»» C,,, are the operation and maintenance
coefficient, the capital recovery factor, cost rate of fuel, investment
cost of equipment, and cost of the effects of polluting gases on the
environment, respectively, and are expressed as follows [32,36]:

1+z,)
CRE= zeﬂg-——z-‘ffi)— (44)
(1+ zeﬂ)y
Cy=(Can LHV)xtime (45)
Cinv: ch (46)
Cen=Ceoli o+ Cho My +CooMicg, 47)

where, z,q; y are the effective annual interest rate and the operat-
ing years for which the system is expected to operate (system life-
time). Also, time is the operating hours of the system in one year
and C, is the investment cost of each component of the system.
The investment cost performance of each equipment and some
parameters in the economic relations of 43-46 are given in Tables
B1 and B2 in Appendix B, respectively.

OBJECTIVE FUNCTIONS, CONSTRAINTS,
AND DESIGN PARAMETERS

In the analysis of energy systems, especially cogeneration systems,
system efficiency, and system costs are of great importance. In this
research, is investigated the thermodynamic and thermo-economic
analysis of the combined cycle using a multi-effect evaporation with
thermal vapor compression. The system is optimized by a multi-
objective genetic algorithm and the objective functions lead to the
maximum combined-cycle thermal efficiency and the minimum

Table 4. Design parameters and their range

Design parameters Range  Unit
Gas turbine inlet temperature 900-1,300 °C
Isentropic efficiency of air compressor 80-90 %
Compressor pressure ratio 6-15 -
Isentropic efficiency of gas turbine 80-90 %
Steam high pressure 40-100  bar
Steam low pressure 3-40  bar
Mass flow ratio of steam 07-09 %
Isentropic efficiency of steam turbine 80-90 %
Terminal temperature difference of Superheater ~ 15-50  °C
Mass flow rate of fuel in duct burner 02-1  kg/s
Top brine temperature 60-70 °C
Minimum brine temperature 40-50 °C
Feed seawater mass flow rate 100-500 kg/s
Feed seawater temperature 35-45 °C
Number of effects 3-12 -
Cooling seawater temperature 25-35  °C

July, 2022

total annual cost (TAC). The collection of 16 design parameters is
considered, which shown in Table 4.

Constraints on the system in terms of structural and environ-
mental conditions are as follows:

3°C<T,,>60°C
T>120°C
X,<70,000 ppm

W o, 200,000 kW
D,,26,000 m’/day
Tp>Tg

Te>Te

Also, the exergy efficiency for the equipment is as follows:

Ex
y=—t<1
Exf

RESULTS AND DISCUSSION

In this paper, the proposed system of cogeneration production of
power and freshwater was examined from the perspective of energy,
exergy, economic and environmental. To determine the thermo-
dynamic properties of working fluids, the code of the system sim-
ulated with MATLAB software was linked to EES software. The
parametric analysis and evaluation of the system performance was
done by variation of the design parameters. This was done accord-
ing to the optimal point, the variation of one parameter, and keep-
ing the other parameters constant. For exergy analysis the mole
fraction of the inlet air was considered according to the reference
(H,0=0.019, CO,=0.0003, 0,=0.2059 and N,=0.7748) [25.27]. The
total net power output of the power plant was 200 MW, and the
amount of freshwater production was 6,000 m*/day. Also, the fuel
used in the power plant was pure methane.

Fig. 4 shows the Pareto optimal front for multi-objective opti-
mization of CCPPW. Any point on this front represents a poten-
tial solution. According to the Pareto optimal front, the minimum

7
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615} pd “ ]

The non-ideal Max point
6.1} _-point .
CCPPW-Duct burner O
CCPPW o
6.05 J

The optimal
point

Total annual cost ($/year)
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i
~. point w_
5.85 / S \\ 1
58 - .

