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Abstract: The ever-increasing world population, change in lifestyle, and limited natural water
and energy resources have made industrial seawater desalination plants the leading contenders
for cost-efficient freshwater production. In this study, the integration of a combined cycle power
plant (CCPP) with multi-effect distillation (MED) and reverse osmosis (RO) desalination units
is investigated through comprehensive conventional and advanced exergy, exergoeconomic, and
exergoenvironmental analyses. Firstly, the thermodynamic modelling of the CCPP is performed by
using a mathematical programming procedure. Then, a mathematical model is developed for the
integration of the existing CCPP plant with MED and RO desalination units. Finally, conventional and
advanced exergy, exergoeconomic, and exergoenvironmental analyses are carried out to assess the
main performance parameters of the integrated CCPP and MED-RO desalination system, as well as to
identify potential technical, economic, and environmental improvements. A case study is presented
based on the Shahid Salimi Neka power plant located at the north of Iran along the Caspian Sea.
The mathematical modelling approach for the integrated CCPP and MED-RO desalination system
is solved in MATLAB, and the results are validated via Thermoflex software. The results reveal an
increase of 3.79% in fuel consumption after the integration of the CCPP with the desalination units.
The exergy efficiency of the integrated system is 42.7%, and the highest cost of exergy destruction
of the combustion chamber is 1.09 US$ per second. Economic and environmental analyses of the
integrated system also show that gas turbines present the highest investment cost of 0.047 US$ per
second. At the same time, MED exhibits the highest environmental impact rate of 0.025 points per
second.

Keywords: mathematical modelling and simulation; desalination; water and power production;
combined cycle power plant (CCPP); multi-effect distillation (MED); reverse osmosis (RO); advanced
exergy analysis; exergoeconomic analysis; exergoenvironmental analysis

1. Introduction

The pressing need of human societies for energy allied to the limited energy resources
and its increasing prices have led many experts and scientists to find a way to optimize
energy consumption. In this light, the design of a power plant with maximum efficiency in
terms of energy consumption has become a significant challenge today. Besides, the reliable
provision of freshwater is also an emerging issue, particularly in water-stressed countries.
Thus, the implementation of new multi-purpose power plants, as well as the retrofit of
existing single-purpose ones to produce power and water have received increased interest
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from the literature in the past few years. One way of converting existing single-purpose
power plants into multi-purpose ones is by recovering and reusing the waste heat from the
system. The waste heat can be utilized for local heating and cooling, and in the form of
steam for the production of freshwater in industrial desalination plants.

The design of integrated power plants with desalination systems is a very complex
task, which usually involves the optimization of several thermodynamic, economic, and
environmental aspects at once. In this context, Najafi et al. [1] have proposed a comprehen-
sive study on the thermodynamic, economic, and environmental costs of a combined gas
turbine and fuel cell system coupled to a desalination unit. The authors have considered
two different objective functions to optimize the integrated system. Thus, the exergy effi-
ciency and overall cost rate are optimized via a genetic algorithm-based approach, aiming
at reducing the overall cost while increasing the exergy efficiency of the system. They
have also examined the rate of return of investment and concluded that the cost of the
investment can be fully repaid after 9 years. Vazini et al. [2] have studied the optimal
coupling of a site utility steam network to a desalination system by applying total site
analysis and exergoeconomic optimization. The authors have showed that the steam net-
work used by various processes on a site, in addition to providing the required steam for
each component, can also meet the required steam of the desalination unit. They have also
examined the potential coupling a power plant unit to a multi-effect distillation (MED) and
reverse osmosis (RO) desalination system by assessing the process fuel consumption, and
power and heat outputs.

Al-Zahrani et al. [3] have conducted a theoretical study on a hybrid system consisting
of a gas turbine unit, and a membrane and thermal desalination units. The authors have
proposed a modelling approach for a MED-RO system coupled to a gas turbine cycle, by
taken into account energy and exergy efficiencies for different equipment in the integrated
system. This study has also investigated the effects of the main parameters of the gas
turbine, such as inlet temperature and pressure rate on the production of freshwater. They
have also evaluated the degree of exergy destruction for various components of the system.
Sadri et al. [4] have proposed a thermodynamic model to predict the performance of a
multi-effect steam desalination system. The authors have performed a comprehensive
exergy efficiency analysis of a RO desalination unit. They have also developed a model to
optimize the system irreversibility and exergy destruction, by using genetic algorithms.

Blanco-Marigorta et al. [5] have presented the exergy-environmental analysis of a
membrane desalination unit located in the Canary Islands. The authors have performed an
exergy analysis and a life cycle analysis to evaluate the main environmental parameters
of the system. They have concluded that the highest exergy destruction occurs in the
RO and high-pressure pump units. They have stated that the environmental impacts
can be decreased by reducing the amount of exergy destruction of these components.
Calise et al. [6] have examined a renewable-driven multi-generation system composed of a
solar field, absorption chiller, biomass heaters, and a MED desalination unit. They have
performed exergy and exergoeconomic analysis to identify process units with greatest
impact on exergy efficiency.

