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Abstract

In this study, integration of RO desalination unit with power and water cogeneration plant located in Qeshm Island in
Iran has been investigated. The desalination unit exists in this plant is MED-TVC type. In this regard, energy, exergy,
exergoeconomic, and exergoenvironmental (4E) analyses have been performed by developing a computer code using
Matlab. Validation of thermodynamic data has been performed through comparing the results of modeling by Matlab
with the simulation done in Thermoflex software and the real data gathered from the Qeshm cogeneration plant. The
results show the acceptable accuracy of thermodynamic modeling. The exergoenvironmental analysis has been
conducted based on Life Cycle Assessment (LCA). In this regard, the weight function of TVC is proposed in this
paper based on technical data in different nominal sizes in order to estimate the environmental impacts of this
component. The cogeneration plant produces 25.7 MW power, consuming 6 kg/s steam can lead to production of 51.7
kg/s desalinated water. The gained output ratio (GOR) is about 8.7 for the MEDTVC unit. The performance ratio (PR)
of RO desalination unit which is added to the downstream of MED-TVC has been calculated about 0.5. Integrating
RO desalination unit with MED-TVC enhances the production of fresh water by 255.132 ton per hour.

Exergetic efficiency, total cost rate of the system and total environmental impact rate of the system has been calculated
46.86 %, 64.01 $/min and 29.49 pts/min, respectively. Since the largest share of exergy destruction rate of the system
belongs to the gas cycle and also Qeshm Island has a warm and muggy climate, adding a chiller type air cooling
system to inlet of air compressor can decrease the power demand of air compressor and fuel consumption of
combustion chamber which makes the system more efficient and reduce the cost and environmental impact rate of the
system.

Keywords: Cogeneration; MEDTVC desalination; RO desalination; exergy analysis; exergoeconomic analysis; Life
Cycle Assessment.

1. Introduction need for Freshwater supply from these resources for

Life, health, and sustainable development, require
Freshwater. Man is in urgent need of rivers, lakes, and
aquifers to meet the needs of drinking, agriculture, and
industry. There are two main problems with the use of
these freshwater sources. One of the issues is the
pollution of rivers and lakes from domestic and industrial
waste, and wastewater, and the problem of non-uniform
distribution of these resources in different parts of the
world, the oceans are the largest reservoirs of water.
However, using about 3.5% by weight of different salts,
direct use of these waters is not possible [1-7].

Freshwater means water that contains less than 1000
milligrams of salinity per liter of water [8]. However,
most of the water present on the surface of the earth has
a salinity of up to 10,000 ppm, and the free water is
usually salinity in the range of 35,000 ppm to 45,000 ppm
in the form of salts dissolved in water [9]. Our country is
no exception. On the other hand, the shortage of
Freshwater resources in Iran and, on the other hand,
access to saltwater resources of the Persian Gulf in the
south, and the Caspian Sea in the north, necessitate the
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industrial, and domestic uses.

The issue of Desalination has attracted attention in
most countries of the world in recent years. Today, over
15,000 units of desalinating water unit are operating
around the world. The Middle East accounts for roughly
50% of the world's total freshwater production. Saudi
Arabia, with about 26% of world freshwater production
capacity, is the largest producer in the industry, and the
United States with 17% is in the next category. In Saudi
Arabia, thermal water desalination is most used. [8] The
process of separating salt from saline water, like any
other process, requires energy, and the amount of this
energy is different for different methods of desalination.
In a particular process, the amount of energy per unit
volume of Freshwater produced depends on the chemical
composition and degree of impurities of saline water and
its thermodynamic characteristics [10]. Lack of energy,
and high and continuous costs of energy supply,
increased energy consumption, environmental pollution
due to the consumption of fossil fuels and the
deterioration of fossil fuels have led to issues of energy
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recovery in industrial and process units in recent years
[11-15]. The reason for this is that, firstly, because of the
harm caused by seawater salinity for water pipes, the
vulnerability and corrosion of the transmission
equipment rises. Secondly, if water desalination takes
place in the south plateau, the demand of Freshwater in
this region can be solved. As a result, desalination is
carried out at the seaside, the wastewater is transferred to
the sea after desalination and released to the proper depth,
and then the desalinated water is transferred to the
plateau.

Over the years, extensive researches have been done
on power generation and desalination systems. Tadros
assessed the combination of multi-stage flash (MSF)
desalination unit with a variety of steam turbines, a gas
turbine and a boiler, in 1979. An optimization process
was performed on this system thermo economically. The
results showed that a single unit of MSF can produce up
to 1400 m®h freshwater [16].

In 1997, Darwish et al. Used Exergy analysis to

determine the cost and amount of energy consumed in the
cogeneration system for the production of freshwater and
power. To compare the energy consumption and cost, a
variety of desalination methods such as multi-effect
desalination (MED) using Thermal vapor compressor
(TVC), mechanical vapor compressor (MVC), and
reverse osmosis (RO) was investigated[17].
The cogeneration system including desalination and
power production units was analyzed in terms of
economics and energy by wade in 1999. In this research,
gas turbine power plant, combined cycle, steam cycle and
their interconnections with MSF and RO desalination
units have been investigated using the reference cycle
method. The amount of energy allocated to produce
Freshwater was studied, and MSF type was used as
desalination system. The results showed that the MSF
with combined cycle power plant has the minimum cost
allocation between all cases [18].

Dervish et al. in 2004 suggested the use of gas
turbines for Freshwater in Kuwait, due to the lack of
enough freshwater in this country. They investigated
several different combinations of gas turbine cycle and
multi-stage flash desalinating system with a sudden drop
in pressure and oscilloscope [19].

In 2004, Cardona and Piacentino conducted a
research to provide the optimal design of water and
energy  generation units  simultaneously.  They
investigated reverse osmosis and thermal desalination
system with a sudden drop in pressure to improve the
system’s performance. They emphasized that the
produced electrical energy could also be used to set up
reverse osmosis, and the auxiliary equipment, and tried
to provide a measure based on exergo-economics, and
profit history for optimal design of such units. Also, a
thermoeconomic optimization process was performed in
order to minimize the cost of each component[20].

In 2006, Wang et al. began their work on the
integration of the MED-desalination system and gas
turbine power plant. The heat required for the
desalination unit was afforded using waste heat of gas
cycle. In that same year, he examined the gas turbine
cycle by injecting steam, and connecting it with thermal
water desalination. Using a recovery boiler, the steam
needed to be injected into the combustion chamber was
produced. They concluded that the injection rate of steam
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would have a profound effect on water and power
production. This increase would enhance the production
of power but it reduced the freshwater production. On the
other hand, increasing the inlet temperature of gas turbine
would increase the power and water production [21].

In 2007, Wang et al. carried out another study on the
gas turbine power plant by injecting steam into the
desalination unit in order to design another cogeneration
system. From the analysis of two different cycles in the
previous and current research, they concluded that the
fuel consumption for the production of freshwater during
the steam injection process is 45% of total fuel, and in the
wet air injection cycle, that is 31% to 54% of total fuel
consumption in MEDTVC unit [22].

In 2009, Khoshgoftar Manesh et al. performed a
thermodynamic analysis and multi-objective
optimization of the combined heat and power generation
system with a thermal desalination unit and nuclear
reactor[23].

In 2012, Amidpour et al. reviewed and optimized the
integration of MED-TVC system with a gas cycle power
plant. The results showed that the evaporator has the
maximum exergy destruction in the plant. in the very
high-pressure steam injection of 30 bars, the minimum
cost of desalinated water occurred in the MED-TVC unit
[24].

In 2014, Alzahrani et al. investigated a gas turbine
cycle integrated with MED-TVC and RO desalination
units. An energy recovery system connected the thermal
desalination unit to the gas turbine cycle. An exergy
analysis was performed to evaluate the destruction of
each component. Effect No.4 of the MED thermal
desalination unit had 45% of the total exergy destruction
[25].

