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This study proposes a systematic approach for retrofitting a steam-injection gas turbine (SIGT) with a multi-
effect thermal vapor compression (METVC) desalination system. The retrofitted unit's product cost of the fresh
water (RUPC) was used as a performance criterion, which comprises the thermodynamic, economic, and envi-
ronmental attributes when calculating the total annual cost of the SIGT–METVC system. For the feasibility
study of retrofitting the SIGT plant with the METVC desalination system, the effects of two key parameters
were analyzed using response surface methodology (RSM) based on a central composite design (CCD): the
steam air ratio (SR) and the temperature difference between the effects of the METVC system (ΔTMETVC) on
the fresh water production (Qfreshwater) and the net power generation (Wnet) of the SIGT–METVC system.
Multi-objective optimization (MOO) which minimizes the modified total annual cost (MTAC) and maximizes
the fresh water flow rate was performed to optimize the RUPC of the SIGT–METVC system. The best Pareto opti-
mal solution showed that the SIGT–METVC systemwith five effects is the best one among the systems with 4–6
effects. This system under optimal operating conditions can save 21.07% and 9.54% of the RUPC, compared to the
systems with four and six effects, respectively.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

To overcome the scarcity of power and fresh water, thermal desali-
nation plants are usually integrated with power plants as a dual-
purpose system for the simultaneous production of power and fresh
water. These are generally more profitable, economically, and in terms
of energy efficiency compared to standalone power plants and thermal
desalination systems [1,2]. Among power plants, humidified gas tur-
bines (HGT), which use a gas water mixture as the working fluid, have
higher efficiency and specific power output with lower specific invest-
ment costs and NOx emissions, compared to other power generation
cycles. For a given power generation, the injection of steam in the
combustion chamber decreases the fuel consumption, which results
in an increase in the thermal efficiency and vice versa for a given fuel
ghts reserved.
consumption, resulting in increased power generation. The steam-
injection contributes to pollutant emissions from the SIGT system
depending on the adiabatic flame temperature. The amount of Carbone
monoxide (CO) and nitrogen oxides (NOx) produced in the combustion
chamber and combustion reaction aremainly a function of the adiabatic
flame temperature, which is the temperature reached by burning a
theoretically correct mixture of fuel and air in an isolated vessel [1,3].
Increasing the adiabatic flame temperature increases the thermal NOx

formed from the oxidation of the free nitrogen in the combustion air
or fuel. However, the CO emission decreases when the adiabatic flame
temperature increases.

There are several configurations of HGT cycles, including the steam-
injected gas turbine (SIGT) cycle, humid air turbine (HAT), and evapora-
tive gas turbine (EvGT) [3]. In a SIGT system, steam is generated using a
heat recovery steam generator (HRSG), injected into the gas turbine
combustion chamber and utilized as working-fluid with air [4]. Recent-
ly, several studies have examined injected-steam gas turbines [2–12].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.desal.2013.10.019&domain=pdf
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Paepe and Dick [6] analyzed the water recovery in steam injected gas
turbines in terms of the technology and economy. Nishida et al. [4] an-
alyzed the performance characteristics of two types of regenerative
steam-injection gas-turbines and compared their performance with
that of simple, regenerative, water injection and steam injected gas-
turbine cycles. They showed that the steam-injection configuration
can be applied in a flexible heat-and-power cogeneration system.
Wang and Lior [3] investigated the performance of a SIGT-based com-
bined system with thermal desalination systems. Their analysis im-
proved our understanding of the combined SIGT power and water
desalination process and showed ways to improve and optimize it.

The SIGT systems are available as combined heat and power (CHP)
systems, producing heat and power simultaneously. Since the major
disadvantage of SIGT systems is their large water consumption, espe-
cially in water-short areas, these systems are usually integrated with
thermal desalination systems, such as multi-effect thermal-vapor com-
pression (METVC), to produce freshwater for the power cycle and other
productions. In order to assess the combination of SIGT systems and
thermal desalination systems, several performance criteria, based on
thermodynamics and economics, have been defined in the literature
[7,13,14]. Agarwal et al. [7] improved the performance of a simple gas
turbine cycle through the integration of inlet air evaporative cooling
and steam injection using thermal efficiency and exergy efficiency as
their two thermodynamic performance criteria. Shakouri et al. [14]
studied the feasibility of a dual purpose system using the unit product
cost of fresh water as a performance criterion, based on economic anal-
ysis. In combined SIGT and desalination systems, since the steam-
injection process effects the thermal efficiency (fuel consumption),
power generation, pollutant emissions and water production, the ther-
modynamic, economic and environmental aspects should all be taken
into consideration in order to define a performance criterion for
assessing the retrofitting of a SIGT plant with a thermal desalination
system.

As seen in our literature review, recent research efforts have focused
on defining the performance criteria based on either thermodynamics
or economics, without considering the environmental aspect. This
study proposes a systematic approach to define a performance criterion
for retrofitting a SIGT plant using a thermal desalination system. Since
themain purpose of integrating a SIGT plantwith a thermal desalination
system is to produce freshwater, in this study the integration of the sys-
tems is assessed based on the fresh water production costs. In order to
consider the thermodynamic and environmental aspects of the SIGT
and METVC integration, we defined two costs: the lost opportunity
costs and the found opportunity costs. These contribute to decreases
in the total annual costs (TAC). The TAC of the retrofitted SIGT with a
METVC system was modified by adding the lost opportunity costs and
subtracting the found opportunity costs. The retrofitted unit product
cost (RUPC) of the fresh water, as an efficient performance criterion
for retrofitting a SIGT plant with a METVC system, which considers
both the thermodynamic and environmental impacts of the integration
process, was defined by dividing the MTAC by the fresh water
production.

This paper consists of four major parts. First, we developed theoret-
ical models, including thermodynamic and environmental models, to
calculate the power generation and fresh water production of the
retrofitted SIGT–METVC system. In addition, we developed an economic
model used to calculate the unit product cost of the fresh water, which
includes the lost opportunity and found opportunity costs in the total
annual costs of the retrofitted SIGT–METVC system. Second, we deter-
mined the sensitivity analysis and feasibility study to assess the
retrofitting possibility of the SIGT plant with METVC desalination sys-
tem, specifically investigating the effect of twokey parameters: the tem-
perature difference between effects in the METVC system (ΔTMED-TVC)
and steam air ratio (SR) on the fresh water flow rate Qfreshwater and
the net power generation (Wnet) of the retrofitted using system
response surface methodology (RSM). Third, we optimized the RUPC
of the fresh water as a new performance criterion for retrofitting the
SIGT plants using multi-objective optimization (MOO), which maxi-
mizes the Qfreshwater and minimizes the MTAC of the retrofitted system.
We obtained Pareto optimal fronts as a set of optimal solutions,
selecting the one which best corresponded to the minimum value of
the RUPC.

2. Material and methods

2.1. System configuration

Fig. 1 shows a schematic of a retrofitted SIGT plant with aMETVC de-
salination system [3]. The SIGT subsystem includes a gas turbine power
plant and a heat recovery steam generator (HRSG). In the GT subsystem,
air is compressed by an air compressor. The compressed air is sent to the
combustion chamber (CC)where the fuel and steamare injected. The hot
gas from theCC is expanded through theGT,where the shaftwork is gen-
erated to operate an air compressor and a generator. The expanded gas
passes through a HRSG to recover the waste heat of the exhaust gas in
order to produce saturated steam asmotive steam for theMETVC system
and superheated steam to inject into the combustion chamber.

The detailed schematic of the METVC desalination systemwith n ef-
fects is shown in Fig. 2 [13]. Themotive steam, generated by HRSG, was
used by a steam jet ejector (SJE) to compress some of the water vapor
produced by the last effect. The compressed vapor was introduced
into the tube side in the first effect and condensed by releasing its latent
heat into the feed water for evaporation. A part of the condensate
returns to the HRSG, with the other part passing into the first flashing
box. Demisted vapor that forms during the first effect and the flashed
vapor from the first flashing box are used together as heating sources
in the first pre-heater in order to preheat the feed water to the first ef-
fect. The combined vapor from the first pre-heater passes into the sec-
ond effect and is used as the heat source to vaporize the feed water in
the second effect. This process is repeated for all of the effects until
the last one,where the vapor generated from the last effect is condensed
through the condenser.