Mokhtari et al. [7] have investigated the simultaneous integration of a gas turbine with
MED and RO desalination plants in Bashagard city. The authors have concluded that the
integrated system can met the electricity and freshwater demands in the region. Almutairi
et al. [8] have proposed a comprehensive approach for cogeneration systems based on
energy and exergy analyses of real data. They have used IPSEPRO software to combine the
MED desalination and a thermal compressor. The authors have appraised the performance
of the system under different thermodynamic and environmental conditions. They have
found that the highest system irreversibility is related to the thermo-compressor and
desalination effects. They have also concluded that the system efficiency can be increased
by changing some process conditions, which include lowering the ambient temperature,
increasing the pressure rate, as well as by rising the feedwater temperature.
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Shahzad et al. [9] have developed a new method for categorizing fuel costs in an
integrated system of a combined cycle power plant (CCPP) and desalination unit. The
authors have considered exergy destruction as an important factor in categorizing fuel
costs. Their results reveal that power turbines mainly use changes in the enthalpy energy
of steam at high pressures and temperatures, while desalination plants (especially multi-
effect plants) depend only on the latent heat of steam. In addition, the exergy destruction
imposed by desalination units is about 2 to 7% of the total exergy destruction. Eveloy
et al. [10] have investigated a system consisting of a solid oxide fuel cell, gas turbine, and
RO desalination plant. They have examined the integrated system from a thermodynamic
and economic point of view, and considered different fluids in the Rankine organic cycle.
Their results show that the power output of the hybrid cycle varies from 1.2 to 2.4 MW,
depending on the selected organic fluid. Their results also indicate that US$ 8 million to
US$ 21 million can be saved per year in terms of water and gas expenses.

Ngetal. [11] have proposed an optimization approach to improve the exergy efficiency
of a large-scale water desalination unit. Based on an economic analysis, Arani et al. [12]
have concluded that the ease of access is one of the most important factors in increasing
the cost of a unit over the years. They have proposed a new model for economic analysis
by assessing the relationship between the cost of a unit and its ease of access. In their
analysis, the authors have investigated the integration of a combined cycle of gas turbines
and a desalination unit. Moreover, different economic parameters including the net present
value and repayment period have been examined in the two units with fixed and time-
varying access. They have determined that unit’s access availability is a critical factor in
systems with severe destruction and prolonged overhauls. Salimi and Amidpour [13] have
investigated the integration of different desalination systems into cogeneration units. In
their study, the authors have used the R-CURVE diagram to analyze the integration of
MED and RO desalination units with co-production systems to reduce the overall system
cost. They have found that the R-CURVE diagram can be a useful and powerful diagram
for examining the effects of this integration on system performance.

Ameri et al. [14] have investigated the exergy analysis of a 420 MW NEKA combined
cycle power plant. The authors have evaluated the thermal and exergy efficiency of the
plant. Vazini and Khoshgoftar Manesh [15] have focused on the optimization of a water de-
salination unit integrated with the Qeshm power and water production plant. The authors
have developed a multi-objective model based on genetic algorithms. The objective func-
tions are selected to maximize the exergy efficiency, while the economic and environmental
performance parameters are minimized in their multi-objective optimization approach.
Thermodynamic modelling and simulation have been performed in MATLAB software
(R2014a, MathWorks, atick, Massachusetts, USA, 2014), and its validation performed with
the results from Thermoflex software and real results of the Qeshm site. Their results
show ~24% of increase in exergy efficiency and a significant decrease in the costs and the
environmental impacts of the system. Moghimi et al. [16] have investigated an integrated
system for the production of cooling, heating, power, and freshwater for domestic use. In
this study, the authors have evaluated the system in terms of exergy and energy of different
operating conditions. The results show that the proposed system is capable of supplying
freshwater at ~86 kg/s, as well as generating 30 MW of electricity, 2 MW for the cooling
system, and 1.1 MW for the heating system. Finally, the exergy destruction is ~56 MW,
whereas the exergy and energy efficiencies are equal to 36% and 39%, respectively.

In this study, the integration of a CCPP with MED and RO desalination units is inves-
tigated through comprehensive conventional and advanced exergy, exergoeconomic, and
exergoenvironmental analyses. The thermodynamic modelling of the integrated CCPP and
MED-RO desalination system is performed in MATLAB software by using a programming
procedure, and the results obtained are validated via Thermoflex software. In addition,
conventional and advanced exergy, exergoeconomic, and exergoenvironmental analyses
are carried out to assess the main process performance parameters, as well as to identify
potential technical, economic, and environmental improvements for the integrated CCPP
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and MED-RO system. Hence, the exergy destruction rate of the equipment is calculated
using conventional exergy analysis. This analysis allows identifying the components that
present more potential for improvements according to their rate of exergy destruction.
On the other hand, performing an advanced exergy analysis provides a more detailed
perspective. In advanced analysis, the exergy destruction rate of equipment is divided into
two parts: (i) avoidable/unavoidable exergy destruction; and, (ii) endogenous/exogenous
exergy destruction [17]. In the advanced exergy analysis, the potential for improvements of
process components is evaluated by the share of avoidable and endogenous exergy destruc-
tion. Therefore, the advanced exergy analysis has the ability to more accurately identify the
improvement potential of different units of the system. A case study is performed based
on the Shahid Salimi Neka power plant located at the north of Iran along the Caspian Sea.
To the best of our knowledge, this is the first study applying advanced exergy analysis
to investigate the integration of MED-RO desalination system to the Neka CCPP. Thus,
innovative features of this work include assessing the effects of the desalination and power
plant system integration, as well as identifying potential system improvements by perform-
ing both conventional and advanced exergy, exergoeconomic, and exergoenvironmental
analyses.

2. Process Description

A combined cycle power plant (CCPP) consists of a combination of steam turbine and
gas turbine cycles. In the CCPP process, gas turbine generators produce electricity, while
the waste heat energy from combustion products of the gas turbine (GT) is used to generate
the steam required to drive the steam turbine (ST). Note that additional electricity is needed
in the latter process. The CCPP layout can vary depending on the type of turbines, heat
recovery boilers, and recovery devices used in the system. The efficiency of the power plant
can be considerably increased by combining the steam and gas turbine cycles. The electrical
efficiency of a simple power plant without waste heat recovery is typically between 25-40%,
while the CCPP has an efficiency of about 60%.