Exergetic and economic evaluation of distillation
hybrid configurations for bioethanol refining was carried
out by Suleiman et al [26] in 2014. They showed that the
THIDC extraction sequences were better than the
azeotropic distillation derived hybrids
thermodynamically and economically. It was concluded
that that the less energy consuming process might not
necessarily be the most efficient configuration.

In 2015, thermo-economic model of a superstructure
combined cogeneration power plant was studied by
Hanafi et al [27]. They proposed the optimum design of
the system based on maximum production of power and
water. It was found out that the combined cogeneration
system, including gas and stream cycles and MED-TVC
desalination system can save about 20.6% of Total
Annual Cost "TAC" compared with separate power and
water production system.

In 2015, Eshoul et al. considered a combined cycle
power plant standalone and integrated with a MED-TVC
desalination unit. They performed thermodynamic and
exergy analyses on these case studies. Also, the amount
of the environmental impact of carbon dioxide emission
was obtained and. The results showed that the emission
rises by increasing the ambient air temperature. Every
10°C increase in the ambient air temperature rises the
plant efficiency about 0.42% and decrease the output
power about 5.3% [28].

In 2016, Suleiman et al [29] conducted the exergy and
exergoeconomic analyses to evaluate proton exchange
membrane fuel cell (PEMFC) using methanol and
methane as fuel sources. They found out the burner, stack
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and steam reformer had the highest rate of irreversibility.
Considering energy, exergy and economic analysis,
methane system configuration was selected as the best
preferred choice of PEMC configuration.

In 2018, Eshoul et al. has investigated a MED-TVC
desalination unit. They used the energetic, exergetic, and
economic analyses to study the system. The results
showed that the Thermocompressor is the main source of
the exergy destruction in this cite. By using a preheater
in this system, the cost of the desalinated water was
decreased [30].

Energy, exergy, economic and environmental

analysis of a proposed municipal waste driven power
plant was assessed by Owebor et al [31] in 2019.
Combustion chamber had the largest amount of exergy
destruction rate of 37%. They showed that the waste-to-
energy conversion system has the potentials for providing
affordable and clean energy in the developing nations,
especially in the Sub-Saharan Africa countries.
In 2019, Esmaeilzadehazimi et al [32] performed 4E
analysis on a combined cycle power plant integrated with
magneto hydrodynamic generator. They observed that
this integration leads to higher efficiency of the combined
cycle and lower emission rate of the pollutants and cost
rate of the exergy destruction of the components.

Since the production of Freshwater simultaneously
with the increase in the population of different regions is
always one of the most important industrial issues, the
use of water desalination technology can be one of the
most effective ways of utilizing the heat recovery of
power plants. Dual-use systems for the simultaneous
production of Freshwater, and power include two
important sections, thermal power plants, and water
desalination units [33-35]. In fact, the thermal power
plant also has the task of generating the required
electrical energy, as well as the task of supplying the
energy needed to start the desalinating unit. As
mentioned, Iran also has a high potential for using this
technology, given the need for Freshwater, and the
presence of numerous thermal power plants in the north,
and south coastal regions. In recent years, discussions
have been held on the need for water supply in the central
regions of Iran to develop water supply, agriculture, and
industry, as well as to provide investment attraction in the
south of the country. The main purpose of the project is
to supply the water resources needed in the central and
south parts of the country, which have no access to water
in terms of climate and land, and for this reason they have
been deprived of development and access to new
investments over the years. In order to prevent
unbalanced development in the country and make
possible the use of opportunities for wealth production in
the south of Iran, supply of water to industrial, and
mining enterprises and, in general, expansion, and
development in the south regions, the desalination, and
transfer of Persian Gulf water to the Central Plateau Iran
has been planning, and implementing. There is no
accurate investigation about integration of desalination
unit with combined cycle power plant.

In this regard, Qeshm power and water cogeneration
plant working with the gas turbine, HRSG and MEDTVC
has been selected as a real case study. The integration of
RO to the existing plant has been proposed and
investigated. To better understanding of the performance
of the proposed system, 4E analysis has been used. The

Int. J. of Thermodynamics (1JoT)

exergoenvironmental analysis has been performed based
on Life Cycle Assessment. Moreover, a new correlation
has been presented for TVC unit.

2. Case Study

Qeshm power plant is a combined cycle type which
includes gas and steam cycles. Using the recovery boiler, the
heat in the exhaust gases of gas turbine is used to generate
steam required in steam cycle. If the gas turbine is not a
hybrid cycle, its exhaust gases, which can withstand
temperatures of up to 600 ° C, enter directly into the air, and
the remaining energy is wasted. While in the combined cycle
power plant, this energy is utilized, and the boiler generates
steam without fuel consumption; hence, the efficiency of the
system increases.

Multi-effect distillation (MED) technology was used in
the late 1950s, and early 1960s. Multi-stage distillation is
performed in several tubes, and ducts, which are known as
"effect”, and use the principles of evaporation, and
distillation at low-pressures for their activity. In this
technology, there are a number of steam vapor conduits
horizontally or vertically, where pressure is gradually
reduced. This process uses the fact that water is boiling at
lower pressures at lower temperatures. Therefore, the water
vapor in the first duct will provide the heat needed for the
second duct, and this process continues until the last duct.

The principles of the Thermocompressor (TVC) are
similar to other steam ejectors. Using high-pressure steam,
the vapors from the condensation process, evaporation, etc.
are compressed, compressed, and released at a higher
pressure. This drain usually takes place in the condenser. The
Thermocompressor is used in some condensing equipment
as a heat pump to recycle heat energy. In this case, this
component motivates a portion of the steam which is
generated at the last stage of the condensing process. Due to
its low temperature, the generated steam needs to be
motivated. Using thermal vapor compressor reduces steam
and water consumption significantly. Schematic of a thermal
vapor compressor has been shown in the figure 1.
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Figure 1. Schematic of Thermal Vapor Compressor

The MED-TVC works as an MED system coupled with
a thermal vapor compressor. The purpose of TVC is to take
advantage of the pressure of the available steam to enhance
the unit’s performance, as this pressure is sufficient (i.e.
above two bar abs). The figure 2 shows a base schematic of
the MED-TVC desalination process.

seawater supply

cooling water discharge 2
T

\‘\ /
/
Brine

steam returen distillate

Figure 2. Schematic of MED-TVC desalination system
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In the process of desalinating the water by membrane
method, brine is passed through the nanometer membranes
by high pressure. These membranes act like a filter, and
make it desalted by separating the impurities of the water.
The reverse osmosis (RO), a type of membrane desalination,
is the most commonly used method of desalination in the
world. The advantage of this method in comparison with the
thermal methods is that it does not require thermal energy to
desalt the water, but it consumes more electricity. Schematic
of a RO unit has been presented in the figure 3.
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Figure 3. Schematic of the RO desalination system

A gas turbine power cycle can be coupled to the
distillation unit, if the thermal energy from the turbine
exhaust for the production of low-pressure steam is used in
the boiler. This boiler is also called the Heat Recovery Steam
Generator (HRSG). Auxiliary boilers are often installed to
ensure that water desalination is able to continue to operate
in the event of a power failure.
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Figure 4. Schematic of the multi-generation combined cycle
power plant

It is viable to combine gas and steam cycles to improve
their thermodynamic performance, and this structure is
called a combined cycle. In this research, gas cycle is
connected to generator to produce electrical power, while in
steam cycle, the thermal power generated is at hand. The
process of desalinating can be coupled with a combined
cycle power plant, in which case the steam generated by the
heat recovery steam generator will be used. Qeshm
combined cycle power plant is integrated with MED-TVC
system. Adding a RO desalination unit to the downstream of
MED-TVC has been performed in this study. The schematic
of this combined cycle has been presented in figure 4. Also,
the technical characteristics of the cogeneration combined
cycle power plant are indicated in the table 1.
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Table 1. Technical characteristics of the multi-generation
combined cycle power plant

Parameter Unit Value
Site Level m 302.0
Air Compression ratio - 19.23
Ambient Temperature C 35.00
Net Power Output of Gas MW 25.67
Cycle