35 40 45
Thermal efficiency (%)

Fig. 4. The Pareto optimal front of proposed system.
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Table 5. Optimized values of the design parameters of CCPPW- Duct burner

Optimal design parameters Optimal point Max point Min point Unit
Gas turbine inlet temperature 1,509.5 1,528.6 1,503.2 k
Compressor pressure ratio 13.3530 14.7001 11.8083 ----
Isentropic efficiency of air compressor 84.96 84.88 83.62 %
Isentropic efficiency of gas turbine 87.48 88.03 86.38 %
HP steam pressure 58.1004 94.3670 40.8717 bar
LP steam pressure 4.8674 5.0691 5.3763 bar
Mass flow ratio of steam 89.92 88.59 88.35 %
Isentropic efficiency of steam turbine 88.19 90 80.16 %
Mass flow rate of fuel in duct burner 0.2945 0.2063 0.2126 kg/s
Terminal temperature difference of Superheater 35.9589 39.3135 25.5479 °C
Top brine temperature 67.3216 60.3715 60.5963 °C
Minimum brine temperature 43.6364 41.3392 40.1271 °C
Feed seawater temperature 43.6119 44.4135 43.7586 °C
Cooling seawater temperature 33.6901 30.6207 31.3586 °C
Feed seawater mass flow rate 404.7619 417.4603 201.5873 kg/s
Number of effects 5 5 ----
System performance

Net power output 192.990 196.370 184.580 MW
Thermal efficiency 40.4584 43.2283 35.7962 %
Exergy efficiency 39.2104 41.8652 34.2892 %
Fuel mass flow rate 8.1332 9.2450 10.5217 kg/s
HP pinch point temperature difference 5.0352 4.0622 26.5897 °C
LP pinch point temperature difference 35.2527 39.3212 40.4657 °C
Gain output ratio 13.4904 10.4180 10.2820 -
Distillated water 87.9950 76.9201 76.5133 keg/s
Pollutant of NO, 0.0717 0.0721 0.1156 keg/s
Pollutant of CO 0.6107 0.5148 0.9494 keg/s
Pollutant of CO, 1.2561 1.4278 1.6250 keg/s
Total annual cost 5.8900x 10 6.0364x107 5.8097x10 $/year

point has the lowest thermal efficiency and total annual cost (TAC).
It also can be seen that the maximum point has the highest ther-
mal efficiency and TAC. The ideal point is defined as the point that
has the highest thermal efficiency and the lowest TAC. The point
that has the shortest distance to the ideal point is called the opti-
mal point or suggested point. Also, the point with the highest cost
and lowest thermal efficiency is called the non-ideal point. Fig. 4
shows that adding a duct burner to the system reduces the systems
thermal efficiency and TAC. Tables 5 and 6 show the optimal param-
eters of systems with and without duct burner, respectively. Accord-
ing to the optimal point, with the addition of duct burner to the
total power system, the thermal efficiency and exergy efficiency are
reduced by 0.67, 3.9 and 5.9%, respectively. This is due to the ap-
proach of the power generation cycle to the steam cycle. From
another perspective, with the addition of duct burner to the sys-
tem, the temperature of combustion products increases, and thus
the temperature of the recovered steam increases at different levels,
especially the low-pressure level of the heat recovery steam genera-
tor. As a result, the freshwater production and GOR of desalina-
tion system are increased by 7.97 and 9.7%, respectively. With the
addition of a duct burner to the system, the value of pollutant emis-

sions increases about 11.41%, and the total annual cost decreases
about 1.265%.

The total exergy efficiency of the CCPPW and the CCPPW-DB
was calculated to be 41.5277 and 39.2104, respectively. According
to Fig. 5(a), the CC has the highest exergy destruction rate. This is
due to the irreversibility of combustion and the high-temperature
difference between the flame temperature and the inlet air to the
CC, which makes more entropy production. The second highest
exergy destruction rate was observed in the HRSG, which is due
to the temperature difference between the combustion gases and
the steam at both high and low-pressure levels. The least exergy
destruction rate was for the air preheater and the effects of water
desalination unit. Due to low entropy production, less exergy de-
struction occurs in these levels. Fig. 5(b) shows the exergy efficiency
in each part of the system, the most related to the air preheater
and the least to the desalination system ejector. The reason for the
low exergy efficiency in the ejector was due to the high difference
in pressure and temperature of the primary and secondary flow as
well as the compression ratio of the ejector.