The Shahid Salimi Neka power plant (hereafter, referred to as Neka power plant)
is a CCPP located in the vicinity of the city of Neka and the Caspian Sea at the north of
Iran. The Neka power plant is composed of two GTs, one ST, two air compressors (ACs),
two heat recovery steam generators (HRSGs), one combustion chamber (CC), and a plate
condenser with a cooling system based on seawater. The GTs used in this cycle are of a
V94.2 type with a production capacity of 132.15 MW. Since the GTs were installed in 1982,
their operating parameters will differ from a new gas turbine. The temperature of the
exhaust gases from the GTs enters the double pressure boiler at ambient temperature and
produces steam at 520 °C and 230 °C in the high and low-pressure sections, respectively.
The production capacity of the ST in this plant is about 160.8 MW, and the total CCPP
capacity is 420 MW [14]. The schematic diagram of the Neka power plant is shown in
Figure 1.

This study examines the thermodynamic feasibility of coupling a multi-effect distil-
lation (MED) and reverse osmosis (RO) desalination system to the existing Neka power
plant. The schematic diagram of the proposed power and freshwater production plant
is depicted in Figure 2. According to this schematic diagram, airflow first enters the AC
with a temperature of 20 °C. The compression process increases the airflow pressure to
about 10.8 times. Then, the compressed air is combined with the fuel in the CC and its
outlet temperature rises to about 970 °C. In the next stage, the hot and compressed outlet
flow with significant energy enters the GT section. The GT spends part of this energy on
moving the compressor, and the rest as the net power of the turbine itself. The combustion
products from GTs have a good potential in terms of heat.
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Figure 1. Schematic diagram of Shahid Salimi Neka power plant. HRSG, heat recovery steam generator as proposed by
Ameri et al. [14]. Reprinted figure with permission from Ameri, M., Ahmadi, P, Khanmohammadi, S. Exergy analysis of a

420 MW combined cycle power plant. 2008, 32, 175-183.
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Figure 2. Schematic diagram of the new integrated combined cycle power plant (CCPP) with multi-effect distillation (MED)
and reverse osmosis (RO) desalination system. LP, low-pressure; HP, high-pressure.

In combined power cycles, the loss of heat can be prevented by bypassing the combus-
tion products through various process components to produce high-pressure steam, and
use it to generate power in the ST. Note that the combustion products from GTs enter the
high-pressure (HP) superheater. This is the first equipment in the HRSG unit. By bypassing
combustion products through the HP superheater, the steam temperature should reach
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533 °C to provide the necessary conditions for use in the steam turbine. In the next step,
the combustion products enter the low-pressure (LP) evaporator.

The LP evaporator uses the combustion products heat to convert the water phase from
a liquid to vapor state, and prepare it for entering the HP superheater. The economizer
is a transducer that uses waste heat to raise the temperature of the inlet water to the
saturation temperature at the same pressure, after which the evaporator can generate the
demanded steam. Next, the combustion products enter the feedwater preheater before
finally reaching the chimney and open-air section. In the LP section of the HRSG, and after
the LP superheater, the LP steam flow is divided into two streams. One stream enters the
LP section of the ST, where it is mixed with the outlet stream from the HP-ST. The second
LP steam stream enters the MED plant, where it provides the required steam for driving
the first desalination effect. The schematic diagram of the proposed MED desalination unit
is displayed in Figure 3.

seawater supply

cooling water discharge

|

| T I
S _L _L }
Brine
1 e o b - .
[ Py T L
distiliate

steam refirned

Figure 3. Schematic of the multi-effect distillation (MED) system.

In the MED section, seawater first enters the desalination condenser at seawater
temperature (20 °C). The inlet seawater is used as the cooling water of the desalination
condenser and converts the steam supply into a liquid state. After a little warming,
the seawater is directed to two different system components. One part enters the MED
desalination effects as feedwater, while the other one leaves the condenser unit as cooling
water discharge and return to the sea (if there is no RO unit downstream). Note that
the MED unit is driven by the steam from the LP section of the HRSG unit of the CCPP.
The feedwater is sprayed from above onto the pipes containing hot steam and part of it
evaporates in the process, due to the low pressure of the effects and high temperature.

The rest of the feedwater moves as a brine with progressively higher salinity towards
the exit of the desalination unit. The steam produced by the evaporation of saltwater enters
the unit as a stimulus side effect. After the first MED effect, the supply steam turns into
a liquid state due to heat loss, and leaves the desalination unit. This flow, referred to as
“steam returned”, is then mixed with the outlet flow from the CCPP condenser to be used
as feedwater of the HRSG unit. The produced distillate is extracted from the desalination
condenser as a freshwater stream. In a MED plant, the cooling water discharge from the
condenser has a higher temperature than seawater. However, its salinity is equal to that
of seawater. To increase the amount of freshwater produced, the cooling water discharge
stream can be used as feedwater for a RO desalination unit. Figure 4 shows a schematic
diagram for the RO desalination unit considered in this study.
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Figure 4. Schematic diagram of the reverse osmosis (RO) desalination unit.

According to Figure 4, the cooling water discharge from the MED system, that is, the
RO feedwater enters a pre-treatment unit for removal of its large and suspended particles.
This stream is then pumped into the RO membrane due to mechanical pressure. The
membrane removes the salt from the feedwater and produces freshwater. It is noted that
overcoming the osmotic pressure difference between freshwater and saltwater is the basis
of the RO desalination process.