Isentropic Efficiency of AC % 90.00
Isentropic Efficiency of GT % 93.00
Efficiency of CC % 99.00
Turbine Inlet Temperature C 1232
Fuel Type - NG
MED NO. of Effects - 5
MED Distillate Flow Rate ton/h 186.2
Salinity of Seawater 9/Kg 38.7
MED Recovery Ratio - 0.2957
HRSG High-pressure bar 53.3

3. Methodology
3.1 Thermodynamic Analysis

Thermodynamics is a branch of the natural sciences that
discusses heat, and its relation to energy, and labor, and has
four fundamental laws. The thermodynamics of macroscopic
variables (such as temperature, internal energy, entropy, and
pressure) are used to describe the state of the materials of the

& == definition and how they relate to them, and the rules

governing them. Thermodynamics expresses the average
behavior of a large number of microscopic particles. The rule
that governs thermodynamics can be obtained through
statistical mechanics. Thermodynamics is a large part of
science, and engineering. Thermodynamics means studying
energy, turning energy into different modes, and the ability
to work energy. At first, three thermodynamic laws were
drafted, but according to the fourth law, the so-called zeroth
law was called, because the law had one, two, three, and it
was not a fundamental principle.
Many power plants and heat engines generate useful

vark by converting energy. In all of them, energy translates
intafa mechanical component and leads to the production of
work. This energy conversion is based on the first law of
thermodynamics. The first law states in general terms that
energy, and matter do not come into existence, and
disappear. The only form of solid, liquid, gas, and plasma
changes, and the input of each machine with its output
equals. In other words, the internal energy change of the
closed system is equal to the added temperature minus the
pure work that the machine does because the system works
in the real world, there is always some energy transferred to
the outside environment (energy dissipation), this leads to
inadequacy, and The second law was created to conceal the
defect of the first law.
The second law of thermodynamics necessarily states that
one cannot get a process in which the unique effect is
actually to deduct a positive heat from a source, and produce
a positive one. In this case, the energy or temperature does
not go up to the object more warmly than the cooler object.
Mass and energy balances for each component are shown as
equation (1) & (2) [36, 37]:

m. —m_ =0 @
' =0 (2)
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The base thermodynamic equations of each component are
presented in table 2, 3, 4, and 5 as follow.

The number of equations concerned with the water
desalination unit which must be solved simultaneously is
relatively large; because of the variety of simultaneous
operations exist in MED-TVC unit. Hence, it increases the
number of involved equations. On the other hand, the
number of effects is inserted into the analysis by the user as
an input. This makes the coding process more complicated,
and it requires more flexibility. As user decides to change the
number of effects, the number of equations which need to be
solved simultaneously differs. Therefore, in order to provide
this flexibility, MED modeling process is performed in the
EES software environment. Nevertheless, the rest of
programming has been done in the MATLAB software. This
decision is causing a disruption in the simultaneous
implementation of the code developed in both MATLAB and
EES, which is not desirable; because we intend to analyze all
parts of the system simultaneously with the implementation
of the model, so that the results of one part can effect on the
other sections. In order to solve this problem, the MACRO
coding environment of the EES software utilizes the
interfacing between these two types of software. In this way,
when the developed model is implemented in MATLAB
software, the instruction to run EES software which includes
modeling MED water desalination unit is issued by the
MACRO programming environment. Thus, by running the
MATLAB software, EES file is executed, and the problem
described is going to be solved by interaction of MATLAB
and EES.

3.2 Exergy Analysis

The potential of a system that only has a heat exchange
to environment is called its exergy or thermodynamic access
to its dead state. In fact, Exergy is the maximum useful work
that can be obtained from a material stream or energy: as
stated, useful work will be maximized if the process is
reversible. Therefore, there is a relationship between the
reversible work wand the exergy. The physical and chemical
exergy values of a material stream can be calculated using
the equation (3) & (4).

The specific chemical exergy for methane can be
obtained as equation (5) [36].

ex™ =(h—hy)-T,(s-s,) (3)
ex™ =) x e +RT D x, In(x,) @)
ex ge-:hane :1037X LHV methane (5)

The chemical exergy of seawater streams (molar basis) in
kJ/kmol is given as follow [38, 39]:

&CH

EX'sw :ns(ﬁs_ﬁg)_nw(% _[4/\(/)) (6)

Which ng is moles number of salt in seawater and n,, is that
of water.

Moreover, f, is molar chemical potential of salt in
seawater in kJ/kmol, and f,, is that of water.
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The superscript zero indicates the global dead state so
that ,,° =f (P,, T,,salinity,) and salinity , = salinity ., -

The chemical exergy of seawater streams (mass basis)
can be obtained in kJ/kg [38, 39]:

exs,cv:l_| :mfs(/U*S _Iuso)_mfw (:u*w _M/(\?) (7)
Which mf; is mass fraction of salt in seawater, and mf,, is
that of water.

Moreover, u; is chemical potential of salt in seawater in
kJ/kg at restricted dead state condition, and u;, is that of
water.

The superscript * indicates the restricted dead state so that

/U* =f (P, Ty, salinity, y geam) -
The total exergy of a material stream is given as follow
[36, 371:
ex, =ex " +ex/™ (8)
The exergy rate of the material streams can be determined
as follow [36, 37]:
Ex, =, xex; 9)
The exergy destruction rate and exergetic efficiency of
each component can be calculated by equation 10 and 11 [36,
37].

EXp, =EXpy —EXpy (10)
Ex

Ex =.—P’k (11)
Ex Fk

The fuel and product exergy rates are two important
parameters which can be defined in each component of the
cycle. Table 6 shows the equations of exergy rate of the fuel
and product streams in the equipment.

3.3 Exergoeconomic Analysis

Exergoeconomic or thermoeconomic is a branch of
engineering that combines exergy analysis with economic
principles; thus, this provides information that is not
available through routine analysis of energy, and economic
research for the designers of the system. In the engineering
problems, it is quite crucial to consider the thermodynamic
and the economic views simultaneously. The objectives of
exergoeconomic analysis include the calculation of the costs
of the system’s products, cost of exergy destruction, the
material and energy streams’ cost rate and cost per exergy
unit and total cost rate of the system.

Different methods have been proposed for exergy-

cosmetic analysis. In this research, a special cost method for
exergy has been used. This cost-based approach to exergy
units, exergy efficiency, and auxiliary equations for different
components of the thermal system is based. This method
involves the identification of exergy flows, the fuel and
product for each component of the thermal system.
In Exergy pricing, a cost is assigned to each exergy stream.
These streams include the exergy transmitted by the inlets
and outlets. Table 7 shows the equations of purchased cost
for the equipment.
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Table 2. Equations, inputs and outputs of the equipment of gas cycle

Component Equations inputs outputs
Air Compressor W,. =m, (h,—h,) To P, W,c
T =T, Moac M
R=HK Mac TR,
P =Pxr Y air
T, =T 1+ —[r, pc ™ -1
Mac
h, = hair@T1 hy, = hair@T2 [36]
Combustion Chamber My Ny + My LHV (770 — Mg h,=0 LHV 11 77cc Qcc
My + My —My; =0 AP.. T,.P,
P,=P,(1-AP.) T,,R,,m,, M ers My
h, = hyar, [36]
Gas Turbine Wep =y (h, —hg) Ner W,
ry T4’ P4v mfg TS
T =T,91-ne 11, r 7] Wi o
for =P IP, Wic
R=R+ ZAPHRSG,fg
Wnet,gc =Wer —W,c
s = Noer, [36. 371
Table 3. Equations, inputs and outputs of the equipment of steam side
Component Equations inputs outputs
High-Pressure Super heater my, (hy —hy) +m, . (hy, —h,;)=0 My, Ts, Py Qupsh
R =R — AR, fq APHPSH,fg T6’ P6
Py =P, _APHPSH,S AP o s Tz P
Tos = Toae st & Toupipse L. Mhrsg
Qs = Mirsg (25— h,) Ty, Py
he = hfg@T6 J hzs = hwater@ng,Pzg [37, 38]
High-Pressure Evaporator my, (hg —=h;) +my  (h,, —hy,) =0 My, Te, By Qupev
P, =P, —APRey 1 APey 1 T,,P,
Py = Py~ APpey . AP e Ta: P
T =Tage, Ty Py Mhrg
Qupey = Myygg (N2,— )
h, =Nyt Mo =Ny vaeran, [37. 38]
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Table 3. Equations, inputs and outputs of the equipment of steam side (Continued)