In addition, the performance of the proposed system from a ther-
mal point of view in the Brayton cycle improved about 25%. This

Korean J. Chem. Eng.(Vol. 39, No. 7)
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Table 6. Optimized values of the design parameters of CCPPW

Optimal design parameters Optimal point Max point Min point Unit
Gas turbine inlet temperature 1,515.9 1,547.6 1,503.2 k
Compressor pressure ratio 14.9028 14.9247 13.0042 -
Isentropic efficiency of air compressor 84.33 83.39 83.70 %
Isentropic efficiency of gas turbine 88.11 87.80 86.93 %
HP steam pressure 58.7706 76.4791 40.0305 bar
LP steam pressure 7.7074 7.7797 7.8339 bar
Mass flow ratio of steam 89.76 89.76 90 %
Isentropic efficiency of steam turbine 90 89.76 86.85 %
Terminal temperature difference of Superheater 36.3699 35 16.7808 °C
Top brine temperature 68.3675 65.7078 67.3118 °C
Minimum brine temperature 48.8270 47.5269 49.6090 °C
Feed seawater temperature 41.5787 41.8328 36.5054 °C
Cooling seawater temperature 30.5718 26.9550 29.8974 °C
Feed seawater mass flow rate 436.5079 411.1111 296.8254 kg/s
Number of effects 8 7 8 ----
System performance
Net power output 194.280 198.170 190.330 MW
Thermal efficiency 42.0340 44.0601 38.9229 %
Exergy efficiency 41.5277 42.6370 37.0965 %
Fuel mass flow rate 8.0518 9.4124 10.3650 kg/s
HP pinch point temperature difference 5.5553 3.1609 12.4757 °C
LP pinch point temperature difference 25.4107 27.8181 25.9553 °C
Gain output ratio 12.2990 11.4554 11.3909 -
Distillated water 81.4970 75.9073 73.7103 kg/s
Pollutant of NO, 0.0547 0.0854 0.0954 keg/s
Pollutant of CO 0.4417 0.5329 0.7820 kg/s
Pollutant of CO, 1.2436 1.4537 1.6008 kg/s
Total annual cost 5.9645x107 6.1759x107 5.8470x10 $/year
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Fig. 5. (a) Exergy destruction rate for each section of the system, (b) Exergy efficiency for each section of the system.

is due to the heat recovery of the hot exhaust gases of the gas tur- plants, the thermal efficiency is about 45 to 50%. But, in the pres-
bine in the steam cydle. On other hand, in the combined cycle power ent study, due to the addition of a desalination unit in the low-pres-
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sure level, the steam mass flow rate of the inlet to the ST is reduced.
As a result, the production capacity of ST decreases, and the ther-
mal efficiency of the current combined cycle is less than 45%.
1. Parametric Study

Some parameters have significant effects on the cogeneration sys-
tem performance. Therefore, to determine the performance of the
system with the operation parameters of system a parametric study
was carried. The results are offered in several subsections.