3. Methodology
3.1. Thermodynamic Modelling of the Integrated CCPP and MED-RO System

For better modelling the gas and steam turbine cycles of the CCPP, a set of default
values is considered as input data. This data is obtained from the operational information
of the Neka power plant, as well as the weather conditions around the location of the plant.
The input data related to gas and steam cycles are gathered in Tables 1 and 2, respectively.

Table 1. Technical input data of the gas turbine cycle [18].

Input Parameter Symbol Value (Unit)
Ambient temperature To 20 (°C)
Turbine inlet temperature TIN TURB 971 (°C)
AC compression ratio Tp,AC 10
AC isentropic efficiency NAC 0.86
GT isentropic efficiency nGr 0.90
Net power output WNet,GC 132,150 (kW)
Lower heating value LHV 49,434 (k] /kg)
cost of fuel € fuel 4.7(%$/G))
cost of air Cair 0
cost of cooling water Cew 0

AC, air compressor; GT, gas turbine.

Table 2. Technical input data of the steam turbine cycle.

Input Parameter Symbol Value (Unit)
High-pressure level Pyp 9600 (kPa)
Low-pressure level Pip 1000 (kPa)
Condenser pressure Peond 21.3 (kPa)

Cooling water temperature rise ATeooling 25 (°C)
HPEV pinch temperature difference ATypEY 3(°C)
LPEV pinch temperature difference ATrpey 41.8 (°C)

ST isentropic efficiency nsT 0.85
Pump isentropic efficiency Npump 0.8

HPEV, high-pressure evaporator; LPEV, LPEV, low-pressure evaporator; ST, steam turbine.
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Multi-effect desalination systems are composed by several identical desalination
effects. Therefore, there are several identical devices that are used many times. For
modelling purposes, each device is modelled separately in this study. Then, the overall
model of the system is thermodynamically analyzed by providing a suitable equation to
connect its different parts. The input data for the thermodynamic modelling of the MED
unit is given in Table 3.

Table 3. Technical input data of multi-effect distillation with thermal vapor compression (MED)
unit [19].

Input Parameter Symbol Value (Unit)
Number of effects n 6
Distillate rate mp 20 (kg/s)
Steam saturation temperature Ts 70 (°C)
Seawater salinity Xow 35 (g/kg)
Terminal temperature difference ATTER 2 (°C)
Recovery ratio RR 0.3
Last effect temperature Teffn 48 (°C)
Seawater temperature rise in MED condenser ATsw 24 (°C)
Steam returned pressure Ps, 490 (kPa)
Distillate delivered pressure Pp 450 (kPa)

The following assumptions are considered to simplify the mathematical modelling
approach [19]:

i The operating conditions of the desalination plant are considered to be steady-state.

ii. The heat transfer plates are large enough to convert all vapor into a saturated liquid
according to the operating pressure of each effect.

iii. Seawater is incompressible, and its properties can be expressed as a function of
only temperature and salinity.

iv. Energy losses to the environment are negligible.

V. The outlet temperature of brine and freshwater from each MED desalination effect

are equal to the temperature of the corresponding effect.

The number of equations which need to be solved simultaneously is quite large. Ad-
ditionally, the user determines the number of effects which varies the size of equations
system. In order to reduce complexity, the simulation of the MED unit is performed via
EES software. However, the remaining components of the integrated CCPP and MED-RO
desalination system are modelled and solved in MATLAB software. The main thermody-
namic governing equations of MED and RO processes are presented in Tables A1 and A2
(see Appendix A), respectively. The thermo physical properties of water and steam streams
have been determined using IAPWS [20]. Properties of gaseous streams can be obtained
using correlations presented by Dincer et al. [21] and Valero et al. [22]. Additionally, data
bank of EES software provides the thermo physical properties of brine streams.

3.2. Conventional Exergy Analysis

Exergy is defined as the useful part of energy which is capable to produce work. This
parameter provides the basis for many studies by quantifying energy quality. An energy
flow can have a large energy amount but low or even zero quality value. For example,
the heat that exists at ambient temperature and pressure has zero quality, owing to its
inability to produce work. Therefore, the concept of exergy adds a valuable and useful
view to thermodynamic studies. Any flow or fluid has an amount of exergy. Each fluid
has a potential exergy due to its material and nature, which is called chemical exergy. In
this study, the physical and chemical exergy values of each process stream are estimated
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by Equations (1) and (2), respectively. The specific chemical exergy for methane can be
calculated by Equation (3) as follows [18].

exPH = (h—hg) — To(s — sg) (1)
ex“M =Y xpext™ + RTp) xp In(xy) )
exCH, = 1.037 X LHV,ethane 3)

The chemical exergy associated with seawater streams in kJ /kmol (molar basis) is

obtained by Equation (4) [23,24]:
exgy' = ns (7 — ﬁ(s)) — (g — ﬁ%) (4)

In which, ns and n,, indicate the moles number of salt and water in seawater, respec-
tively. Additionally, 7., is the molar chemical potential related to salt in seawater (kJ/kmol),
and 7, is that of water (kJ/kmol). The superscript zero determines the dead state as
indicated by 7’ = f(Py, Ty, salinityy), and salinityy = salinity feeq-

The chemical exergy related to seawater streams can be estimated by Equation (5) as
follows (kJ /kg) [23,24]:

exsczf = mfs(u's — Vg> — mfw(Pw — l‘gz) @)

In which, m f; and mf;, are the mass fraction of salt and water in seawater, respectively.
Moreover, *s and p*y, are the chemical potential associated with salt and water in seawater
(kJ/kg), correspondingly. The superscript * indicates the restricted dead state so that
V* = f(PO/ To, Salinit]/i—th stream)-