2.2. Thermodynamic and economic modeling

In this sectionwe detail the equations that form the thermodynamic
and economic models for the SIGT–METVC system presented in Figs. 1
and 2. The models, developed by Janghorban Esfahani et al. [13,15],
Wang and Lior [16] were used for thermodynamic modeling and the
models, developed by Lazzaretto and Toffolo [17], Cardu and Baica [9],
Janghorban Esfahani et al. [13] and Rossen et al. [18], were used for
our economic model. Several simplifying assumptions, listed below,
were used in the development of our thermodynamic model:

• The cogeneration systems are operated under steady-state conditions;
• The principle of the ideal-gasmixture is applied to the air and combus-
tion products;

• The dead state condition is P0=1.01bar and T0=25°C;
• The temperature differences across the feed heaters are equal, in order
to achieve the optimum operating conditions in the METVC desalina-
tion system;

• Τhe feed flow rate for all of the effects is equal in the METVC desalina-
tion system;

The governing equations for the thermodynamic modeling (pre-
sented in Tables 1A to 4A) and for the economic modeling (presented
in Table 1B and Eqs. (B18) to (B 23)) of the SIGT subsystem and
METVC subsystem were developed using Matlab software in order to
simulate the combined system. In this study, we considered the
system presented in Table 1 as a SIGT plant [2]. The thermodynamic
parameter's initial conditions for the METVC desalination system
are presented in Table 2. The simulated models were validated by



Fig. 1. Schematic of a retrofitted SIGT with a METVC desalination system [3].
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comparing the simulation results of the SIGT and METVC systems with
those found in the relevant literature [2,18] under the same conditions
(for example, the relative errors of the net power generation of the
SIGT and gain output ratio of the METVC desalination system were
both within 2.75%).

2.3. Environmental analysis

The toxic emissions, such as CO and NOx, are undesired products
of the energy conversion process, which are produced with desired
products such as power, heat, and water [7]. The thermal NOx, which
is the oxidation of the free nitrogen in the combustion air or fuel, is
Fig. 2. Schematic of a METVC
primarily a function of the adiabatic flame temperature. The adiabatic
flame temperature in the primary zone of the combustion chamber is
given by Eq. (1) [17,19]:

Tpz ¼ A � σα � exp β � σ þ λð Þ2
� �

� πx� � θy
�
� ψz� ð1Þ

where π is dimensionless pressure (P/Pref), θ is dimensionless tempera-
ture (T/Tref), andψ is theH/C atomic ratio, which is equal to four for pure
methane. σ is calculated by Eq. (2) [17]:

σ ¼ ¼ φ for φ≤1
¼ φ−0:7 for φ≥1

�
ð2Þ
desalination system [13].

image of Fig.�2


Table 1
Specifications of the SIGT power plant [2].

Parameters Value

Pressure ratio 30
Turbine inlet temperature 1300 °C
Inlet air temperature 25 °C
Fuel Methane
Combustor efficiency 0.99
Compressor efficiency 0.88
Turbine efficiency 0.9
Minimum pinch point temperature in HRSG 15
Pressure of injected steam 3500 kpa
Mass ratio of injected steam and compressed air (SR) 0.07
Fuel mass flow rate 0.0203 kg/s
Air mass flow rate 1 kg/s
Net power generation 515 kW

Table 3
Constants for Eqs. (3)–(5) [17].

Constants 0.3≤φ≤1.0 1.0≤φ≤1.6

0.92≤ θ≤ 2 2≤ θ≤ 3.2 0.92≤ θ≤ 2 2≤ θ≤ 3.2

A 2361.7644 2315.752 916.8216 1246.1778
α 0.1157 −0.0493 0.2885 0.3819
β −0.9489 −1.1141 0.1456 0.3479
λ −1.0976 −1.1807 −3.2771 −2.0365
a1 0.0143 0.0106 0.0311 0.0361
b1 −0.0553 −0.045 −0.078 −0.085
c1 0.0526 0.0482 0.0497 0.0517
a2 0.3955 0.5688 0.0254 0.0097
b2 −0.4417 −0.55 0.2602 0.502
c2 0.141 0.1319 −0.1318 −0.2471
a3 0.0052 0.0108 0.0042 0.017
b3 −0.1289 −0.1291 −0.1781 −0.1894
c3 0.0827 0.0848 0.098 0.1037
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where φ is the mass or molar ratio.In addition, x, y, and z are the
quadratic functions of σ based on the Eqs. (3) to (5) [17].

x� ¼ a1 þ b1 � σ þ c1 � σ2 ð3Þ

y� ¼ a2 þ b2 � σ þ c2 � σ2 ð4Þ

z� ¼ a3 þ b3�3σ þ c3 � σ2 ð5Þ

where A, α, β, λ, ai, bi, and ci are constants. The values of these parame-
ters are listed in Table 3. [17].

The amounts of CO and NOx produced in a combustion chamber
and combustion reaction depends on the adiabatic flame temperature.
The CO and NOx pollutant emissions (in grams per kilogram of fuel)
are determined by Eqs. (6) and (7), respectively [17]:

mNOX ¼
0:15E16 � τ0:5 � exp −71100=Tpz

� �
P0:05
3 � ΔP3

P3

� �0:5 ð6Þ

CO ¼
0:18E9 � exp 7800=Tpz

� �
P2
3 � τ � ΔP3

P3

� �0:5 ð7Þ

where τ is the residence time in the combustion zone (assumed
constant and equal to 0.002s), Tpz is the primary zone combustion tem-
perature, P3 is the combustor inlet pressure, and ΔP3/P3 is the non-
dimensional pressure drop in the combustion chamber.

2.4. Cost performance criteria definition

Since themain purpose of retrofitting the SIGT systemswith thermal
desalination systems is fresh water production, a performance criterion
that considers all of the effects of the integration with fresh water pro-
duction is needed in order to assess these effects. In the retrofitted
SIGT plant with thermal desalination systems, the steam-injection pro-
cess effects the thermal efficiency (fuel consumption), power genera-
tion, pollutant emissions and water production; therefore, in order to
define a performance criterion, the thermodynamic, economic and
environmental aspects should all be considered.
Table 2
Thermodynamic parameter's initial circumstances for METVC desalination system [13].

Parameter Value Unit

Salinity of seawater 36,000 ppm
Salinity of last effect brine 70,000 ppm
Temperature of seawater 25 °C
Pressure of seawater 1 bar
Top brine temperature 69 °C
Boiling point elevation 0.8 –
The conventional performance criterion for retrofitting the SIGT
plant with thermal desalination systems is the unit product cost of the
fresh water (UPCfresh water), which is calculated using Eq. (8):

UPCFresh water ¼
TACMETVC

QFresh water
=m3Þ
�

ð8Þ

where TACMETVC is the total annual cost of theMETVC, which calculated
using Eq. (9) and Qfreshwater is fresh water production of the SIGT–
METVC system.

TACMETVC ¼ ACCMETVC þ AOCMETVC ð9Þ

where ACCMETVC is the annual capital cost of the METVC system and
AOCMETVC is the annual operating cost of the METVC system.

Thermal energy cost accounts for a large part of the TAC which
should be considered as a part of the annual operating cost. Because
the variations of the SR, ΔTMETVC and number of effects in METVC sys-
tem cause the variations of the fuel mass flow rate, the variations of
the fuel mass flow rate should be considered in annual operating cost
calculation. Thermal energy cost for integrated SIGT with METVC sys-
tem is calculated by Eq. (10)

Cth ¼ ṁfuel−0:0203
� �

� LHV � f � 365 � Cfuel ð10Þ

where Cth and mfuel are thermal energy cost and fuel mass flow rate of
the integrated system respectively, LHV is low heating value of fuel, f
is load factor, and Cfuel is fuel cost which is considered as 0.003 $/MW
[21]. In order to calculate the energy thermal cost of the integrated sys-
tem the fuel mass flow rate of the integrated system (mfuel) should be
subtracted by fuel mass flow rate of the stand alone SIGT power plant
which is 0.0203 kg/s. Specific thermal energy cost of fresh water
(STECFW) as an energy performance criterion for retrofitted system is
calculated by Eq. (11).

STECFW ¼ Cth � Qfresh−water ð11Þ

In the retrofitted SIGT plant with aMETVC system, since a portion of
the water is consumed for the steam-injection process, increasing the
steam air ratio (SR) decreases the net fresh water production while in-
creasing the net power generation. In addition to an increase in the SR
due to a decreased adiabatic flame temperature, the NOx emission de-
creases as the CO emissions increase. Thus, increasing the fresh water
production corresponds to a power generation reduction, CO emission
reduction, and NOx emission increase. In the other words, increasing
the freshwater production causes a loss of opportunities for power gen-
eration and NOx reduction, while simultaneously enabling opportuni-
ties for CO reduction. Fig. 3 shows the effect of the SR on the net
power generation and fresh water production of the SIGT–METVC



Fig. 4. Effect of SR on NOx and CO emissions.
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system. As shown in Fig. 3, for a given value of the fresh water produc-
tion, power generation opportunities are lost byΔPower, which could be
generated by consuming all of the fresh water produced by the METVC
system.