o Influence of gas turbine inlet temperature

One of the most important parameters affecting the perfor-
mance of the cogeneration system is the gas turbine inlet tempera-
ture (TIT). Fig. 6 shows the effect of gas turbine inlet temperature
on system performance. Fig. 6(a) shows the effect of TIT on the
thermal efficiency of the system in the Pareto optimal front. With
increasing TIT, thermal efficiency increases. On other hand, the
ratio of the power produced to the input energy increases. Also,
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Fig. 6(b) shows that as the inlet temperature of the gas turbine in-
creases, the fuel mass flow rate of the CC and the mass flow rate of
emission of pollutants decrease. This is due to the increase in gas
turbine exhaust gas temperature and the increase in heat transfer
in the air preheater, which increase the combustion chamber inlet
air temperature by 25%. Sensitivity analysis of the TIT to affect the
performance of MEE-TVC in Fig. 6(c) shows that as it increases,
the mass flow rate of combustion products decreases. As a result,
steam is recovered at a lower temperature at the low-pressure level
of the HRSG. Since the flow of this level is given to the desalina-
tion system as a motive steam, the temperature of the motive steam
of the first effect and the steam produced by this effect and other
effects are reduced and as a result GOR of the desalination system
is reduced. Fig. 6(d) shows that with increasing TIT, the exergy
destruction rate decreases; however, due to the constant net power
output, the fuel mass flow rate decreases and increases the exergy
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Fig. 6. (a) Effect of Gas TIT on system efficiency in Pareto optimal front, (b) Variation of fuel mass flow rate and normalized emission rate,
(c) GOR and Motive steam temperature, (d) exergy destruction rate and exergy efficiency.
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efficiency of the system. Finally, with the increase of the TIT, the
total annual cost is reduced by about 52%, which is mainly due to
the reduction of fuel consumption cost and investment cost of sys-
tem equipment.

« Influence of air compressor pressure ratio

The air compressor is one of the most important pieces of equip-
ment in the combined cycle. Therefore, considering the efficiency
of the first law of thermodynamics, the variation of the performance
parameters of system according to the air compressor pressure ratio
(Rpa,) are illustrated in Fig. 7. According to Fig. 7(a), the thermal
efficiency of the system increases with increasing compressor pres-
sure ratio. According to Fig. 7(b) and increasing the compressor
pressure ratio and other parameters are constant, especially the gas
turbine inlet temperature and net power outlet, Therefore, the inlet
air temperature to the combustion chamber increases. Due to this,
the fuel inlet to the combustion chamber and the amount of emis-
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sion pollutants are reduced and, as a result, the thermal efficiency
of the system increases. However, at high efficiencies, this parame-
ter decreases slightly as it increases compressor work and slightly
increases fuel consumption. Also, Fig. 7(c) shows with increasing
compressor pressure ratio, the temperature of the products of com-
bustion increases about 24% and causes, increases in the tempera-
ture of the motive steam of the first effect and the GOR of the MEE-
TVC. According to Fig. 7(d) with increasing Rp,,, fuel consump-
tion is reduced by 8% and that causes exergy efficiency and exergy
destruction rate in the system to increase and decrease, respectively.
Finally, with the increase in this parameter, the total annual cost
decreases by about 23%.
« Influence of HRSG working pressure on high pressure level
(HP)

HRSG plays an important role in increasing the efficiency of the
combined cycle. So, several design parameters are effective for de-
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signing an efticient HRSG. High pressure is the operational parame- Fig. 8(b) with increasing pressure, the exergy efficiency of the sys-

ter that affects the thermal efficiency of the system. It is dlear that
this parameter does not affect the gas cydle. Fig. 8 shows the effects
of HP on the system performance parameters. According to Fig.
8(a), in the Pareto optimal front with the increase of this parame-
ter, the thermal efficiency of the system increases. With increasing
high pressure, more heat is received from hot gases. By increasing
the heat transfer, more steam is recovered at the high-pressure level
and, as a result, the production capacity of the steam cycle and the
thermal efficiency of the combined system increase. According to

tem increases, which is due to the increase in steam turbine power
generation. Moreover, the temperature of the combustion prod-
ucts decreases and as a result exergy destruction rate is reduced. In
addition, increasing the high-pressure level increases the heat trans-
fer element in this level, so in the low-pressure level, less energy is
being recovered because the amount of the inlet energy from the
GT cydle is constant. So, according to Fig. 8(c) with increasing high-
pressure, the temperature of the motive steam of the first effect and
mass flow rate of motive steam decrease. As a result, the GOR of

Korean J. Chem. Eng.(Vol. 39, No. 7)
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the MEE-TVC decreases. In addition, from perspective of economic,
increasing this parameter increases the annual cost by about 18%.