The overall exergy of each stream is obtained as follows [18,21]:

ex; = exZCH + eleH (6)
The exergy rate of each stream can be calculated by Equation (7) [18,21].
Exi = Thi s ex; (7)

One of the important concepts of exergy analysis is the exergy destruction parameter,
which is defined as the irreversibility rate of the system. In the ideal and reversible systems,
the total inlet and outlet exergy flows of the system are equal. However, in real systems
with irreversibility effects such as chemical reactions, transient heating, friction, etc., the
total exergy of the output flows from the system is lower than the total exergy of the
input flows to the system, which is presented as the exergy destruction of that system.
The exergy destruction rate and exergy efficiency of each equipment can be obtained by
Equations (8) and (9), respectively [18,21].

Expy = Expy — Expy (8)
E
g = Dk ©)
EXF,](

The mathematical formulation for obtaining the exergy destruction of each component
in the integrated system is presented in Table 4.
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Table 4. Exergy destruction formulation for different system components.

System Component Exergy Destruction Equation
AC WAC — Exp + Exq
GT EX3 — EX4 — WGT
ST Exsp + Exg — Ex1 — WsT
CcC Exp + Exy, — Exs
Condenser Ex16 — Ex17 — Excw_out + EXcw_in
MED EX33 + EX35 — EX34 — EX36 — EX37 — EX38

RO ‘Ex36 + WRo_pump — EX39

Condenser Pump WconD_pump — Ex19 + Ex18

AC, air compressor; CC, combustion chamber; GT, gas turbine; MED, multi-effect distillation; RO,
reverse osmosis; ST, steam turbine.

3.3. Conventional Exergoeconomic Analysis

In the exergoeconomic modelling and evaluation, expenditures are related to each
exergy stream. Table A3 shows the capital investment of each system component (see the
Appendix A).

The cost rate of the equipment can be obtained by Equation (10) [21].

@y - PEC;-CRF

2= T 3600 N (10)

In which, ®; indicates the maintenance factor (equal to 1.06 in this work [18,21]),
while N is the annual operating hours (8000 h) [18,21], and CRF is the capital recovery
factor as given by [18]:

i- (140"
(141" -1

In Equation (11), i represents the interest rate and ny the plant lifetime (25 years) [18,21].
The exergoeconomic balance formulation is expressed as follows [18].

CRF = (11)

Cpr = Crx— Cpi + Z (12)
Zce,k + Cop = Cq,k - Zci,k + Zy (13)

e i
Ci =C Exi (14)

The exergy cost of destruction of each system component is given as follows [18].
Cpj = crk- Expi (15)

The exergoeconomic factor for each equipment can be estimated by Equation (16) [18].

z
fi= T (16)
Zy + Cri Exp
The relative cost difference can be obtained by the following equation [18].
cpx—C 1—c¢ z
e = Pk Fk _ k + k (17)

CFk €k Crik- EXP,k
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3.4. Conventional Exergoenvironmental Analysis

The exergoenvironmental analysis consists of three phases. First, exergy analysis is
carried out for each process stream. Then, the environmental impacts of the manufacturing
process are estimated for each component. Finally, the exergoenvironmental equations
are implemented to predict the environmental impact of each stream based on the exergy
analysis. The exergoenvironmental analysis for each equipment is performed via the
following formulation [25].

Bpy = Bry — Bri+ Y (18)

Y Bek+ Buwk = Box — Y Bix+ Yy (19)
e i

B; = b; - Ex; (20)

The environmental impact rate associated with the exergy destruction of each system
component is given by Equation (21) [25].

Bpy = bry - Expy (21)

The exergoenvironmental factor for each equipment can be calculated by Equation (22) [25].

Y
fop= —>F (22)
Y+ bf,k “Exp
The relative environmental impact difference is determined as follows [25].
bpy—b 1— Y
rhp = Lk TEk _ 2T Tk (23)
bF,k €k bf,k . EXp/k

The environmental impact of each equipment can be obtained by Equation (24) [25]:
Yi = Wy - by (24)

In which, v is the environmental impact of the equipment in points (pts), while wy
is the weight of the equipment in tons. bmy represents the environmental impact per
mass unit of the equipment in pts/ton, which is a function of the material used in the
manufacturing process of the different system components. The latter can be obtained from
the Eco-indicator 99 methodology through the determination of the material composition
related to each component [26]. The weight function associated with each equipment unit
is given in Table 5.

The environmental impact rate of the RO unit in mpts/(h m?) is estimated by the
following equation [27]:

Yo = 0.0195 P Wro
3600 - mRro_gistillate

+0.00595 (25)

The environmental impact rate of the MED unit is equal to Y MED = 1.277 mpts/(h m?) [27].
In addition, as input information is required for solving the problem, the environmental
impacts of the equipment weight unit are listed in Table 6.
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Table 5. Weight function associated with each system component [25].