Fig. 4 shows the effect of the SR on the CO and NOx emissions. For a
given SR value, which corresponds to a given value of fresh water pro-
duction, the opportunity for NOx reduction is lost by ΔNOx and the op-
portunity for CO reduction is enabled by ΔCO. This lost opportunity for
NOx reduction can be decreased by reducing the fresh water produc-
tion. And the opportunity for CO reduction can be increased by improv-
ing the fresh water production.

Since CO and NOx emissions can be expressed by the pollution dam-
age cost [17] and power generation can be expressed by income
resulting from the sale of the generated power, the aforementioned op-
portunities are expressed in terms of cost. The lost opportunity cost of
power generation is given by Eq. (12):

LOCPG ¼ ΔPower � SPpower � 24 � 365 � f ð12Þ

where LOCPG is the lost opportunity cost of the power generation,
ΔPower is the lost opportunity of power generation, SPpower is the sale
price of the power generated, and f is the plant load factor.

The lost opportunity cost of NOx reduction is expressed by Eq. (13).

LOCNOx ¼ ΔNOx � CNOx
� 24 � 365 � f ð13Þ

where LOCNOX is the lost opportunity cost of the NOx reduction,ΔNOx is
the lost opportunity resulting from NOx reduction, CNOx is the pollution
damage cost of the NOx emission, and f is the plant load factor.

The found opportunity cost from the CO reduction is expressed by
Eq. (14).

FOCCO ¼ ΔCO � CCO � 24 � 365 � f ð14Þ

where FOCCO is the found opportunity cost of the CO reduction, ΔCO is
the found opportunity from the CO reduction, CCO is the pollution dam-
age cost of the CO emission, and f is the plant load factor.

In order to consider the opportunity costs, which result from the
SIGT plant being retrofitted with a METVC system, in terms of the unit
product cost of the fresh water (Eq. (8)), the retrofitted unit product
cost of the fresh water (RUPCfreshwater) can be determined using
Eq. (15):

RUPCfreshwater ¼
RTAC

QFresh water
=m3Þ
�

ð15Þ

where RUPCfreshwater is the retrofitted unit product cost of the fresh
water, RTAC is the retrofitted annual cost, and Qfreshwater is the fresh
water flow rate. The RTAC is calculated by Eq. (16), which considers
Fig. 3. Effect of steam ratio on power generation and fresh water production.
the lost and found opportunity costs of the SIGT–METVC system for
the TACMETVC used in Eq. (8).

RTAC ¼ TACMETVC þ LOCPGþ LOCNOx−FOCCO ð16Þ

As presented in Eq. (16), since FOCCO decreases the cost of CO emis-
sions, FOCCO was subtracted from the other costs.

2.5. Response surface methodology

The response surface methodology (RSM) consists of a group of
mathematical and statistical techniques devoted to the evaluation of
the relationship between the dependent variable or response (Y) and
a set of independent variables or factors (X1,.., Xk) [20,22]. The RSM
can illustrate the response surface of the dependent variables by varying
a number of independent variables or factors, which affect the re-
sponses of the dependent variables [23].

When it is assumed that the k number of independent variables,
X=(X1, X2,…, Xk), affects the p number of response variables, Y=(Y1,
Y2,…,Yp), the general function of the response surface method can be
represented as Eq. (17).

Yij ¼ f i X1;X2;…;Xkð Þ; ; i ¼ 1;2;…; pandj ¼ 1;2;…; k ð17Þ

where fi is a function between the response variables and the dependent
variables. Because fi is generally anunknown function, it is assumed that
it can be calculated through experimentation [24].

The relationship between the response and the factors is explained
by the second-order polynomial regression model shown in Eq. (18)
[24].

Y ¼ β0 þ
Xn
i¼1

βixi þ
Xn
i¼1

βiix
2
i þ

Xn−1

i¼1

Xn
j¼1

βijxix j ð18Þ

where Y is the response variable, xi and xj are the coded levels of the
input variables, β0 is the intercept term, and βi, βii, and βij are the coef-
ficients representing the linear effect, quadratic effect, and interaction
effect, respectively, which are known as the regression coefficients.

The significance of the input variables, their interactions, and the
goodness of fit of the RSMmodels were tested using an analysis of var-
iance (ANOVA). An alpha (α) level of 0.05 was used to determine the
statistical significance of all analyses. The significance of each of the co-
efficients was determined using F-values and P-values. The effect terms
with coefficients that had F-values greater than Fisher's F-test values
and P-values less than 0.05 were considered to have a high significance
on the RSM models. Fisher's F-test was calculated by Eq. (19) using
MATLAB software:

Fisher0sF−test ¼ Fα;df ; n−dfþ1ð Þ ð19Þ

image of Fig.�3
image of Fig.�4
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where α, df and n are the desired probability level, degree of freedom
and observations, respectively.

The goodness of fit of the RSMmodels was tested using themultiple
correlation coefficients (R2). If the R2 is closer to unity and in agreement
with the value of the adjusted multiple correlation coefficient (adj. R2),
then the fit of the RSM model is valid.

In this study, RSM models were developed to determine the effects
of the two key parameters, SR and ΔTMETVC, on three responses,
Wnet, Qfreshwater and STECFW. As presented in Table 1, there are other
changeable parameters which influencewater cost, which are the pres-
sure ratio, the turbine inlet temperature and some other parameters.
Because the purpose of this study is to suggest a new systematic ap-
proach for retrofitting the SIGT plant with a METVC system, the process
parameters of steam air ratio (SR), the pressure ratio, the turbine inlet
temperature and some other parameters are considered to be constant
although they are changeable and have influence on the fresh water
cost. SR is selected as the most significant parameter among all param-
eters. Note that SR has direct effect on net power generation and water
production of the retrofitted SIGT system with METVC. Also ΔTMETVC

and the number of effects were selected as two design parameters of
the SIGT–METVC system, since for retrofitting the SIGT system the
METVC system should be designed. Furthermore, a feasibility analysis
was carried out so as to understand and determine feasible operating
conditions for retrofitting a SIGT plant with a METVC desalination sys-
tem to produce a given amount of freshwater and power. The set of op-
eration conditions in a desalination systemwere obtained based on the
design of experiment (DOE). Since two factors (k=2) includingΔT and
SR are of interest, a factorial experiment was used. In factorial experi-
ence for two factors we need a 22 designwith center points which is re-
quired for first order model as well as 2 K star points. The star or axial
points are at some value α and –α on each axis. The 22 design gives a
box and adding axial points outside of the box gives a spherical design
where α ¼

ffiffiffi
k

p
. The corner points and the axial points at α are all on

the surface of a ball in three dimensions. For central composite design
with two factors there are 5 center points. The reason is related to the
variance of a predicted value. By picking five center points, the variance
in the middle is approximately the same as the variance at the edge. If
only there is one or two center points the precision in the middle is
less than that of at the edge [24].

The central composite experimental design (CCD) with five level
coded input factors (−1.41421, −1, 0, 1, +1.41421) was used in this
paper. The designed sets of data obtained by the CCD are presented in
Table 4, which are in terms of the coded and actual values of the input
variables. The theoretical model equations presented in Tables 1A to
4A were simulated for the values of the inputs specified in the CCD,
and the corresponding output variables (Wnet, Qfreshwater and STECFW)
were calculated. The values of the theoretical model outputs are pre-
sented in Table 5. These inputs–outputs datawere subjected tomultiple
regressions by RSM using MINITAB 14 software. Some risks in the reli-
ability may come from theoretically calculated single data points in-
stead of experimental data with duplicate as source for analysis.
Because the RSM models were used to investigate the feasibility about
retrofitting the SIGT with METVC system in this study (not for calculat-
ing the key parameters values of the system), the reliability of the feasi-
bility results can be acceptable.

2.6. Multi-objective optimization

Multi-objective optimization involves the simultaneous optimiza-
tion of more than one objective function. Several industrial systems
have been optimized over the last two decades with multiple objective
functions and constraints, using a variety of algorithms. In such cases, a
set of several equally good (non-dominating) solutions or a Pareto front
may be generated. The evolutionary genetic algorithm (GA) has become
quite popular in recent years for solving problems involving multiple
objective functions [23]. In the case of multi-objective problems, no
single optimized solution can be achieved, and a search is generally per-
formed following the concept of Pareto-optimality, where a set of solu-
tions are developed, providing the best possible compromises between
the objectives. When several conflicting objective functions exist, the
concept of “optimum” changes from the unique global optimum, as
used in single objective problems, to a set of solutions providing the
best possible compromises between the objectives, known as the Pareto
front. According to the definition Pareto-optimality, no other solution
can exist in the feasible range that is at least as good as some member
of the Pareto set, in terms of all of the objectives, and is strictly better
in terms of at least one [26].