Component Equations inputs outputs

High-Pressure Economizer 2 m, (h, —hy) + i, (N, —h,,) =0 My T, P, Qupecs
R=F _APHPECZ,fg APHPECZ,fg TB’ PB
Por = Poo = APpecas APjpec 2s T'21, P
Tor = Taatmpece = T vpec2 T, Py Mhrsg
Qupecz = Mgy (21— h) T HpEC2
h8 = hfg@T8 1 h21 = hwater@ Py, Ty [37 38]

High-Pressure Economizer 1 My, (hy —hg) +m, o (hg—hy) =0 My, Tg, By Qupecs
P9 = Ps _APHPECLfg APHPECl, fg Tev Pg
P = Fo = APipecis APrpects Taor P
Too = Teatppect — Toub Hpect T, P Mhrsg
Qupec = mhrsg (hzo_ h19) Tsub.HPECl
he = hfg@Tg ) hzo = hwater@ Poo. T2 [37 38]

Deaerator Pressure Evaporator  m (h, —hy,) +my (hs—h,) =0 My, T, Ry Qppev
Po=F - APDPEV,fg AI:)DPEV,fg Tio: Po
Fe = Pis = APopey APopey 5 Tis Prg
T = Tsat@ Po Tis51 P My,
Qopev =My (Nig—hi5)
hlo = hfg@T10 ’ h16 = hg,wa’cer@P16 [37 38]

Feed Water Preheater My (N —hy )+ Mg, (h, —hy;) =0 My oy Ro Qrwrn
Ri = Ro = ARupng APewer f TP
Ps =P, — ARy APypns Tll' it

m

T =Tsat,FWPH _Tsub,FWPH Toun,Fwen .
Qrwpr = Mg, (Nyz—hyy) TP,
hll = hfg@T11 ’ h13 = hwater@ Pi3.Tis [37 38]

Deaerator Mgy + Mg hyg — (Mg, + My, )by, =0 Tis1 P Ti40 Py Sy
R4 = Poea T Ps Mge, My,
T, = Tsat@ Ra
h14 = hf,waler@ P
S14 = St water@ py, [37, 38]

High-Pressure Pump W, pp =My, (hg—hy;) T,,P7,85 T Pg
Pz = Paep Paer Wipp
Sigs = Sy e

hlSs = Swater@ Pig Sigs

h18 =h17 + hl&s_hl7
Mhpp
Te=T

water @p;g,hyg

[37, 38]
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Table 3. Equations, inputs and outputs of the equipment of steam side (Continued)

Component Equations inputs outputs
Desuperheater MyeenNos + Myee Ny — ML, =0 Paas T Pas» Tas
P = Pss Pas: Tos
Tze = Tsat,DES +Tsup DES Tsup,DES
h26 = hwater@Tze,Pze [37, 38]
VaIVe 1 h27 = h26 [37 38] p261T261 h25 p277 27 27
T27 = Twater@ Pa7.hy7 p27
Valve 2 h,, = hy Pao» Tao» Mg Pst Tor Py
T _Twater@ Pa1.hay [37, 38] Pay
Table 4. Equations, inputs and outputs of the equipment of MED-TVC
Component  Equations inputs outputs
MED-TVC i i n SA
Performance: PR = % RR = % .
S mF mD ms
Mass Balance i effect: FX = BXy, FX, =B, X, T, M,
Energy Balance i" effect D,Ah;, = Dh,, + Bh, — Fh, Xy, My,
Boiling Point Elevation: BPE, =T, —T,,_ TTD Myya
Area: D Ah, =AU (TS™-T,) RR Xg
U, = 10’3[1939.1+1.40562(T§S’:“— 273.15) T.(n) PR
- 0.0207525(T§5:V— 273.15)2 Tsw,in 1 psw,in

+0.0023186(T§5':V—273.15)3]
Terminal Temperature Difference:TTD, =T, —T.

Mass Balance i" flashbox : D, + D,, = D} + D,

Energy Balance i" flashbox : D, ho,, + Dhp, = D

feedheater : Q,, = D (hp —hp") = (h3'—hy )
Q, =AU Toy T
fh = “h~ fh T _Tout

In( Dc‘sat rT:; )

D sat M

U, =10°[1617.5+0.1537(T,, _-273.15)
+0.1825(T,,_ —273.15)?
~0.00008026(T,, _ —273.15)°]

condenser : Q,,,q = D (hp —hy") =M, (WS —hE,)
-|-|r| _T out
Uy —sw sw
cond Ac T Tm
In( out
TD _Tsw

U, =10°[1617.5+0.1537(T, - 273.15)
+0.1825(T,, — 273.15)?
—0.00008026(T, — 273.15)°]

pmotive—steam

¢ [39]

h +Dh
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Table 4. Equations, inputs and outputs of the equipment of MED-TVC (Continued)

Component  Equations inputs outputs
- n n
MED-TVC =3 06) ! SA
i=1 m 5 m,
m, =D, (1) T "
m, =F(1) s F
m, = B(n) Xsw M,
Specific Area:SA= M 7D Mous
My RR Xg
TVC: T.(n) PR
pmo ive—steam
Er = % Tsw,in’ psw,in
suction
C = pdischarge pmotive—steam
' psuction
M — mmotive—steam

' m

suction

113.49

M, =-1.9342+2.1525C, +———-0.52C’

r

_147;52.96 _38C, ) oa7c
900786 _495.6C, 10.02C/°
Er3 Er2 E,
_ ms,ls‘ effect
1+M, [40]

Table 5. Equations, inputs and outputs of the equipment of RO

Component  Equations inputs outputs
RO RR = % M my, My
Mg T37l Ps RR
RR = RR|T:25 XJJ—W pFeed WRO
w |T:25 T T
Me = My, + M, R psssta
me = mcwd,MED e=2 XlO‘G[m] Pss: a9
: X
W, = Me (Preeg — Pa7) X100 V, =18[m*/ mol] 39
P XM oump C,=p
D,C.V
W:W{(pF_pD)_(ﬂF_”D)} MW,
k : Boltzmann
. 385xsal, xT,
'~ 0.14507(1000-10sal,) 7Tro-pump

T :average Temp. of RO
R:Universal Gas Constant
e:membrane thickness

V,, :water molar volume
C,, : water concentration
D - kxT[°K]

w

- 37 0
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Table 5. Equations, inputs and outputs of the equipment of RO (Continued)

Component  Equations inputs outputs
RO 4, =4.23x107° +[0.157(T. + 64.993)> -91.296] " M my, Mg
d, =0.076 MW, Ty70 Py RR
d, : Stocks diameter Preca W
. H T RO
MW : Molcular Weight
R P 'T38
sal. - sal. Cu=p P31 Tag
® 1-RR [46] MW, Xaq
h, = h,, —RRxh, k : Boltzmann
? 1-RR TR0 pup

Table 6. Fuel and Product exergy streams of the equipment

Component Exg Exp

Air Compressor W, EX2 - Exl
Combustion Chamber E'X2 + EX3 EX4

Gas Turbine Ex, — EXS W,

High-Pressure Super heater EX5 _ EX6 EXZS — E'X22
High-Pressure Evaporator Exe _ EX7 Ex22 — EX21
High-Pressure Economizer 2 EX7 _ EXg Ele - Exzo
High-Pressure Economizer 1 Exa _ Exg Exzo — Exlg
Deaerator Pressure Evaporator Exg — E'Xm Exle — EX15

Feed Water Preheater EX:LO — EX11 Exls — Exlz
Deaerator Exls + Ex,, Ex,

HRSG Pack Ex, — Ex,, Ex,; + Ex,, — EX,,
High-Pressure Pump W, iop Exls - EX17
De-super heater Ex,, + EX25 Exze