System Component Weight Equation (Tons)

100-P,-dac-FSac

AC fs
FSjc =2 safety factor of AC
oac = 16 : ruptering stress of AC in MPa
dac = 15m/s: diameter considering m and velocity
100-P,-dcc-FScc
cC S
FScc = 2: safety factor of CC
occ = 45 : ruptering stress of CC in MPa
dcc = 6.2m/s : diameter considering m and velocity
100-P,-dgr-FScr
GT foer
FSgr = 2: safety factor of GT
ocT = 6 : ruptering stress of GT in MPa
decr = 13 m/s : diameter considering m and velocity
. 087 .
Superheater 8.424 - Qgpy, Qin MW
Deaerator 2.49 - 11,07
- 0.95 .
Pump 0.0061 - Wy, W in KW
- 0.68 .
Evaporator 13.91- Qry , Qin MW
. . 097 .
Economizer 2989 - Qpc , Qin MW
MED Environmental Impact of MED can be calculated
directlyand independent of its weight
Environmental Impact of RO can be calculated directlyand
RO . . .
independent of its weight
073 . .
ST 49-W 7, Win MW

AC, air compressor; CC, combustion chamber; GT, gas turbine; MED, multi-effect distillation; RO, reverse osmosis;
ST, steam turbine.

Table 6. Environmental impacts of the equipment weight unit.

System Component Composition bmy, (pts/ton)

Steel 33.33%, steel low alloy

AC 44.5%, cast iron 22.22% 77
Steel 33.34%, steel high alloy

CC 66.66% 585.0

GT Steel 25%, steel high alloy 75% 645.7

Superheater Steel 26%, steel high alloy 74% 638.0

Evaporator Steel 100% 28.0

Economizer Steel 100% 28.0

Pump Steel 35%, cast iron 65% 132.8

Condenser Steel 100% 28.0

ST Steel 25%, steel high alloy 75% 646

AC, air compressor; CC, combustion chamber; GT, gas turbine; ST, steam turbine.

3.5. Advanced Exergy Analysis

Exergy analysis has two important indicators that provide a relative understanding of
process energy performance: exergy destruction and exergy efficiency. These two indicators
of exergy analysis show how a device works in terms of quality of energy consumption.
They also allow to determine which equipment does not have good exergy performance,
and wastes useful work in a process. Advanced exergy analysis is based on the results of
the exergy analysis. Therefore, the input data of the advanced analysis are the irreversibility
and efficiency of the related process equipment. The main idea behind the advanced exergy
analysis is the irreversible division of a system device. Irreversibility that occurs in a device
is not only due to the thermodynamic malfunction of the equipment itself, but also to the
performance of other components in which it is associated with in the process. Although
the exergy analysis can be used to determine the irreversibilities of a device in a more
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accurately and easily way, it is not able to classify such irreversibilities regarding their
origin [17]. In other words, conventional exergy analysis is unable to determine the device
irreversibilities originated by other means than the function of the device itself. However,
this can be done by an advanced exergy analysis. In this type of analysis, equipment
irreversibility is divided into two perspectives: one from the origin of irreversibility, and
another from the ability to eliminate such irreversibility. From the origin point of view, the
irreversibility of each device is divided into two categories: endogenous and exogenous
irreversibility. Still, from the ability to eliminate perspective, the irreversibility of each
device is classified as avoidable and unavoidable [28]. The advanced energy analysis is
presented in the following sections.

3.5.1. Endogenous and Exogenous Irreversibility

In a system with n elements, the endogenous exergy destruction of the k-th element is
that part of the exergy destruction that depends on the irreversibility of that component
itself. The destruction of endogenous exergy is achieved when the element operates in
real conditions, whereas other elements operate in theoretical conditions and without any
irreversibility. Equation (26) indicates the relation between endogenous, exogenous, and
real exergy destruction for component k [29].

Exg)i = Eng’kl — Exgl/\{( (26)

3.5.2. Avoidable and Unavoidable Irreversibility

The part of exergy destruction that cannot be avoided by changes in system design
technology to improve its thermodynamic and physical conditions is called avoidable
exergy destruction. These conditions are provided when the destruction tends to be the
minimum value, and the temperature differences and pressure drop in the elements are
as low as possible. In many studies, the conditions applied to the unavoidable state are
suggested by the author’s knowledge and experience on the possibility of maximizing
the potential of the element to be improved. After estimating the unavoidable exergy
destruction, the amount of avoidable exergy destruction is calculated as follows [29].

Exé}i = Exgi‘kl - Eng;(] (27)
3.5.3. Combination of Endogenous/Exogenous and Avoidable/Unavoidable Irreversibility

The avoidable exergy destruction is divided into endogenous and exogenous cate-
gories. Endogenous avoidable exergy destruction is the part of exergy destruction that
occurs due to the irreversibility of the elements themselves and can be avoided. Therefore,
with the improvement of the efficiency of this element, the amount of its endogenous
exergy destruction will be reduced. Exogenous avoidable exergy destruction is also caused
by irreversibility in other elements, but because it is avoidable, the exogenous avoidable ex-
ergy destruction can be reduced by improving the efficiency of other elements of the cycle.
On the other hand, the endogenous and exogenous unavoidable exergy destruction are
caused by the limitations of the element’s technology, as well as the irreversible effect and
technological limitations of other elements. The endogenous and exogenous unavoidable
exergy destruction for the elements are estimated as follows:

. . . . UN
Expi™N = Ex} ¥ (Exp/Exp), (28)
Expi™ = Exf — Ex AN (29)

Endogenous avoidable exergy destruction and exogenous avoidable exergy destruc-
tion are obtained by subtracting endogenous unavoidable and exogenous unavoidable
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exergy destruction, from endogenous exergy destruction and exogenous exergy destruction,
respectively, as follows:

. AV.EN _ . EN r..UNEN

Expy™" = Expj — Exp, (30)

F AVEX _ p EX  p UNEX

ExD,k = ExD,k — ExD,k (31)
Therefore, the exergy destruction of the k-th element can be written as follows:

r.real _ . UNEN r..UN,EX r..AV,EN .. AV,EX
ExD’k - ExD,k + Exle + ExD’k + ExDrk (32)

3.6. Advanced Exergoeconomic Analysis

Similarly to the previous discussions on advanced exergy analysis, in advanced exer-
goeconomic analysis, the cost of exergy destruction of each component is divided into four
parts: endogenous, exogenous, avoidable, and unavoidable cost of exergy destruction [29].