Since the MOO can achieve a Pareto set, which provide useful in-
sights to decision-makers, we used the MOO to optimize the RUPC of
the fresh water, rather than using a single objective function optimiza-
tion by maximizing the Qfreshwater and minimizing the RTAC. Since the
numerator and denominator of Eq. (15) which calculates the RUPC as
the RTAC and Qfreshwater respectively, by maximizing the Qfreshwater and
minimizing the RTAC, the RUPC can be minimized. Therefore, we used
the RTAC and Qfreshwater as the fitness functions for the MOO, using a
GA with the ‘gamultiobj’ function in MATLAB 7.11, and the Pareto opti-
mal solution sets were obtained for a retrofitted SIGT plant withMETVC
systemswith different numbers of effects. The independent variables of
these functions were ΔTMED-TVC, and SR. The operation ranges of each
variable were selected based on the working ranges of the various pa-
rameters in the SIGT–METVC system. The constraints of the parameters
are summarized in Table 6.

2.6.1. Genetic algorithm
A genetic algorithm (GA) is a parallel, iterative, and population-

based search used to determine the optimal solution in a large solution
domain by carrying out stochastic transformations inspired by natural
evolution. The basic building blocks of a genetic algorithm are genes
that form chromosomes. Each gene controls one or more features of
its chromosome. A collection of chromosomes creates a population.
With a randomly generated population, the algorithm begins using
three genetic operators: selection, crossover, and mutation [27–29].
On the basis of the values of the individuals, the chromosomes are se-
lected for the transition from the current population by means of a se-
lection process known as the selection operator. Based on biological
recombination, the crossover operator combines two chromosomes,
called parents, to generate two similar children. The crossover operator
continues until it completes the generation [25,27,28]. As the selection
and crossover may become overzealous, the mutation operator per-
forms random changes in the genes of the existing chromosomes
[30,31]. The total processes (selection, crossover, and mutation) are re-
ferred to as one generation. The generational cycle will stop when a de-
sired termination criterion has been achieved [32].

GA is used tofind a set ofmultiple non-dominated solutions bymod-
ifying a generic single-objective GA as a multi-objective optimization
problem. GA has been known as the most popular heuristic approach
to MOO problems because first, the crossover operator of GA may ex-
ploit structures of good solutions with respect to different objectives
to create newnon-dominated solutions in unexplored parts of the Pare-
to front and second, most multi-objective GA do not require the user to
prioritize, scale, or weight objectives [33].

In order to obtain the Pareto optimal solution set for each system
(with different n's), RTAC and Qfreshwater were used as the fitness func-
tions of the GA with the ‘gamultiobj’ function. The population type
which specifies the type of the inputs to the fitness functionwas adjust-
ed to a ‘double vector’. The size of the population which specifies the
number of individuals in each generation was defined 45. The creation
function which creates the initial population was selected as ‘uniform’

function. The ‘uniform’ function is a random initial population with a
uniform distribution which is used for MOO problem without con-
straints. The selection function which chooses parents for the next gen-
eration based on their scaled values from the fitness functions was



Table 4
CCD for SIGT–METVC system with 3, 4, 5, and 6 effects.

Set no. Input variables for METVC system with
3 effects

Input variables for METVC system with
4 effects

Input variables for METVC systemwith
5 effects

Input variables for METVC systemwith
6 effects

x1 ΔT (°C) x2 SR x1 ΔT (°C) x2 SR x1 ΔT (°C) x2 SR x1 ΔT (°C) x2 SR

1 0 8 0 0.077 0 6 0 0.078 0 5.000 0 0.080 0 4.00 0 0.081
2 1 11.53 1 0.082 1 8.12 1 0.084 1 6.414 1 0.087 1 4.71 1 0.089
3 1.41 13 0 0.077 1.41 9 0 0.078 1.41 7.000 0 0.080 1.41 5.00 0 0.081
4 −1.41 3 0 0.077 −1.41 3 0 0.078 −1.41 3.000 0 0.080 −1.41 3.00 0 0.081
5 0 8 0 0.077 0 6 0 0.078 0 5.000 0 0.080 0 4.00 0 0.081
6 0 8 0 0.077 0 6 0 0.078 0 5.000 0 0.080 0 4.00 0 0.081
7 1 11.53 −1 0.072 1 8.12 −1 0.072 1 6.414 −1 0.073 1 4.71 −1 0.073
8 0 8 0 0.077 0 6 0 0.078 0 5.000 0 0.080 0 4.00 0 0.081
9 −1 4.46 −1 0.072 −1 3.88 −1 0.072 −1 3.585 −1 0.073 −1 3.29 −1 0.073
10 −1 4.46 1 0.082 −1 3.88 1 0.084 −1 3.585 1 0.087 −1 3.29 1 0.089
11 0 8 1.41 0.084 0 6 1.41 0.087 0 5.000 1.41 0.090 0 4.00 1.41 0.093
12 0 8 −1.41 0.07 0 6 −1.41 0.07 0 5.000 −1.41 0.070 0 4.00 −1.41 0.070
13 0 8 0 0.077 0 6 0 0.078 0 5.000 0 0.080 0 4.00 0 0.081
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selected as the ‘tournament’ with the size of 2. ‘Tournament’ selects
each parent by choosing individuals at random, and then choosing the
best individual out of that set to be a parent. Mutation function which
makes small random changes in the individuals in the population was
chosen to be ‘adaptive feasible’. Adaptive feasible randomly generates
directions that are adaptive with respect to the last successful or unsuc-
cessful generation. Crossover function which combines two individuals
or parents to form a new individual or child for the next generationwas
chosen to be ‘Scattered’. The direction, fraction, and interval of migra-
tion were set as ‘forward’, 0.2, and 20, respectively. The distance mea-
sure function which is a measure of the concentration of the
population and Pareto front population fraction which keeps the most
fit population down to the specified fractionwere chosen to be ‘distance
crowding’ and 0.35, respectively.

2.7. SIGT–METVC system integration framework

The framework for retrofitting the SIGT plant with a METVC system
is shown in Fig. 5. First, we developed the theoretical models, including
the thermodynamic, economic, and environmental models, in order to
calculate the power generation, fresh water production, and pollutant
emissions so as to define the retrofitted unit product cost of the
fresh water (RUPCfreshwater). Second the experimental design was de-
fined, with ΔTMED-TVC and SR as the independent variables and Wnet

and Qfreshwater as the response variables. The experimental design,
using a central composite design (CCD), determines the datasets used
to simulate the theoretical models. The corresponding output variables
of the designed set data obtained by the CCDwere calculated using the-
oretical models, in terms of actual values. Third, quadratic polynomial
Table 5
Mathematical responses for SIGT–METVC system with 3, 4, 5, and 6 effects.

Set no. Responses for SIGT–METVC

With 3 effects With 4 effects

Q (m3/d) STECFW Q (m3/d) STECFW

1 3.6490 0.0017590 6.9910 0.001462
2 1.0530 0.0043170 2.9850 0.003130
3 4.4330 0.0016020 8.0120 0.001377
4 2.9900 0.0019390 6.1070 0.001553
5 3.6490 0.0017590 6.9910 0.001462
6 3.6490 0.0017590 6.9910 0.001462
7 7.3220 0.0005610 12.4100 0.000498
8 3.6490 0.0017590 6.9910 0.001462
9 6.1330 0.0006043 10.7800 0.000524
10 0.2072 0.0060240 1.9290 0.003699
11 0 0.0097710 0 0.005258
12 7.9090 0.0002725 13.4500 0.000218
13 3.6490 0.0017590 6.9910 0.001462
models were developed, based on the RSM, in order to describe
the relationship between the independent variables (inputs) and
the dependent (responses) and to study the feasibility of the SIGT
retrofitting. Forth, multi-objective optimization was carried out in
order to optimize the RUPC by minimizing the RTAC and maximizing
the Qfreshwater. The Pareto optimal front was obtained as a set of optimal
solutions and the best onewas selected based on theminimum value of
the RUPC.

3. Results and discussions

3.1. Process analysis by RSM modeling

Since the net power generation is affected by just the SR, the values
of the fresh water production (Qfreshwater and STECFW) corresponding
to CCD data sets of two input variables (ΔTMED-TVC and SR) were obtain-
ed for our SIGT system retrofitted by METVC systems with 3, 4, 5 and 6
effects by simulating the theoretical models. The actual and coded
values of the input variables of the CCDdata setswith the corresponding
values of the responses are presented in Tables 4 and5. Each of the input
variables was consecutively coded as x1 and x2 at five levels:−1.41421,
−1, 0, 1 and 1.41421.