o Influence of number of effects

The number of effects is one of the most effective parameters in
the performance of the MEE-TVC. According to Fig. 9(a) with in-
creasing the number of effects and the mass flow rate of feed water
to be constant, the GOR and desalinated water (freshwater produc-
tion) increase, because the temperature difference between of the
effects is reduced. Also, according to Fig. 9(b) as the number of
effects increases and the mass flow rate and enthalpy of motive
steam are constant, the specific heat consumption improves; this is
due to the increase in freshwater production. So, by increasing desali-
nated water the specific heat transfer area increases. Fig. 9(c) shows
the value of exergy efficiency and exergy destruction rate in the

July, 2022

MEE-TVC. According to the inlet fuel exergy to be constant and
with increasing the number of effects, the amount of desalinated
water and the amount of the exergy production increases. Finally,
with according to Eq. (37) the exergy efficiency of the MEE-TVC
increases. Also, as the number of effects increases, the heat trans-
fer steps increase and increases the exergy destruction rate. The total
annual cost increases by about 3% as the number of effects in-
creases.

o Influence of CR of ejector

Since the ejector has a great effect on reducing energy consump-
tion and increasing the production of freshwater in desalination
unit, its study can affect the performance of the cogeneration sys-
tem. The effects of variations in the ejector compression ratio on
the desalination system are shown in Fig. 10. The pressure ratio in
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Fig. 10. (a) Effects of the CR of ejector on desalinated water and GOR and (b) MEE-TVC exergy destruction rate and exergy efficiency.
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Fig. 11. (a) Effects of the seawater salinity on desalinated water and GOR, (b) MEE-TVC exergy destruction rate and exergy efficiency.

this system varies from 1.81 to 4. According to Fig. 10(a), as the
pressure ratio increases, the desalinated water and GOR decreases.
This is because, as the ejector compression ratio increases, more
amounts of the motive steam are required to compress the sec-
ondary flow to the pressure at the ejector outlet. Therefore, for the
amount of motive steam to be constant, with increasing the CR,
the amount of entrained steam (steam of secondary flow) and the
motive steam of the first effect decreases. Then, by reducing the
steam produced (desalinated water) in the first effect, the steam pro-
duced in the other effects is also reduced. Due to the decrease in
freshwater production, the exergy efficiency is also reduced. Finally,
by reducing the amount of incoming steam to the effects and less
heat transfer, the exergy destruction rate is reduced, which is shown
in Fig. 10(b). Eventually, with increasing the compression ratio, fresh-
water production decreases and the TAC decreases by about 2.2%.

o Influence of seawater salinity

Due to the non-uniform salinity of seawater in different regions,
it is necessary to evaluate this parameter on the MEE-TVC perfor-
mance. Fig. 11 shows the effects of variations in the seawater salinity
on the desalination system. According to Fig. 11(a), with increas-
ing salinity of seawater, the amount of freshwater production and
GOR decreases. Because with increasing salinity of seawater, the
mass flow rate of seawater increases, and the steam produced de-
creases due to heat absorption. Also, according to Fig. 11(b), due
to the decrease in freshwater production and specific heat transfer
area, the exergy efficiency and exergy destruction rate are reduced.
Finally, as seawater salinity increases and freshwater production
decreases, the cost of water desalination decreases by about 2.5%.

o Influence of fuel mass flow rate of DB

Fig. 12 shows the effect of fuel mass flow rate of duct burner on
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Fig. 12. (a) Effect of fuel mass flow rate of DB on thermal efficiency of system in Pareto optimal front, (b) Variation of fuel mass flow rate of
DB on exergy destruction rate and exergy efficiency, (c) GOR and desalinated water, (d) normalized emission rate.

system performance. Fig. 12(a) shows the effect of fuel mass flow
rate of duct burner on the thermal efficiency of the system in the
Pareto optimal front, the lower bound of this parameter is selected.
Because with increasing it, the cogeneration system is directed to
the steam cycle and the thermal efficiency of the system decreases.
Also, Fig. 12(b) shows that according to constant the net power
output and increased fuel consumption in duct burner, exergy de-
struction rate increases and exergy efficiency decreases. Also, ac-
cording to Fig. 12(c) with increasing fuel consumption, the mass
tlow rate and temperature of combustion products increase, and as
a result, the temperature of motive steam of the desalination sys-
tem increases; thus, the freshwater production and GOR increase.
Finally, according to Fig. 12(d), with increasing the fuel mass flow
rate of duct burner (0.2 to 1 (kg/s)), the value of pollutant emis-
sions and TAC increases about 9.5 and 8.9%, respectively.