3.6.1. Endogenous and Exogenous Cost of Exergy Destruction

The endogenous cost of exergy destruction is the part of the exergy destruction cost
that depends on the performance of the k-th element itself, the internal irreversibility of
this element, and the average fuel cost per exergy unit of the component. The exogenous
cost rate of exergy destruction is also the part of the exergy destruction cost that is exerted
by the other elements on the k-th element. The rate of endogenous exergy destruction is
obtained by implementing real conditions to the element itself, and theoretical conditions
to other elements. The endogenous cost rate of exergy destruction and the exogenous cost
rate of exergy destruction are obtained as follows [30].

. EN .
C " px=cpx- Expy (33)
.EX .
C i = crx- Exply (34)

Therefore, the total cost of exergy destruction in both endogenous and exogenous
states is equal to the total cost of exergy destruction:

. real . real . EN . EX
pk=Crx Expy =C pr+C pi (35)

3.6.2. Avoidable and Unavoidable Cost of Exergy Destruction

The rate of the cost of exergy destruction in the avoidable and unavoidable conditions
is given by the following equations.

. UN .
C pk=crx-Expy (36)

\%4

LA .
C' p=crk-Expy (37)

The cost rate of unavoidable exergy destruction is the cost of the fuel required to
provide avoidable exergy destruction in the component, while the product exergy of the
component is considered to be constant. Additionally, the sum of the avoidable and
unavoidable exergy destruction cost rate is equal to the total cost rate of exergy destruction
of the component, as shown as follows:

\4

. real . real . UN A
Dk =Crk Expy =C px+C pi (38)
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3.6.3. Combination of Endogenous/Exogenous and Avoidable/Unavoidable Cost of
Exergy Destruction

The combination of the cost of exergy destruction into different sections can be written

as follows: EN AV ‘
pi = cpr- Expy (39)
. 1;1;]](,UN - EXEI,\]](’UN (40)
Cox = epy- EXEXAY (1)
Cor = cpy ExpytN (42)

- EN,AV
In Equation (39), Cp)  indicates the cost rate of endogenous avoidable exergy
destruction of the k-th element, which depends on the performance of the element itself.
Therefore, by optimizing the condition of this element, its amount can be improved. In

- EX,AV
Equation (41), Cp,  is the cost rate of exogenous avoidable exergy destruction of the k-th

element, which can be improved by optimizing the conditions of other elements of the
- EN,UN X,
cycle. Cpy  and Cpy  are the cost rate of endogenous unavoidable exergy destruction,

and the cost rate of exogenous unavoidable exergy destruction of the k-th component,
respectively.

3.7. Advanced Exergoenvironmental Analysis

Similarly to the discussions on advanced exergy analysis, in advanced exergoenvi-
ronmental analysis, the environmental impact of exergy destruction of each component is
divided into four parts: endogenous, exogenous, avoidable, and unavoidable environmen-
tal impact of exergy destruction [31].

3.7.1. Endogenous and Exogenous Environmental Impact of Exergy Destruction

The endogenous environmental impact of exergy destruction is the part of the exergy
destruction environmental impact that depends on the performance of the k-th element
itself, the internal irreversibility of this element, and the average fuel environmental impact
per exergy unit of the component. The exogenous environmental impact rate of exergy
destruction is also the part of the exergy destruction environmental impact that is exerted
by the other elements on the k-th element. The rate of endogenous exergy destruction is
obtained by implementing real conditions to the element itself, and theoretical conditions to
other elements. The endogenous environmental impact rate of exergy destruction and the
exogenous environmental impact rate of exergy destruction are obtained as follows [30].

. EN .
B pi = brx- Exp) (43)
.EX .
B pi = brx-Expy (44)

Therefore, the total environmental impact of exergy destruction in both endogenous
and exogenous states is equal to the total environmental impact of exergy destruction.

- real . real - EN - EX
pk=Ccrx Expy =C pr+C pi (45)
3.7.2. Avoidable and Unavoidable Environmental Impact of Exergy Destruction

The rate of the environmental impact of exergy destruction in the avoidable and

unavoidable conditions are given by the following equations:

. UN R
B™ pj=bpi-Expy (46)
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\%4

A .
B" px = brx- Expy 47)

The environmental impact rate of unavoidable exergy destruction refers to the en-
vironmental impact of the fuel required to provide avoidable exergy destruction in the
component, while the product exergy of the component is considered to be constant. Ad-
ditionally, the sum of the avoidable and unavoidable exergy destruction environmental
impact rate is equal to the total environmental impact rate of exergy destruction of the
component, as shown as follows:

- real  real . UN . AV
Bpx =Dbpi-Expy =Bpy + Bpi (48)

3.7.3. Combination of Endogenous/Exogenous and Avoidable/Unavoidable
Environmental Impact of Exergy Destruction

The combination of the environmental impact of exergy destruction into different
sections can be written as follows:

. gl/\zjc'AV s Exg\;]{AV (49)
. EI;IC,UN - Exfﬁ'w (50)

) Z);AV - ExEDﬁ,AV (51)
. g};uN - EXE?%UN (52)

. EN,AV
In Equation (49), Cp  represents the environmental impact rate of endogenous
avoidable exergy destruction of the k-th element, which depends on the performance of the
element itself. Therefore, by optimizing the condition of this element, its amount can be

. EX,AV
improved. In Equation (51), Cp;  indicates the environmental impact rate of exogenous

avoidable exergy destruction of the k-th element, which can be improved by optimizing
. ENJUN . EX,UN
the conditions of other elements of the cycle. Cp,  and Cp;  are the environmental

impact rate of endogenous unavoidable exergy destruction, and the environmental impact
rate of exogenous unavoidable exergy destruction of the k-th component, respectively.