According to Table 4 and the constraints presented in Table 6, the
variations ranges of the ΔTMETVC for the METVC systems with 3, 4, 5,
and 6 effects were from 3 °C to 13 °C, 9 °C, 7 °C and 5 °C, respectively,
and the variations range of the SR for SIGT–METVC systems with 3, 4,
5, and 6 effects in the METVC were from 0.07 kg/s to 0.084 kg/s,
0.087 kg/s, 0.09 kg/s, and 0.093 kg/s, respectively. These were defined
based on the maximum value of fresh water production by the METVC
With 5 effects With 6 effects

Q (m3/d) STECFW Q (m3/d) STECFW

0 9.7150 0.0014610 11.5600 0.0015620
0 4.0310 0.0030480 4.3170 0.0032010
0 10.9900 0.0013800 12.5800 0.0014960
0 8.5820 0.0015500 10.6000 0.0016350
0 9.7150 0.0014610 11.5600 0.0015620
0 9.7150 0.0014610 11.5600 0.0015620
0 17.1700 0.0004970 21.3000 0.0004752
0 9.7150 0.0014610 11.5600 0.0015620
8 15.0200 0.0005256 19.4100 0.0004970
0 2.7760 0.0035360 3.3270 0.0035590
0 0 0.0050270 0 0.0057860
0 18.7600 0.0001981 23.4200 0.0001904
0 9.7150 0.0014610 11.5600 0.0015620



Table 6
Optimization constraints of the SIGT–METVC system.

Subsystem Parameter Constraints Reason

SIGT HRSG outlet
temperature

≥140 °C To avoid formation of sulfuric acid in
exhaust gases

Turbine inlet
temperature

≤1300 Material temperature limit

SR ≥0.07
Net power
generation

≥530 kW Demand

METVC ΔTMETVC(3 effects) 2≤ΔT≤13 Temperature difference between First
and last effect

ΔTMETVC (4 effects) 2≤ΔT≤9 Temperature difference between First
and last effect

ΔTMETVC (5 effects) 2≤ΔT≤6 Temperature difference between First
and last effect

ΔTMETVC (6 effects) 2≤ΔT≤4 Temperature difference between First
and last effect

Fresh water
production

≥10m3/d Demand
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system. The central values chosen for the experimental design for
ΔTMETVC were defined as 8 °C, 6 °C, 5 °C, and 4 °C and for SR as
0.077 kg/s, 0.0785kg/s, 0.08 kg/s, and 0.0815 kg/s, in uncoded form for
SIGT–METVC systems with 3, 4, 5, and 6 effects, respectively. By apply-
ing a multiple regression analysis on the design matrix (Table 5), the
RSM models Ι, ΙΙ, III, and IV were developed for SIGT–METVC systems
with 3, 4, 5, and 6 effects (Table 7). These RSM models can be used to
simulate SIGT–METVC systems in order to obtain Qfreshwater.

The analysis of variance (ANOVA) is essential to test the significance
of the developed models. Therefore, ANOVA was conducted to test the
significance of the fit of the second-order polynomial equation for the
RSM models on the coded equations (Table 8). The ANOVA of the re-
gressionmodels in Table 8 showed that the quadratic model was highly
significant, aswas evident from the Fisher's F-test with a very low prob-
ability value p-value. As presented in Table 8, for RSM model I, F value
for Qfreshwater and STECFW were 2,483,809.34 and 3458789.12, and the
System identification  
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Modeling 
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variables 

Thermodynamic, economic, and 
environmental models to 
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Fig. 5. Frame work of the SIGT–METVC system integration.
p-values were 0.000. On the other hand, Fisher's F-test was 2.915 and
3.011 which were calculated using MATLAB software. The calculated F
values were found to be greater than the Fisher's F-test at the 5% level.
As shown in Table 8, for RSM models II, III, and V, all of the F values
were greater than Fisher's F-test at the 5% level and the P-values were
0.000. Since, in all of the RSM models, the calculated F values were
greater than Fisher's F-test, the Fisher's F-test concluded with 95% cer-
tainly that the regression model explained a significant amount of the
variation in the responses. The goodness of fit of themodel was checked
by the multiple correlation coefficients (R2). The values of R2 for RSM
models I, II, III and V are presented in Table 8. For RSM model I, the
values of R2 indicates that the regression model of Qfreshwater explains
most of the total variations. In addition, the values of the adjusted mul-
tiple correlation coefficient (adj. R2) (Table 8) were also very high,
showing a high significant for the model. Similarly, for RSM models II,
III andV, theR2 and adj. R2were also very high,which indicate the good-
ness offit of thesemodels. As presented in Table 8 for RSMmodels I, II, III
and V, for Qfreshwater and STECFW the interaction effects occur between
ΔTMETVC and SR and also themain effect of SR is higher thanmain effect
ofΔTMETVC. It can be seen in Table 8 thatΔTMETVC has quadratic effect on
Qfreshwater while SR has quadratic effect on STECFW.

The response contour plots of Qfreshwater and STECFWas a function of
two factors (ΔTMETVC and SR) were plotted using the RSM models pre-
sented in Table 8. These plots are shown in Figs. 6a to d and 7a to d.
In addition, since the net power generation is a function of the SR, the
variations of Wnet with respect to the SR are plotted in Fig. 6a to d for
SIGT–METVC systems with 3, 4, 5, and 6 effects, respectively.

3.1.1. Sensitivity analysis and feasibility study for retrofitting the SIGT plant
with METVC system

Fig. 6a to d shows the effect of theΔTMETVC and SR on the freshwater
production and net power generation of the SIGT–METVC systemswith
3, 4, 5, and 6 effects, respectively. As shown in Fig. 6, the effect of the SR
on the fresh water production is higher than that of the ΔTMETVC. This is
because the variations of the freshwater production resulting from var-
iations in the ΔTMETVC at a fixed value of the SR were less than the var-
iations of the fresh water production due to variations of the SR at a
fixed value of SR ΔTMETVC. The fresh water production increased as the
SR decreased, because the required steam for injection into the combus-
tion chamber decreased, resulting in a decrease in the fresh water con-
sumption by the SIGT system. This then causes an increase in the fresh
water production of the SIGT–METVC system. As seen in Fig. 6, the
fresh water production increases with increases in ΔTMETVC. This is
due to the fact that the temperature of the first effect is fixed at 65 °C
(presented in Table 2), and the last effect temperature of the METVC
system decreases with increases in ΔTMETVC. Therefore, more heat can
be released in the METVC effects, which results in more fresh water
Table 7
RSMmodels based on uncoded factors for SIGT–METVC system with 3, 4, 5, and 6 effects.

Model
number

RSMmodel

I (n=3) Qfreshwater=46.577+0.478 ΔT− 570.408 SR+0.003 ΔT2− 4.845 SR
ΔT
STECFW=0.0784+0.0009 ΔT− 2.2919 SR+16.7202 SR2− 0.0107
SR ΔT

II (n=4) Qfreshwater=59.774+1.11 ΔT− 693.095 SR+0.008 ΔT2− 11.281 SR
ΔT
STECFW=0.0784+0.0009 ΔT− 2.2919 SR+16.7202 SR2− 0.0107
SR ΔT

III (n=5) Qfreshwater=70.579+2.229ΔT−792.786 SR+0.018ΔT2−22.579 SR
ΔT
STECFW=0.0489+0.001 ΔT 1.465 SR+10.8989 SR2−0.0116 SR ΔT

V (n=6) Qfreshwater=79.370+3.959ΔT−874.309 SR+0.033ΔT2−39.629 SR
ΔT
STECFW=0.0588+0.001ΔT−1.7371 SR+12.6445 SR2−0.0085 SR
ΔT

image of Fig.�5


Table 8
Results of ANOVA for RSMmodels.