As a suggestion for future work: economic exergy analysis, life
cycle assessment and the adding a solar section to the system. On
the other hand, to achieve clean fuels such as hydrogen, the pro-
ton exchange membrane (PEM) electrolyzer can be added to the

July, 2022

system and various analysis can be performed for it.
CONCLUSION

In the present study, thermal modeling and optimization of a
cogeneration plant for simultaneous production of power and fresh-
water was presented. In addition, two general case studies includ-
ing the mentioned system with/without duct burner were investi-
gated. The system was optimized using multi-objective optimiza-
tion technique considering 4E analysis, tacking into account the
effect of energy, exergy, economic and environmental. The men-
tioned four parameters were summarized into the two objective
functions, named thermal efficiency and total annual cost, and
optimization results in each case were presented in the form of
Pareto front. The optimum results revealed that the Pareto front in
the case of “with duct burner” totally dominated over the results in
the case of “without duct burner”. The exergy analysis also showed
that the combustion chamber has the highest exergy destruction.
In addition, 0.67%, 3.9% and 5.9% reduction in the power pro-
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duction, thermal efficiency and exergy efficiency were observed by
considering the duct burner. On the other hand, 7.97% and 9.70%
improvement in the freshwater production and GOR of desalina-
tion unit was obtained for the system included with duct burner.

NOMENCLATURE

A :heat transfer area [m’]

B : brine flow rate [kg/s]

BC  :Brayton cycle

bpe :boiling point elevation [°C]

C  :costrate [$]

CC :combustion chamber

CR  :compression ratio [-]

CREF : the capital recovery factor [-]

CO :carbon monoxide

CO, :carbon dioxide

Cp  :specific heat [kJ/kg K]

CCPP : combined cycle power plants

CCPPW : combined cycle power plants using a desalination system

D,d :desalinated water [kg/s]

Er  :expansion ratio [-]

ER :entrainment ratio [-]

ex  :specific exergy [KkJ/kg]

Ex exergy rate [kW]

Exp : exergy destruction [kW]

F : feed water [kg/s]

GOR : gain output ratio [-]

h : enthalpy; latent heat [K]/kg]

HRSG : heat recovery steam generator

LHV :lower heating value [k]/kg]

LMTD : logarithmic mean temperature difference

m  :mass flow rate [kg/s]

M :molar weight [g/mol]

MEE-TVC : multi-effect evaporation with thermal vapor compres-
sion

N :number of particles [mole]

NEA :non equilibrium allowance [°C]

Ne :number of effects [-]

NO, :nitrogen oxide

p  :pressure [kPa, bar]

ppm : parts per million

Q  :heat rate [kW]

Q  :specific heat consumption [k]/kg]
Rp  :pressure ratio [-]

s : specific entropy [k]/kg-K]

T  :temperature [K, °C]

TAC : total annual cost [$/year]

: operating time of the system in one year
: primary zone combustion temperature

- heat transfer coefficient [kW/m’ K]

: power rate [kW]

: concentration or salinity of brine [ppm]
: system lifetime [year]

: The effective annual interest rate [%]

: pressure drop [kPa, bar]

zo e mgapE
o

AT :temperature difference [°C, k]

Greek Abbreviations

: specific heat ratio

: residence time [seconds]

: efficiency [%]

: operation and maintenance coefficient
: fuel to air equivalence ratio

: atomic ratio, exergy efficiency [%]