Process Heat Exchanger EX28 — Eng EX36 — EX35

Valve 1 E'X26 EX27

Valve 2 E'X30 EX31

MED-TVC Ex,, + EX,, Ex,, + EXyy + EX,, + EXy,
RO EXy; +Wpo pump EXs
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Table 7. Purchase Equipment Cost of the equipment in [$]

Component equation

Air Compressor
44.71m_.r

1
a p,AC'In(rp,AC)' 0 95

(38]

IO =T

Combustion Chamber

w (1+ @(0.015(To, -1540)) ) [38]

0.995- Pou
pin

Gas Turbine My (00367, 544)y [41

479.34——=—.In(r, o7 )-(1+e ) [41]

09377, ”

HRSG

6570[( Qec )08 4+ ( Qey )8 4+ ( Qur )°*1+ 21276 m,,+1184.4m;” [41]

ATgc ATy, ATy,
Deaerator 145315(mwater)0-7 52]
Pump 3540W, 0 [42]
Valve 8.070.989x M x (1)0% x p0% [43]
Desuperheater 1060 m [43]
yoi
MED Z PECeffeCls + Z PECfeed —heaters + Z PECfIash—boxes + PECcondenser
44]
0.6
PEC,, =12000(ﬁj
100

TVC .

2x8.07x0.989 x M x (L)O'05 xP "

i [43]

RO PECmembrane + PECpretreat + PECRO— pump + I:)ECRO—vaIve

PECmembrane = No'membranes x PECone—membrane

PECone—membrane = 7846

PEC

pretreat

£,=1.399: inflation factor
PEC

RO-pump

PEC

RO-valve

m
=996x & (—2-"0 » 24 x 3600)°°
Y2

=393000&,+701.19%14.5% Py ooy

=8.07x0.989 x mx (%)0'05 x P 0%

i [49,50]

Using the purchased equipment cost of the components, the
cost rate of the equipment can be obtained according to the
equation (12) [37].

_ ®, xPEC, xCRF

“ 3600x N
Which @, is the maintenance factor and it is the
representative of the effect of the maintenance costs. The
value of this factor has been proposed to be considered
1.06[36, 37].

N is the annual operating hours of the system and it can
be considered hours [36, 37].

CRF is the capital recovery factor which can be
determined using equation (13) [36]:
Cix@+i)"

@+i)v -1

(12)

CRF (13)

Int. J. of Thermodynamics (1JoT)

Which i is interest rate and ny is the working years of the
system and it is usually considered about 25 years for power
production systems [36, 37].

In order to find the values of cost per exergy unit of all
streams, the exergoeconomic balance for each component
should be written down like equation (14), (15) [36]. As a
result, a system of equations will be formed, and it needs to
be solved. A matrix solution has been performed to solve this
system.

After determining the cost per exergy unit of all the
streams, multiplying this cost by their exergy rate, cost rate
of the streams will be obtained as shown in equation (16).

CP,k ZCF,k _CL,k +Z, (14)
zece,k +Cw,k = Cq,k_zici,k + Zk (15)
C, =c, .Ex, (16)
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Which Cp is the product stream’s cost rate of the equipment,
Cr is the cost rate of fuel stream of the equipment and Z is
cost rate associated with each component’s capital cost rate
and operating and maintenance cost.

The exergy destruction’s cost rate of the equipment can
be determined using equation (17) [36]. This parameter has
a significant part in further discussions and indicates
importance of each component’s exergy destruction
economically.

Cox :CF,k'EXD,k (17

The exergoeconomic factor for each component can be
calculated as follow [36]. The exergoeconomic factor can be
evaluated by equation (18), and it indicates the relation
between capital cost rate and cost of exergy destruction rate.
This factor is a useful tool to recognize which component can
be improved by lowering its cost. Furthermore, if the
exergoeconomic factor is too low, it means exergy
destruction of the component costs too much, and this
component needs to work more efficient thermodynamically.

Z,

=— "k (18)
Z, +cC, ,kExD'k

fi

The relative cost difference of the equipment indicates
the fraction of the product’s cost to that of fuel for each
component, and it can be calculated using equation (19). The
components with the highest relative cost difference are good
targets to be investigated in order to diminish the extra costs
they take [36].

Cp, —C
L S T
Cr x &

126, Zi (19)
Cf Kk EX Pk
3.4 Exergoenvironmental Analysis

The exergoenvironmental analysis includes three steps.
First, the exergy analysis is performed for each stream and
component of the system. In the second step, the
environmental impacts of each component in the processes
of manufacturing, operating and disposal is determined, and
in the third step the exergoenvironmental balance is
implemented in order to calculate the environmental impact
of each stream of the system. The exergoenvironmental
balance for each component can be written as follow [40].

BP,k :BF,k _BL,k +Y.k (20)
ZeBe,k +Buwx =Bq,k—ZiBi,k +Y, (21)
E;i =D, .E.Xi (22)

The exergy destruction’s environmental impact rate of
the equipment can be found as equation (23) [40].

By =br «.EXo (23)

The exergoenvironmental factor for each component can
be obtained as equation (24) [40].

Y,

Y, +b; (EXp

fb,
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The relative environmental impact difference of the
equipment is given as follow [40].
b, =bF"k ~Pe =1_€k + Y'.‘

be & by (Expy

Environmental impact of the equipment can be obtained
by multiplying the weight by the environmental impact per
mass unit of the components as shown as equation (26) [40].
Yy, =w, xbm, (26)
v is environmental impact of the component in pts, w is
weight of the component in tons and bm is the environmental
impact per mass unit of the component in pts/ton which is a
function of the component’s material and its process of
manufacturing. It can be derived from Eco-indicator 99
knowing the material composition of each component [41].
Table 8 shows the environmental impact per mass unit of the
equipment.

(25)

Table 8. Environmental impact per mass unit of the
component in pts/ton [40]

Component material composition bm, (pts/ ton)
Air Steel 33.33% steel low alloy 717
Compressor 44.5% cast iron 22.22

Combustion Steel 33.34% steel high alloy 585
Chamber 66.66%

Gas Turbine Steel 25% steel high alloy 75%  645.7
Superheater Steel 26% steel high alloy 74% 638
Evaporator Steel 100% 28
Economizer Steel 100% 28
Deaerator Steel 100% 28
Pump Steel 35% cast iron 65% 132.8
TVC Steel 100% 28

The weight functions of the components are gathered in
the table 9.

The weight function of TVC is derived and proposed in
this paper using technical data of TVCs in different nominal
sizes manufactured by KADANT Corporation.

Environmental impact rate of RO in mpts/h.m3 of
distillate produced can be calculated using equation (27)
[42].

PWeo
3600 % Mgo _gisiate

(27)

Yoo =0.0195x +0.00595

Environmental impact rate of MED in mpts/h.m3
distillate can be considered Yy,zp = 1.277. [42].

4. Result and Discussion

As stated, the studied system is the combined cycle
power plant located in Qeshm Island which involves power,
heat and water production units. This multi generation
system utilizes MED-TVC type to produce distillate.
Evaluation of integrating this scheme with a RO desalination
unit has been carried out. In a power plant, there is a
combination of points that can be used as a source of energy
in other heating systems, such as hot water sprinklers. These
points include the heat dissipated by the outlet of the power
plant chimney, the steam outlet from the LP line, and the
entrance to the condenser, the discharge line of the LP and
HP. Regarding the use of waste heat from the chimney,
which is done by adding an auxiliary cycle to the end of the
boiler, it should be noted that this mode does not have the
ability to supply the pressure required for the commissioning
of the thermocouple. However, it is suitable for use in other
types of water Thermal desalination unit without thermal
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vapor compressor. In the case of using the steam outlet from
the LP line and using the first stage of the desalination
system instead of the condenser, it should be noted that this
steam not only does not have the ability to supply the
pressure required for the commissioning of the thermocouple
compressor, but because of its low temperature, It is also not
used in other types of thermal desalination. Considering
withdrawal of the HP line due to the high steam pressure at
this stage and being above the pressure range of the
thermocouple compressors, the idea of using steam turbine
to decrease the high pressure can be discussed as an option.