RSM model I (n= 3)

Qfresh water

R2= 1, adj. R2=1
Source Degree of

freedom
Sum of
squares

Mean
square

F-value P-
value

Regression 4 75.6021 18.9005 2483809.34 0.000
Residual 8 0.0001 0.0000
Total 12 75.6022

Estimated effect and coefficients
Term Effect Coef SE coef T P
Constant 46.577 0.050639 919.788 0.000
ΔT 0.956 0.478 0.006160 77.581 0.000
SR −1140.816 −570.408 0.654148 −871.987 0.000
ΔT2 0.006 0.003 0.000083 30.144 0.000
ΔT · SR −9.69 −4.845 0.078035 −62.204 0.000

STECFW
R2=99.6, adj. R2= 99.1
Source Degree of

freedom
Sum of
squares

Mean
square

F-value P-
value

Regression 5 81.235 15.568 3458789.12 0.000
Residual 7 0.0002 0.000
Total 12 81.234

Estimated effect and coefficients
Term Effect Coef SE coef T P
Constant 0.3043 0.0629 4.8379 0.002
ΔT 0.0038 0.0019 0.0015 1.2667 0.001
SR −17.228 −8.6141 1.6112 −5.3464 0.000
SR2 121.687 60.8408 10.4102 5.8443 0.003
ΔT · SR −0.047 −0.0235 0.0191 −1.23 0.000

RSM model II (n= 4)
Qfresh water

R2= 1, adj. R2=1
Source Degree of

freedom
Sum of
squares

Mean
square

F-value P-
value

Regression 4 170.691 42.6727 2151261.91 0.000
Residual 8 0.000 0.0000
Total 12 170.691

Estimated effect and coefficients
Term Effect Coef SE coef T P
Constant 59.774 0.08601 694.98 0.000
ΔT 2.22 1.11 0.014447 76.726 0.000
SR −1386.19 −693.095 1.08265 −640.183 0.000
ΔT2 0.016 0.008 0.00037 20.721 0.000
ΔT · SR −22.562 −11.281 0.17507 −64.440 0.000

STECFW
R2=99.9, adj. R2= 99.8
Source Degree of

freedom
Sum of
squares

Mean
square

F-value P-
value

Regression 5 183.2548 52.3654 2458987.25 0.000
Residual 7 0.000 0.0002
Total 12 183.255

Estimated effect and coefficients
Term Effect Coef SE coef T P
Constant 0.0784 0.01322 5.93 0.001
ΔT 0.0018 0.0009 0.00063 1.376 0.000
SR −4.5838 −2.2919 0.32553 −7.040 0.001
SR2 33.4404 16.7202 2.0513 8.151 0.000
ΔT · SR −0.0214 −0.0107 0.00768 −1.388 0.000

RSM model III (n=5)
Qfresh water

R2= 1, adj. R2=1
Source Degree of

freedom
Sum of
squares

Mean
square

F-value P-
value

Regression 4 330.892 82.7229 2446700.33 0.000
Residual 8 0.000 0.0003
Total 12 330.892

Estimated effect and coefficients
Term Effect Coef SE coef T P
Constant 70.579 0.12276 574.949 0.000
ΔT 4.458 2.229 0.02595 85.849 0.000

Table 8 (continued)

RSM model I (n=3)

SR −1585.572 −792.786 1.49684 −529.639 0.000
ΔT2 0.036 0.018 0.00109 16.557 0.000
ΔT · SR −45.158 −22.579 0.29362 −76.960 0.000

STECFW
R2=0.99, adj. R2= 0.985
Source Degree of

freedom
Sum of
squares

Mean
square

F-value P-
value

Regression 5 425.254 93.587 29874587.25 0.000
Residual 7 0.000 0.000
Total 12 425.255

Estimated effect and coefficients
Term Effect Coef SE coef T P
Constant 0.0489 0.00955 5.124 0.001
ΔT 0.002 0.001 0.0008 1.263 0.000
SR −2.93 −1.465 0.22242 −6.589 0.001
SR2 21.7978 10.8989 1.3603 8.013 0.002
ΔT · SR −0.0232 −0.0116 0.00901 −1.286 0.000

RSM model V (n=6)
Qfresh water

R2= 1, adj. R2=1, Fisher's F-test= 2.915
Source Degree of

freedom
Sum of
squares

Mean
square

F-value P-
value

Regression 4 560.236 140.05895 3190068.52 0.000
Residual 8 0.000 0.00004
Total 12 560.236

Estimated effect and coefficients
Term Effect Coef SE coef T P
Constant 79.370 0.2065 384.360 0.000
ΔT 7.918 3.959 0.06193 63.924 0.000
SR −1748.618 −874.309 2.34886 −372.227 0.000
ΔT2 0.066 0.033 0.00497 6.614 0.000
ΔT · SR −79.258 −39.629 0.58271 −68.008 0.000

STECFW
R2=0.98, adj. R2= 0.97
Source Degree of

freedom
Sum of
squares

Mean
square

F-value P-
value

Regression 5 570.365 142.2548 3250054.25 0.000
Residual 7 0.000 0.000

Total 12 570.365

Estimated effect and coefficients
Term Effect Coef SE coef T P
Constant 0.0588 0.01753 3.356 0.000
ΔT 0.002 0.001 0.00147 0.704 0.002
SR −3.4742 −1.7371 0.40849 −4.252 0.001
ΔT2 25.289 12.6445 2.49800 5.062 0.000
ΔT · SR −0.017 −0.0085 0.01655 −0.512 0.003
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production. However the heat transfer area of the METVC effects in-
creased, causing increases in the capital costs of the METVC systems.

Fig. 7a to d shows the effect of the ΔTMETVC and SR on the STECFWof
the SIGT–METVC systems with 3, 4, 5, and 6 effects, respectively. As
shown in Fig. 7, the effect of the ΔTMETVC on the STECFW at the fixed
SR value is less than that of the SR on the STECFW at fixed value of the
ΔTMETVC. As the SR increases, the STECFW increases since the required
fuel maintaining the turbine inlet temperature increases and then
leads to the increase of the STECFW of the SIGT–METVC system. As
seen in Fig. 7 the STECFW at the fixed value of the SR decreases with
the increases in ΔTMETVC. As explained in Fig. 6, the increase of
ΔTMETVC leads to the increase of the fresh water production, which re-
sults in the decrease of the fuel consumption of the SIGT–MEE system.

Fig. 6 demonstrates the possibility of the retrofitting the SIGT system
(presented in Table 1) with the METVC system (presented in Table 2).
According to Table 6, the SIGT–METVC systems are feasible, capable of
producing freshwater and power exceeding 10m3/day and 530kW, re-
spectively, while satisfying the other constraints. Fig. 6a shows that the
SIGT–METVC system with 3 effects was capable of producing fresh
water up to approximately 9 m3/day and could generate power up to
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around 539.7 kW. Since the SIGT–METVC system with 3 effects cannot
produce fresh water exceeding 10m3/d, which is theminimal desirable
value for water production, retrofitting the SIGT system with a METVC
systemwith 3 effects is not feasible, despite power generation being sat-
isfied by this system. Fig. 6b to d shows that the SIGT–METVC system
with 4, 5, and 6 effects can produce fresh water exceeding 10 m3/d
and can generate power of more than 530kW, which exceed the mini-
mal desirable values of fresh water and power production. The
highlighted areas in Fig. 6b to d represent feasible operation conditions
for the integration of the SIGT andMETVC systems. These feasible areas
depicted are defined by four bounds, including a left bound which rep-
resents the operation conditions for power generation of 530kW, a right
bound which represents the operation conditions for fresh water pro-
duction of 10 m3/day, an upper bound which is defined based on the
maximum possible value of the ΔTMETVC (presented in Table 6), and a
lower bound which represents the power generation values. An in-
crease in the number of effects in the METVC system increases the
area of the feasible region. Because fresh water production increases
with increased numbers of effects, the fresh water production values
corresponding to the left bound operation conditions also increase
with increased numbers of effects. Increasing the total amount of fresh
water produced by SIGT–METVC system causes increases in the injected
steam flow rate, which leads to increased power generation. Therefore,
the lower bound, which represents the net power generation of the
SIGT–METVC system, increases with increased numbers of effects,
which thereby increases the feasible area for the SIGT–METVC system.
These results show that increasing the number of effects causes
Fig. 6. Effect of ΔTMETVC and SR on the net fresh water production and net power generation of
effects in METVC system c) with 5 effects in METVC system d) with 6 effects in METVC system
increases in the net fresh water production, and SR, which increases
the net power generation and CO emissions, and decreases the NOx
emissions. In addition, increasing the number of effects results in in-
creases in the capital costs of the METVC system. Therefore, optimiza-
tion should be performed in order to determine the optimal number
of effects with the respective economic and environmental
considerations.

3.2. Multi-objective optimization

Optimization was carried out to minimize the RUPC of the SIGT–
METVC systems with 3, 4, 5, and 6 effects by minimizing the RTAC and
maximizing the Qfresh water. The Pareto optimal solution, obtained by
using GA for the MOO so as to minimize the RTAC and to maximize
the Qfresh water for SIGT–METVC systems with 4, 5, and 6 effects are pre-
sented in Fig. 8a to c, respectively. The Pareto optimal solution for SIGT–
METVC systemwith three effects was not achieved through GA because
the feasibility study results showed that the retrofitting the SIGT with
METVC system with three effects is impossible.

Each point of the Pareto set (comprising the RTAC and Qfresh water) is
associated with a set of input decision variables (a set of ΔTMETVC and
SR). In order to select the best point among the Pareto solution points,
the values of the RUPC corresponding to each Pareto front were calcu-
lated using Eq. (15). The RUPC that corresponds to each Pareto point
is shown in Fig. 8a to c for SIGT–METVC systems with 4, 5, and 6 effects
in theMETVC system. Since the purpose of the optimizationwas tomin-
imize the RUPC, the Pareto front that corresponded to the minimum
the SIGT–METVC system and feasible regions: a) with 3 effects inMETVC system b) with 4
.