: dimensionless pressure

: dimensionless temperature

: specific exergy loss for pure methane

DN /DI N

Subscripts

a :air

ac  :actual

Ac  :air compressor

Aph :air per heater

B :brine

B,  :brine of first effect

cc  :combustion chamber

cs  :compression steam

cond, con : condenser, condensed
cw  :cooling water

ccpp : combined cycle power plant
ch  :chemical

D  :desalinated water

DB :duct burner

Dea-Eva : deaerator evaporator
env :environmental

cs  :compression steam
es  :entrained steam
f : fuel

ftw  :feed water

fwp :feed water pump
g  :gas

Gen :power generator
GT :gas turbine

HP  :high pressure

in :inlet

is  :isentropic

inv :investment

LP :low pressure

ms :motive steam
Mix :mixture

n  :number

Ne, ne : number effect
net :net power

o :ambient

out :outlet

p  :product

pp :pinch point
ph  :physical

S : steam

ST  :steam turbine
tot  :total
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th  :thermal
w . water
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APPENDIX A

Al. The mass and energy balance for the MEE-TVC system is

presented in Table A1 [20,22,24]. in

1707
APPENDIX B

The investment cost function of each type of equipment is given
Table B1. Also, some parameters related to economic analysis

and operating conditions of the system are given in Table B2.

Table A1. The mass and energy balance for the MEE-TVC system [20,23,24]

Type First effect 2 to last effect
Brine, B B,=F,-D, B,=F.+B, D, 2z=2,3,...,Ne
F, X, F.+X;. B
i = —fw 2T BBzl Pl -
Salt concentration Xp= o Dl)XfW Xp, .= B z=2,3,...,Ne
Distilled, D D1: (Dm5+D€5)hDC~‘_FICI’(TI_TfW) — (szlhzfl+dzflhzfl+dzflhzfl)_cmp(Tz_wa)+B271CP(T271_T2)
Hp, : h,
0.55
NEA NEA = -—-—————-—-—-—33(T“’"’fr’1_ L) z=2,3, ..., Ne
F F
Feed, F F=— F=—
' Ne " Ne
Condensed temperature, T T .=Tp ,—bpe z=1,2,3, ..., Ne
—3,892.7
y P,,,=10" ( 2 +9,5)
Pressure, P Sow =X\ 273.15-42.6776
Latent heat, h Ny, =2.589.583+0.9156 x Ty, —0.04834x Tj,,
D, ,h,
Heat transfer area, A A= z=1,2,3,...,Ne
U (Tam z TB z)
2 3
Overall heat transfer coefficient, U _ L93044140562T,  ~0.0207525(Ty ) +0.0023186(T )" 0
: 1,000 T
. . Dmshms
Specific heat consumption, Q Q= D

tot

Table B1. The investment cost function of each type of equipment

Equip Cost function
Si P P
Air compressor [26,33] Cuc= (39_111 (—B) ln(—B)
0.9—17i, ac’ \P« Py
n (hy—hp)\ %
Air preheater [26,33] Capn= 2,290(m
U(ATLMTD
, 25.6m,
Combustion chamber [26,33] Cee=| —— |[1+exp(0.018T—26.4)]
0.995- ==
p
266.31 P
Gas turbine [26,33] o= (—-—-—-—r—ni— 1n(—9) [1+exp(0.036Tp—54.4)]
0.92-7n; ¢ Pg

HRSG [26,33] CHRSG:3,650(

th, sup )
(AT 1arrp)

0.8 Q 0.
+ (—-—-ﬂh—) 8)+11,820m +658rm
(ATLMTD) w §

0.71

Pump [33] Counp=705.48(W i) 1+ —— )
s, pump
Desalination [44] Copprve=3,018.8 (DO 9795
Steam condenser [45] Coona=1,773m
0 05

Steam turbine [32]

Duct burner [30]

0.95

Power generator [45] Cien=60W¢,,)

Cgr=3,880. 5(WST) 1+

095 )11 swenp(LaS

866))
10.42

sz

Cpp= Tpptig psLHY
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Table B2. Some parameters in the economic relations [18,30,33]

Parameter Value

[0 1.06

Zy7 (%) 12

Fuel cost ($/M]) 0.004

y 20
Time 7,000x 3,600
7, (%) 0.7
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