The project for the production of electricity, and water in
Qeshm, with the aim of saving fossil fuels and increasing the
efficiency of gas turbine power plants, was exploited with a
capacity of 50 megawatts of electricity and 18 thousand
cubic meters of Freshwater. The thermodynamic properties
of the cycle including mass flow rate, temperature and
pressure are presented in the table 10. The mentioned
thermodynamic data and also the exergoeconomical and
exergoenvironmental parameters related to the streams
calculated by programming in MATLAB software, extracted
and gathered in this table.

The stream No.4, which is the output stream of the
combustion chamber, has the highest exergy rate among all
cyclic flows. This flow is about 90 megawatts of exergy. In
addition, the flow of the outlet from the combustion chamber
has the highest cost rate in the material streams. This stream
costs $ 3,548.5 per hour per cycle. It also has the highest
altitudinal rate throughout the entire cycle. In this process,
the rate of environmental impacts is about 1471 mpts per

second. The reason for the high rate of exergy in this flow is
the high temperature, and pressure of the exhaust stream
from the combustion chamber. Also due to the use of fossil
fuels in the combustion chamber, the cost, and intensity of
contamination of this stream has determined quite high.
Nevertheless, after the flow of the outlet from the
combustion chamber, the fuel flow into it has the highest
exergy rate. It has an exergy content of about 73 megawatts.
The cost of the fuel flow is about $ 1703 per hour, and its
environmental impact rate is about 753 mpts per hour.

The process of evaluating the Data Mining models name
actual data is called Validation. The point is very important
before validating data mining models in a protected
environment, confirming these models by understanding
their quality, and features. Many methods have been
proposed to evaluate the quality, and characteristics of the
data-mining model. Different criteria of statistical validity
are used to determine whether a data problem is involved or
data mining models. The data is broken down into training,
and experimental sets to examine the accuracy of
predictions. In order to determine if the patterns found for a
specific business purpose are effective, commercial experts
are required to examine the results of the data-mining model.
The validation of main parameters of the cycle that has been
modeled in the MATLAB and Thermoflex software has been
presented in the table 11. It is noted that the results extracted
from Thermoflex simulation software conform to the
technical data gathered from the Qeshm combined cycle
power plant.

Table 10. Thermodynamic, exergoeconomic and exergoenvironmental data of all material streams

m[Kg/s] T[ °C] P[bar] Ex[MW] c[$/G]] C[$/h) b[pts/G]]  B[pts/h]
1 83.58 35.00 1.0032 0.174 0.000 0.000 0.000 0.000
2 83.58 489.46 19.2923 36.73 13.93 1842.4 5.423 717.01
3 1.37 35.00 30.6400 72.79 6.50 1703.2 2.875 753.42
4 84.95 1232.2 18.5206 90.06 10.94 3548.5 4.536 1470.7
5 84.95 515.81 1.0302 19.31 10.94 760.82 4.536 315.32
6 84.95 491.33 1.0294 17.91 10.94 705.67 4.536 292.47
7 84.95 276.51 1.0200 7.161 10.94 282.14 4.536 116.94
8 84.95 228.41 1.0155 5.251 10.94 206.89 4.536 85.75
9 84.95 183.03 1.0138 3.713 10.94 146.31 4.536 60.64
10 84.95 177.36 1.0136 3.541 10.94 139.51 4.536 57.82
11 84.95 166.42 1.0132 3.220 10.94 126.88 4.536 52.58
12 12.71 75.46 1.2360 0.162 17.54 10.233 6.639 3.872
13 12.71 94.81 1.200 0.306 25.86 28.511 8.261 9.107
14 12.94 104.78 1.200 0.399 27.23 39.115 8.462 12.16
15 0.24 104.78 1.200 0.0075 27.23 0.7331 8.462 0.228
16 0.24 104.78 1.200 0.1061 27.45 10.488 7.978 3.048
17 12.71 104.78 1.200 0.399 27.23 39.115 8.462 12.16
18 12.71 106.03 53.30 0.477 25.61 43.981 8.231 14.14
19 12.41 106.03 53.30 0.466 25.61 42.964 8.231 13.81
20 12.41 186.40 52.55 1.594 19.73 113.22 6.783 38.92
21 12.41 264.90 51.75 3.327 17.05 204.19 5.853 70.11
22 12.41 266.10 51.75 12.02 14.97 647.49 5.679 245.66
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Table 10. Thermodynamic, exergoeconomic and exergoenvironmental data of all material streams(Continued)

m[Kg/s] T[ °C] P[bar] Ex[MW] c[$/G]] C[$/h] b[pts/G]]  B[pts/h]
23 12.41 317.50 50.00 13.01 15.12 708.15 5.735 268.59
24 5.66 317.50 50.00 5.934 15.12 323.01 5.735 12251
25 0.29 106.03 53.30 0.011 25.61 1.017 8.231 0.327
26 5.95 278.90 50.00 5.900 15.31 325.17 5.783 122.84
27 5.95 21711 12.90 4.882 18.50 325.17 6.989 122.84
28 6.75 315.00 50.00 7.052 15.12 383.85 5.735 145.59
29 6.75 8222 1.236 0.120 15.12 5.981 5.735 2.269
30 5.95 67.50 16.00 0.064 18.50 4.244 6.989 1.603
31 5.95 67.79 1.236 0.056 21.25 4.251 8.014 1.603
32 316.42 35.00 1.0132 0.000 0.000 0.000 0.000 0.000
33 123.19 4871 1.0132 1.498 0.000 0.000 0.000 0.000
34 51.72 48.15 4.500 0.206 471.2 349.83 487.1 361.64
35 141.48 35.00 2.000 0.367 0.000 0.000 0.000 0.000
36 141.48 65.00 1.400 1.170 89.75 378.18 34.01 143.32
37 141.51 45.00 1.0132 0.089 0.000 0.000 0.000 0.000
38 70.87 45.00 1.0132 0.224 161.12 129.94 38.98 31.437
39 70.65 46.45 1.0132 2.774 0.000 0.000 0.000 0.000

Table 11. Comparison of main parameters of thermodynamic modeling in Thermoflex with those of first law analysis

programed in MATLAB concerned with the streams

m[Kg/s] T[°C] P[bar]
MATLAB Thermoflex  Error [%] MATLAB Thermoflex Error [%] MATLAB Thermoflex Error [%]
1 83.58 83.53 0.06 35.00 35.00 0.00 1.0032 1.003 0.02
2 83.58 83.53 0.06 489.46 488.6 0.18 19.2923 19.5 1.07
3 1.37 1.419 3.45 35.00 35.00 0.00 30.6400 30.64 0.00
4 84.95 84.94 0.01 1232.2 1232.2 0.00 18.5206 18.72 1.07
5 84.95 84.94 0.01 515.81 515 0.16 1.0302 1.0302 0.00
6 84.95 84.94 0.01 491.33 4914 0.01 1.0294 1.0294 0.00
7 84.95 84.94 0.01 276.51 279.1 0.93 1.0200 1.02 0.00
8 84.95 84.94 0.01 228.41 230 0.69 1.0155 1.0155 0.00
9 84.95 84.94 0.01 183.03 183.3 0.15 1.0138 1.0138 0.00
10 84.95 84.94 0.01 177.36 177.4 0.02 1.0136 1.0136 0.00
11 84.95 84.94 0.01 166.42 166.1 0.19 1.0132 1.0132 0.00
12 12.71 12.76 0.39 75.46 75.59 0.17 1.2360 1.236 0.00
13 12.71 12.76 0.39 94.81 94.81 0.00 1.200 1.2 0.00
14 12.94 13.00 0.46 104.78 104.8 0.02 1.200 1.2 0.00
15 0.24 0.24 0.00 104.78 104.8 0.02 1.200 1.2 0.00
16 0.24 0.24 0.00 104.78 104.8 0.02 1.200 1.2 0.00
17 12.71 12.76 0.39 104.78 104.8 0.02 1.200 1.2 0.00
18 12.71 12.76 0.39 106.03 106.1 0.07 53.30 53.3 0.00
19 12.41 12.46 0.40 106.03 106.1 0.07 53.30 53.3 0.00
20 12.41 12.46 0.40 186.40 186.4 0.00 52.55 52.55 0.00
21 12.41 12.46 0.40 264.90 264.9 0.00 51.75 51.75 0.00
22 12.41 12.46 0.40 266.10 266.1 0.00 51.75 51.75 0.00
23 12.41 12.46 0.40 317.50 317.5 0.00 50.00 50.00 0.00
24 5.66 5.668 0.14 317.50 317.5 0.00 50.00 50.00 0.00
25 0.29 0.299 3.01 106.03 106.1 0.07 53.30 53.3 0.00
26 5.95 5.967 0.28 278.90 278.9 0.00 50.00 50.00 0.00
27 5.95 5.967 0.28 217.11 217.2 0.04 12.90 12.9 0.00
28 6.75 6.788 0.56 315.00 3175 0.79 50.00 50.00 0.00
29 6.75 6.788 0.56 82.22 82.22 0.00 1.236 1.236 0.00