Fig. 7. Effect of ΔTMETVC and SR on the specific thermal energy cost of fresh water (STECFW) of the SIGT–METVC system a) with 3 effects in METVC system b) with 4 effects in METVC
system c) with 5 effects in METVC system d) with 6 effects in METVC system.
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RUPCwas selected as the best operation point. However, all of the Pare-
to fronts represent operation conditions with a minimum RUPC, but
with different net fresh water production. The selected points are
shown with an arrow in Fig. 8. The optimization results for SIGT–
METVC systems with 4, 5, and 6 effects, where the operation was
based on the selected points, are presented in Table 9.

As seen in Table 9, increasing the number of effects in theMETVCde-
salination system caused the values of Qfresh water, Wnet and SR to in-
crease, while the SIGT–METVC system with 5 effects had the
minimum RUPC value among the other systems. This can be explained
by Eq. (15), which calculates the RUPC by dividing the RTAC by Qfresh

water. As the number of effects increases from 4 to 5, the Qfresh water in-
creases higher than RTAC, which decreases the value of RUPC. As the
number of effects increases from 5 to 6, the Qfresh water does not increase
asmuch as the RTAC. This can be explained by Eq (16), which calculates
the RTAC based on four terms: the TACMETVC, LOCPG, LOCNOx, and
FOCCO. Furthermore, the RTAC decreases with an increased number of
effects, from 4 to 5. However, increasing the TACMETVC by increasing
the number of effects is less than the effect from decreasing the
LOCPG and LOCNOx and increasing the FOCCO, due to the increased
SR. The RTAC increased with an increase in the number of effects,
from 5 to 6. The effect of increasing the TACMETVC due to an increase in
the number of effects is higher than the effect from decreasing the
LOCPG and LOCNOx and increasing the FOCCO. Therefore, the RTAC
value of the SIGT–METVC system with 5 is less than that of the SIGT–
METVC system with 4 and 6 effects. Based on the summarized results
in Table 9, the SIGT–METVC system with 5 effects may reduce the
RUPC by 21.07% and 9.54%, compared to systems with 4 and 6 effects,
respectively. In addition, the system with 5 effects was capable of in-
creasing the net fresh water production and net power generation by
15.1% and 0.2% compared to the system with 4 effects. The sets of
input decision variables corresponding to the points selected as design
parameters are tabulated in Table 9. As seen there, the values of the
ΔTMETVC and SR corresponding to the best Pareto point for a system
with 5 effects are 6.8 °C and 0.0776 kg/s, which we determined to be
the optimal design parameters.

4. Conclusions

In this study, we retrofitted a SIGT plant with a METVC desalination
system to cogenerate fresh water and power, analyzing and optimizing
the process. The primary conclusions drawn from the present study are
listed as follows:

1—A new performance criterion for retrofitting a SIGT plant with
METVC desalination was proposed by considering the thermodynamic,
economic, and environmental aspects in the calculations of the unit
product cost of the fresh water as the retrofitted unit product cost of
the fresh water (RUPC).

2—The influences of the steam air ratio (SR) and temperature differ-
ence between the effects of theMETVC system (ΔTMETVC) as the two key

image of Fig.�7


Fig. 8. Pareto optimal solutions for RTAC, and Qfresh water, using multi-objective optimiza-
tion, as well as MUPC, corresponding to each pareto point a: for SIGT–METVC system
with 4 effects, b: for SIGT–METVC system with 5 effects, c: for SIGT–METVC system with
6 effects.
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parameters on the net fresh water production Qfreshwater and net power
generation (Wnet) of the SIGT–METAC systemswith 3, 4, 5, and 6 effects
were analyzed and the feasibility of the SIGT–METVC system was stud-
ied using response surface methodology (RSM).

3—Multi-objective optimization was carried out to optimize the
RUPC. Among the SIGT–METVC systems, the system with 5 effects was
Table 9
Input decision variables corresponding to each of the preferred points, as depicted in Fig. 6.

Effects no. RUPC
($/m3)

Qfreshwater

(m3/day)
Wnet

(kW)
RTAC
($/yr)

ΔTMETVC (°C) SR

n=4 21.02 11.24 531.8 86,236 8.87 0.0744
n=5 16.59 13.24 534.6 80,173 6.8 0.0776
n=6 18.34 15.1 537.2 101,081 5 0.0791
selected as the best system with the minimum value of the RUPC at
16.59 ($/m3).

Nomenclature
Abbreviations
AC Air compressor
ACC Annual capital cost, $/yr
AOC Annual operating cost, $/yr
APH Air pre-heater
BPE Boiling point evaluation, °C
CC Combustion chamber
CCD Central composite design
CHP Combined heat and power
CO Carbone monoxide
DOE Design of experiment
EvGT Evaporative gas turbine
FOCCO Found opportunity cost of CO
GA Genetic algorithm
GT Gas turbine
HAT Humid air turbine
HGT Humid gas turbine
HRSG Heat recovery steam generator
LHV Lower heating value, kJ/kg
LMTD Logarithmic mean temperature difference
LOCPG Lost opportunity cost of power generation
LOCNOx Lost opportunity cost of NOx

METVC Multi effects distillation-thermal vapor compression
MOO Multi-objective optimization
NEA Non-equilibrium allowance
NOx Nitrogen oxide
TAC Total annual cost, $/yr
RTAC Retrofitted Total annual cost, $/yr
RSM Response surface methodology
RUPC Retrofitted unit product cost, $/m3

SIGT Steam-injected gas turbine
SJE Steam jet ejector
SP Sale price
STECFW Specific thermal energy cost of fresh water, $/m3

UPC Unit product cost, $/m3

Symbols
A Heat transfer area, m2

AF Air fuel ration
B Brine blow down mass flow rate, kg/s
C Cost
Cp Specific heat capacity, kJ/kg°C
D Distillate, kg/s
F Feed flow rate, kg/s
f Plant load factor
H Inferior caloric value of the fuel, kcal/kg
h Specific enthalpy, kJ/kg
L Latent variable
m Mass flow rate, kg/s
n Number of effects in MED-TVC system
P Pressure, kPa
T Temperature, °C
T Temperature of brine in each effect
r Compression ratio
SR Steam air ratio
T Temperature of brine after cooling
U Heat transfer coefficient, kW/m2k
W Power, MW
X Salinity, ppm
y Flashing fraction
Y Response
Z Amortization factor, 1/yr
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Table 2A
Mass, salinity, and energy balance equations for each of the effects in the METVC system
[3].

Equations Descriptions

B1= F1−D1 Mass balance
of effect 1

(A15)

Bi ¼ Fi þ Bi−1−Di þ yi−1ñ Dr þ∑
i−2

j¼1
Dj

 !" #
− i−1ð ÞñFi−1ñyi−1½ � Mass balances

of effects 2 to n
(A16)

Dcon: ¼ Dn−nDr þ ynñ Drñ∑
n−1

i¼1
Di

 !" #
Mass balance
of end

(A17)

 !" #  !" #  !" #

Table 1A (continued)

Equations Description
P4

4

P3
¼ 1−ΔPccð Þ Pressure drop in

the combustion
chamber

(A6)

T5 ¼ T4 1−ηGT 1− P4
P5

� �1−γg
γg

 ! !
Outlet temperature
of a gas turbine

(A7)

Cpg Tð Þ ¼ 0:991615þ 6:99703T
105

� �
þ 2:7129T2

107

� �
− 1:22442T3

1010

� �
Heat capacity of
flue gas

(A8)

ṁa h3−h2ð Þ ¼ṁg h5−h6ð Þ � ηAPH The energy balance
equation of an air
pre-heater

(A9)

P3
3

P2
¼ 1−ΔPAPHð Þ A pressure drop in

the air pre-heater
(A10)

ṁs h9−h8ð Þ ¼ṁgCpg T6−T7ð Þ The energy balance
equation of the
HRSG

(A11)

ṁwater ¼ ξ�Hfuelþλ�AF h3−h1ð Þ− λ�AFþ1ð Þ h4−h1ð Þ
hsteam−hwater

�ṁfuel Mass flow rate of
water injection

(A12)

ẆGT ¼ ṁwater þṁg
� �

Cpg T4−T5ð Þ GT power
generation

(A13)

Ẇnet ¼ẆGT−ẆAC Net power
generation

(A14)
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Subscripts
a air
b building
0 Reference point
CI Capital investment
Con Condenser
D Destructed
e effect
en engineer
el Electricity
f Feed water
g Flue gas
H Heater
K Index of component
L labor
Pz Primary zone
r returned
ref Reference
s steam
sw seawater
tr transportation