120/ Vol. 23 (No. 2) Int. Centre for Applied Thermodynamics (ICAT)



Table 11. Comparison of main parameters of thermodynamic modeling in Thermoflex with those of first law analysis

programed in MATLAB concerned with the streams(Continued)

m[Kg/s] T[°C] P[bar]
MATLAB Thermoflex  Error [%] MATLAB Thermoflex Error [%] MATLAB Thermoflex Error [%]
30 5.95 5.967 0.28 67.50 67.74 0.35 16.00 16.00 0.00
31 5.95 5.967 0.28 67.79 68.02 0.34 1.236 1.236 0.00
32 316.42 343.4 7.86 35.00 35.00 0.00 1.0132 1.0132 0.00
33 123.19 123.1 0.07 48.71 47.68 2.16 1.0132 1.014 0.08
34 51.72 51.72 0.00 48.15 47.14 2.14 4.500 4.50 0.00
35 141.48 14161 0.09 35.00 35.00 0.00 2.000 2.00 0.00
36 141.48 141.61 0.09 65.00 65.00 0.00 1.400 1.40 0.00
37 141,51 14151 0.00 45.00 45.06 0.13 1.0132 1.014 0.08
38 70.87 70.64 0.33 45.00 48.74 7.67 1.0132 1.013 0.02
39 70.65 70.87 0.31 46.45 46.91 0.98 1.0132 1.013 0.02

According to Table 11, the simulation error is
acceptable in both MATLAB and Thermoflex software
and these results can be used as the basis for calculations
in the next steps. The growing demand for electric power
supplies makes the construction of new power plants
inevitable. Considering the major share of thermal power
plants, including gas power plants, in the country's power
generation, construction of these power plants is of
particular importance. Since the cost of building power
plants is quite high, it is vital to increase the productivity
of existing power plants, and next, the construction of a
new power plant should be considered. One of the most
important indicators in the electric power industry is the
efficiency of power plants, which is usually the concern
of the power industry in the world, so that it can meet the
needs of power consumption by raising it as much as
possible, and make the waste of energy so logical. In this
study, using the concept of synchronous production, the
efficiency of a gas cycle has increased. In this
simultaneous production process, in addition to producing
power in gas turbines, it employs gas from the gas turbine,
and steam is produced, and using this steam, Freshwater
is produced in other units. Table 12 shows the amount of
power production, power consumption, and heat
exchanged in different sectors as well as the performance
parameters related to the water desalination unit.

Table 12. Comparison of main parameters of
thermodynamic modeling in Thermoflex with those of first
law analysis programed in MATLAB concerned with the
components

MATLAB Thermoflex Error [%]
Werpack[MW] 2567 25.36 1.222397
Wyc[MW] 41.94 39.63 5.828917
Wgr[MW] 67.61 65.30 3537519
Qupsu[MW] 231 2.32 0.431034
Qupev[MW] 20.27 20.33 0.29513
Qupec2 [MW] 4.54 4.56 0.438596
Qupeci [MW] 428 4.29 0.2331
Qppey[MW] 0.53 0.537 1.303538
Qrwpu[MW] 103 1.029 0.097182
Wigpp [KW] 115.76 119.6 3.210702
PRyED_TvC 8.68 8.668 0.13844
RRgo 0.5008 0.5006 0.039952
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The power generated by the 25.7 MW gas turbine
package is achieved through MATLAB coding. This
parameter is calculated at 25.4 MW through the
Thermoflex software.

The compressor consumes 62% of the power output
by the gas turbine. The amount of heat exchanged in each
of the heat exchangers through MATLAB coding and
Thermoflex simulation is shown in Table 12. Also, the
amount of error between coding and simulation has been
reported. The performance ratio of each desalination unit
is another important parameter. This amount for MED-
TVC is about 8.7. This value represents the proportion of
fresh water produced to steam demand by this unit. The
value of this parameter for RO desalination unit is 0.5.

The increase in energy demand in the 21st century has
been accompanied by problems such as environmental
pollution, lack of natural resources and the limitation of
space for the construction of fossil fuel cites. On the other
hand, technological progress in the world has grown
dramatically in demand for energy, especially electricity.
In this regard, it is essential to find ways to produce more
energy efficiently, eliminating the irreversible factors in
energy consumer systems, and optimizing energy
consumption by exergy analysis. The exergy destruction
rate in each component has been presented in figure 5.

VALVES,

o PHX, 6.14, 15%
03,2%

Figure 5. Exergy destruction distribution of the equipment
in MW and percent

According to Fig. 5, the highest rate of exergy
degradation is related to the combustion chamber, which
accounts for about 45.5% of the total exergy destruction
of the cycle. The combustion chamber has about 19.5
megawatts of exergy destruction. The process heat
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exchanger is the next component which has the highest
rate of exergy destruction. This component has about 6.14
megawatts of exergy destruction, which is about 15% of
the total exergy destruction of the cycle. The exergy
destruction of the air compressor is 13%, and the gas
turbine has 8% of total exergy destruction. The MED unit
also has a 7% destruction of the exergy cycle.

The validation of the desalination units main
parameters are presented in the table 13 and 14. The
modeling has been done in the Thermoflex and MATLAB
software. The results show that the errors are acceptable.

Table 13. Validation of MED-TVC results through
comparison of MATLAB and Thermoflex modeling
MATLAB  Thermoflex Error [%]

No. of effects 5 5 0.000
GOR 8.68 8.668 0.138
SA 333.67 351.56 5.088
Mgream(kg/s) 5.9551 5.967 0.199
Myisinate (KG/S) 51.72 51.72 0.000

In the MED desalination unit, 5.96 kg/s steam has been
consumed to produce 51.7 kg/s Freshwater.

Table 14. Validation of RO results through comparison of
MATLAB and Al-Zahrani and Zhou
MATLAB  Al-Zahrani [46] Zhou

[51]
Feed Pressure(bar) 50 50 50
Feed Salinity (%) 3 3 3
RR 0.5008 0.51 0.481

The ever-increasing demand for water and services
resulting from population growth, and rising standards of
living, and health and on the other hand, the limitation of
water resources and droughts and climate change are the
view of engineers and water experts from unconventional
waters (sewage, wastewater, and saline water). Also, the
disposal of industrial, and urban wastewater, and the
penetration of existing contaminations into surface water,
and groundwater resources is a major concern in many
countries, including Iran. Sewage treatment and its
application in various uses negatively affect the release of
wastewater to the environment, and the health of human
societies. Based on that, in this paper, the methodology of
economic and environmental assessment of sweet water
production from Persian Gulf and the economic and
environmental assessment of this project has been
addressed. The exergoenvironmental and
exergoeconomic analysis results are presented in table 15.
Moreover, the exergetic efficiencies of the equipment
have been shown in this table and represent the fraction of
product to fuel exergy of components. Thus, this
parameter can be used to assess the efficiency of the
equipment exergetically which is more appropriate
criteria than thermal efficiency, because the quality of
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energy has been considered in calculating exergetic
efficiency, rather than only its quantity.