Greek
Β Regression coefficient
γ Specific heat ratio
Δ Gradient
η Efficiency
θ Dimension less pressure
λ Air exec coefficient for a minimum air quantity
ν Saturated vapor
ξ Heat emission coefficient
π Dimension less pressure
τ Residence time in the combustion zone
φ Mass or molar ratio
ψ Atomic ratio
condenserD ¼ 1−ynð Þñ Dr þ ∑
n−1

i¼1
Di − yn−1 Dr þ ∑

n−2

i¼1
Di − yn−3 Dr þ ∑

n−4

i¼1
Di

− yn−4 Dr þ ∑
n−5

i¼1
Di

 !" #
− yn−5ñDrð Þ þ Dcon:

Mass balance
of Distillate
tank

(A18)

XswñF1 ¼ XB1ñB1 Salinity
balance of
effect 1

(A19)

XswñFi þ XBi−1
ñBi−1

� � ¼ XBi
ñBi Salinity

balance of
effects 2 to n

(A20)

D1ñL1 þ F1ñCp T1−T f 1

� �� � ¼ m0ñL0 Energy balance
of effect 1

(A21)

DiñLi þ FiñCp Ti−T f i

� �� 	 ¼ Di−1ñLi−1ð Þ þ yi−1ñ Dr þ∑
i−2

j¼1
Dj

 !
ñLi−1

" #

− i−1ð ÞñFi−1ñyi−1ñLi−1½ � þ Bi−1ñCpñ Ti−1−Ti
� �� 	 Energy balance

of effects 2 to n
(A22)
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Appendix A. Thermodynamicmodels for GT power plant andMETVC
desalination system
Table 1A
Governing equations for the thermodynamicmodeling of the gas turbinepowerplant [15,16].

Equations Description

T2 ¼ T1ñ 1þ 1
ηAC

rAC
γa−1
γa −1

� �� �
Outlet temperature
of an air
compressor

(A1)

ẆAC ¼ṁaCpa T2−T1ð Þ Power
consumption of an
air compressor

(A2)

Cpa Tð Þ ¼ 1:04841− 3:8371T
104

� �
þ 9:4537T2

107

� �
− 5:49031T3

1010

� �
þ 7:9298T4

1014

� � Heat capacity of air (A3)

ṁah3 þṁfuelLHV þṁwaterhwater ¼ṁgh4

þ 1−ηcc
� �

ṁfuelLHV þṁwaterhsteam

Energy balance
equation of a
combustion
chamber

(A4)

ṁg ¼ṁa þṁfuel

Mass balance
equation of a
combustion
chamber

(A5)
Table 3A
Heat transfer area, heat transfer coefficient, and logarithmic mean temperature difference
equations [3].

Equations Description

Ae1 ¼ m0ñ
0L0

Ue1ñ Toc−T1ð Þ Heat transfer area of
effect 1

(A23)

Aei ¼
Di−1þ Drþ∑

i−2

j¼1
Dj

 !
yi−1

 !
− i−1ð Þñyi−1ñFið Þ

" #
ñLi−1

Uei Tvi−1
−Tið Þ

Heat transfer area of
effects 2 to n

(A24)

Atotal ¼ ∑
n

i¼1
Ai Total heat transfer

area of effects
(A25)

AHi
¼

iñ FiñCñ T f i
−T f iþ1

� �� �
UHi

ñLMTDHi
Heat transfer area of
pre-heaters 1 to n− 1

(A26)

AHn ¼ nñFnñCñ T fn −T fð Þð Þ
UHn ñLMTDHn

Heat transfer area of
pre-heater n

(A27)

Acon: ¼
Dcon:þ Drþ∑

n−1

j¼1
Dj

 !
ñyn

 !" #
ñLn

Ucon:ñLMTDcon:

Heat transfer area of
end condenser

(A28)



Table 3A (continued)

Equations Description

Ue1 ¼ 1:9394þ 1:40562ñ10−3
� �

ñT0c− 2:07525ñ10−5
� �

ñT0c

þ 2:3186ñ10−6
� �

ñT0c
3

Heat transfer
coefficient of effect 1

(A29)

Uei ¼ 1:9394þ 1:40562ñ10−3
� �

ñTvi−1− 2:07525ñ10−5
� �

ñTvi−1

þ 2:3186ñ10−6
� �

ñTvi−1
3

Heat transfer
coefficient of effects 2
to n

(A30)

UHi
¼ 14:18251642þ 0:011383865Tvi

þ0:013381501T f iþ1

Heat transfer
coefficient of pre-
heaters 1 to n− 2

(A31)

UHn−1 ¼ 14:18251642þ 0:011383865Tvn−1 þ 0:013381501T f Heat transfer
coefficient of pre-
heaters n− 1

(A32)

Ucon: ¼ 1:6175þ 1:537ñ10−4
� �

Tvn− 1:825ñ10−4
� �

Tvn

þ 8:026ñ10−8
� �

Tvn
3

Heat transfer
coefficient of end
condenser

(A33)

LMTDHi
¼

T f i
−T f iþ1

� �
ln

Tvi
−T f iþ1

Tvi
−T f i

� � Logarithmic mean
temperature
difference of effects 1
to n− 2

(A34)

LMTDHn−1 ¼ T fn−1
−T fð Þ

ln
Tvn−1 −T f

Tvn−1 −T f n−1

� � Logarithmic mean
temperature
difference of effect
n− 1

(A35)

LMTDcon: ¼ T f −Tswð Þ
ln

Tvn −Tsw
Tvn −T f

� � Logarithmic mean
temperature
difference of end
condenser

(A36)

Table 4A
Temperature profile equations of METVC desalination system [13].

Equations Descriptions

Ti ¼ Tvi þ BPEð Þi þ ΔTyi Saturated vapor temperature of effects (A37)
Tci ¼ Tvi þ ΔTpi Vapor condensation temperature of effects (A38)
T1 ¼ T0c þ NEA1 Flashing vapor condensation temperature of effect 1 (A39)
Ti ¼ Tvi þ NEAi Flashing vapor condensation temperature of effects

2 to n
(A40)

T ′
i ¼ Ti þ NEAi Flashing brines temperature of effects 2 to n (A41)

NEAi ¼ 0:33ñ Ti−1−Tið Þ0:55ð Þ
Tvi

Non-equilibrium allowance (A42)

Table 1B (continued)

Equations Descriptions

Operating Cost
Cel= cel · P · f ·Q · 365 Electricity ($/yr) (B11)
Cl= 0.1 · f ·Q · 365 Labor cost ($/yr) (B12)
Cch= 0.04 · f ·Q · 365 Chemical material costs ($/yr) (B13)
Cin= 0.005 · CA Insurance costs ($/yr) (B14)
AOC= Cth+ Cel+ Cl+ Cch+ Cin Annual operating costs (B15)

The capital cost of HRSG can be calculated by Eq. (B18). [18].

CHRSG ¼ c41 �
X
i

f p;i � f T ;steam;i � f T ;gas;i �
Q̇i

ΔTln;i

 !0:8 !
þ c42 �

X
j

f p; j �ṁsteam; j þ c43 �m1:2
gas

where, fp,i, fT,steam,i, fT,gas,i, C41, C42, and C43 are given by Eqs. (B19)–(B24). [18]

f p;i ¼ 0:0971 � pi
30bar

þ 0:9029

f T ;steam;i ¼ 1þ exp
Tout;steam;i−830K

500K


 �

f T ;gas;i ¼ 1þ exp
Tout;gas;i−990K

500K


 �

c41 ¼ 413:8 � kW � Kð Þ0:8

c42 ¼ 13380 � kg � sð Þ−1

c43 ¼ 1489:7 � kg � sð Þ−1:2
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Appendix B. Economic models for HRSG and METVC
desalination system
Table 1B
Economic model equations for METVC system for the calculations of the capital and
operating costs [13].

Equations Descriptions

Capital costs
CA= 140 · AE Area cost ($) (B1)
Cequipment= 4 · CA Instrument cost

(evaporator, condenser…) ($)
(B2)

Csite= 0.2 · Ceq Site cost ($) (B3)
Ctr= 0.05 · (CA+ Ceq+ Cs) Transportation costs ($) (B4)
Cb= 0.15 · Ceq Building costs ($) (B5)
Cen= 0.1 · Ceq Engineers and salary costs ($) (B6)
Cc= 0.1 · (CA+ Ceq+ Cs) Contingency costs ($) (B7)
CC=
CA+Cequipment+Csite+Ctr+Cb+Cen+C-

c

Capital costs ($) (B8)

Z ¼ i iþ1ð Þn
iþ1ð Þn Amortization factor (B9)

ACC= CC · Z Capital annual costs ($/yr) (B10)

(continued on next page)
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