The highest rate of purchase is related to the air
compressor, and then desalination unit also have a high
cost rate. The cost of exergy destruction in the combustion
chamber has the highest value, and it costs $ 630 per hour.
The cost of exergy destruction in the combustion chamber
is approximately 3 times the air compressor, and 5 times
the gas turbine. Similarly, the rate of environmental
impact associated with exergy destruction in the
combustion chamber has the highest amount.

The exergoeconomic factor indicates the relation
between the investment cost rate and the cost of exergy
destruction rate. So that, the larger exergoeconomic factor
indicates that the component imposes the excess cost to
the system. Therefore, it can be an option to make it less
efficient and affordable without any significant harm to
the system’s efficiency. Thus, this factor is a useful tool
to recognize which component can be improved by
lowering its cost. Furthermore, if the exergoeconomic
factor is too low, it means exergy destruction of the
component costs too much, and this component needs to
work more efficient thermodynamically.

As it is observed in Table 15, the exergoeconomic
factor of combustion chamber and whole GT package is
quite low. The exergoeconomic factor of combustion
chamber, process heat exchanger and HRSG pack are
4.31, 0.09 and 18.71 percent, respectively. Thus, in order
to prevent excess cost by destruction of exergy, one of the
appropriate options to improve the system can be
increasing the efficiency of these components.

Relative cost difference of the equipment indicates the
fraction of product’s cost to that of fuel for each
component. Therefore, as it gets larger, the product of the
equipment becomes more expensive. So the components
with the highest relative cost difference are good targets
to be investigated in order to diminish extra costs they
take.

As the results of Table 15 illustrate, process heat
exchanger and desalination units have the highest value of
relative cost difference. Therefore, they are the most
capable components to be considered to reduce their costs
because these components lead to the most expensive
products relative to their input fuel.

The exergoenvironmental factor indicates the relation

between the environmental impact rate of the equipment
and the environmental impact made by the exergy
destruction as shown in equation (15). Air compressor,
combustion chamber, process heat exchanger and HRSG
have the lowest values of exergoenvironmental factor.
Considering the definition of this parameter, it could be
recommended to invest cost on these components in order
to diminish the environmental impact they exert.
The exergy destructed by combustion chamber costs
629.78 $/h and makes 261.18 pts/h environmental impact.
This result illustrates the importance of exergy destruction
in this component and proposes to lower this destruction
by improving its performance thermodynamically and
reduce its irreversibility.
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Table 15. Investment cost rate, exergoeconomic factor and relative cost difference, environmental impact rate,
exergoenvironmental factor, relative environmental impact difference and exergetic efficiency of the equipment

Component Z[$/h] f[%] r[%] Cpl$/h] Y[hpts/h] fb[%] rb[%] Bp[pts/h] €[%]
Al Compressor 10941 3296 21.98 22258 52104 0572 14.74 92.08 87.16
Combustion Chamber 28.4 431 21.70 629.78 2585  0.989 2162 26118 8224
Gas Turbine 58.4 3204 487 12384 32297 6253 468 51.33 95.56
High-Pressure Super heater 551 25,66 54.83 15.97 74787 1117 41.22 6.62 71.04
High-Pressure Evaporator 1978 19.58 29,50 81.20 20242 0.601 2373 33.66 80.83
High-Pressure Economizer 2 1571 69.32 33.20 6.96 0.2438 0.845 10.19 2.88 90.76
High-Pressure Economizer 1 9.67 37.45 58.11 16.15 0.2304 0.344 36.36 6.69 73.34
Deaerator Pressure Evaporator 2.95 98.44 77.45 0.05 0.1708 18.93 23.80 0.02 57.15
Feed Water Preheater 5.65 405 2216 13383 00580  0.010 1223 55.46 44.99
Deaerator 011 6.40 365 1.26 00171 0436 334 0.39 96.77
HRSG Pack 59.27 18.71 37.52 257.54 10.206 0.955 25.86 106.74 79.85
High-Pressure Pump 0.08 5.08 51.05 156 00497  0.768 48.49 0.65 67.36
Process Heat Exchanger 03 0.09 765.2 33416 00237 0001 764.4 12674 1157
MED-TVC 28.91 8.75 186.2 301.27 24041 67.87 677.3 11381 38.04
RO 9617 275 7283 12877 17468 2469 810.4 53.27 24.72
can be evaluated quantitatively in the further studies
5. Conclusion performed on this case study.

Exergy destruction of the equipment drains a
significant amount of useful energy in the components,
and also it exerts excess cost and undesired environmental
impact to the system. Amongst the components,
combustion chamber, heat recovery steam generator and
process heat exchanger have the highest values of cost and
environmental impact due to the destruction of exergy.
Moreover, the exergoeconomic and the
exergoenvironmental impact factors of these components
have been determined as the smallest ones. Referring the
concepts of these parameters, as discussed in the results
section, it is recommended to consider a priority for
lowering these components’ irreversSibility by improving
their performance through spending money. This will
make the system work more cost effective by preventing
the cost squandered through exergy destruction.

Integrating the existing MED-TVC desalination unit
of Qeshm power and water cogeneration system with RO
unit has led to an increase of 255.12 tons per hour in
distillate production. Exergetic efficiency, total cost rate
of the system and total environmental impact rate of the
system has been calculated 46.86 %, 64.01 $/min and
29.49 pts/min, respectively. Proposing a new scheme for
the existing system or/and conducting an optimization
process for the system can afford new opportunities to
improve the efficiency of the system. Since the largest
share of exergy destruction rate of the system belongs to
the gas cycle and also Qeshm Island has a warm and
muggy climate, adding a chiller type air cooling system to
inlet of air compressor can decrease the power demand of
air compressor. Regarding the assumption that net power
output of the system is constant, gross power produced by
gas turbine and fuel consumption by combustion chamber
will dwindle by this alteration. Lowering the fuel
consumption in combustion chamber leads to diminish the
exergy destruction of the gas cycle, thereby increasing the
efficiency of the system and decreasing total cost and
environmental impact rate of the system. These proposals
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Data Availability

Some data, models, or code generated or used during
the study are available from the corresponding author by
request.

Nomenclature

A Area

AC Air Compressor

B Brine

b environmental impact per exergy unit

environmental impact rate

bm environmental impact per mass unit
c cost per exergy unit
CcC Combustion Chamber
¢ cost rate
COND Condenser
cp specific heat at constant pressure
Cr compression ratio
CRF Capital Recovery Factor
D Distillate
DE Deaerator
DPEV Deaerator Pressure Evaporator
E Energy rate
Er expansion ratio
ex specific exergy
Ex Exergy rate
f exergoeconomic factor
Feed
fb exergo-environmental factor
FWPH Feed Water Preheater
GOR gained output ratio
GT Gas Turbine
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h enthalpy
HPEC High-pressure Economizer
HPEV High-pressure Evaporator
HPP High-pressure Pump
HPSH High-pressure Super Heater
HRSG Heat Recovery Steam Generator
J specific mass flow rate
LHV Lower Heating Value
m Mass Flow Rate
MED multiple effect desalination
Mr Mixing Ratio
MW molecular weight
n number of effects
annual operating hours of the system
NS Nominal Size of TVC
ny operating years of the system
P Pressure
PEC Purchase Equipment Cost
PR Performance Ratio
Q Heat Duty
r relative cost difference
rb relative environmental impact difference
R Universal Gas Constant
RO reverse osmosis
p Pressure ratio
RR Recovery Ratio
s entropy
SA specific area
T Temperature
TIT Turbine Inlet Temperature
TVC thermal vapor compressor
U overall heat transfer coefficient
w work
w weight
X mole fraction
X salinity
y environmental impact of the component
Y environmental impact rate of the equipment
Z Cost rate of the equipment
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