4. Results and Discussion
4.1. Validation of Thermodynamic Results

Table 7 presents the verification of the MATLAB thermodynamic simulation results
obtained for the RO desalination unit in comparison with other studies from the literature.
The results show a good agreement with those attained by Al-Zahrani et al. [3] and Zhou
et al. [32]. Table 8 displays the validation of the thermodynamic simulation results obtained
for the MED unit via the Thermoflex software. Overall, the MED results also show good
agreement with those from the thermodynamic modelling in Thermoflex (which is based
on real plant data) with errors lower than 4%. In Tables A4 and A5 (see Appendix A),
the main process parameters obtained from thermodynamic modelling in Thermoflex,
and the proposed MATLAB modelling approach are compared for the different process
streams and system components, respectively. As it is shown, the results of thermodynamic
simulation in MATLAB and Thermoflex software are also in an appropriate agreement
with each other.
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Table 7. Comparison of the obtained reverse osmosis (RO) simulation results with the literature.

Thermodynamic Present Study .
Parameters (Unit) (MATLAB) Al-Zahrani et al. [3] Zhou et al. [32]
Feed Pressure (bar) 50 50 50
Feed Salinity (%) 3 3 3
Recovery Ratio 0.5008 0.51 0.481

Table 8. Validation of the multi-effect desalination (MED) results obtained by the proposed approach.

Thermodynamic Present Study

Parameters (Unit) (MATLAB) Thermoflex Error (%)
No. of effects 6 6 0.000
GOR 5.41 5.32 1.69
SA 321.89 332.1 3.07
Msteam (Kg/s) 3.28 3.22 1.86
mdistillﬂte (kg/s) 20.00 20.00 0.00

The results obtained from thermodynamic modelling of the existing combined cycle of
Neka power plant indicate the consumption of 8.43 kg of fuel per second to simultaneously
produce 132.15 MW of gas power, and 80 MW of steam power. To integrate the existing
Neka power cycle with MED-RO desalination systems, a stream is extracted from the
low-pressure section of the combined cycle to satisfy the stimulus vapor of the multi-effect
desalination water with a mass flowrate of 3.6 kg/s. Additionally, the mass flowrate output
of the cooling water section of the MED desalination plant is used as the inlet flow of the
RO desalination section. The multi-effect thermal desalination unit produces around 20 kg
of freshwater per second from an inlet seawater mass flowrate of about 12.48 kg/s. The
RO desalination unit is capable of producing 6.54 kg of freshwater per second. Moreover,
the calculations performed on the proposed integrated water and power cycle indicates a
3.79% increase in fuel consumption compared to the conditions before the integration. The
thermodynamic calculations of the proposed integrated cycle also show that total power
production of the plant is reduced by 19%, in order to produce 26.54 kg of freshwater per
second. Under these conditions, the energy efficiency of the Neka power plant decreases
by 2.49% (from 47.98% to 45.49%) after the integration with desalination units.

4.2. Conventional Exergy, Exergoeconomic, and Exergoenvironmental Results

After modelling the integrated system and implementing conventional exergy, exer-
goeconomic, and exergoenvironmental analyses, different parameters are estimated for
each of the process streams and components. Table A6 (see Appendix A) shows the results
of thermodynamic, exergy, economic, and environmental analyses for each stream in the
system. The corresponding results obtained for different system components are presented
in Table 9. The results presented in Table 9 reveal that the exergy efficiencies of the MED
(31.59%) and RO (19.51%) desalination units, and condensers (34.56%) are relatively lower
when compared to other components. The GT unit presents the highest exergy efficiency
of 95.87%. The exergoeconomic efficiencies of the CC (1.87%) and condenser (1.46%) are
relatively lower when compared to other components. This is due to the high cost and
environmental effects of exergy degradation on these two components. Thus, these com-
ponents have great potential to improve the system performance, because their exergy
destruction has a significant undesired impact on the environment and costs. Improving
these components’ performance will obviously come at the expense of a cost increase. In
addition, the HRSG (2.19%) and condenser (0.003%) have comparatively low exergoen-
vironmental factors, which indicate that the exergy destruction of these components has
high adverse effects on the environment. Therefore, it is possible to reduce the exergy
destruction of these components for decreasing the environmental impacts of the integrated
system. Still, spending cost and improving the performance of the condenser due to its low
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exergy-economic and exergy-environmental coefficients are among the effective proposals
to reduce costs and environmental effects of the exergy destruction of this unit.

Table 9. Conventional exergy, economic, and environmental results for different system components.

System V4 Cp Y

£ (%) o)  Bp € (%)

Component  (US$/h) (US$/h)  (mpts/h) (pts/h)
AC 140.33 27.73 10.43 365.76 288.94 84.69 0.05 92.99
CC 74.94 1.87 43.50 3925.62  1463.62 0.06 2352.76 70.08
GT 172.63 30.77 6.22 388.46 294496  96.75 0.10 95.87
Condenser 79.55 1.46 11.38 462.29 6.37 0.003 224.33 34.56
ST 6.85 1597 189.35 418.66 1552.86 0.64 242.26 84.96
MED 12.15 7.18 237.73 117.54 92,937.26 56.91 52.75 31.59
RO 38.86 82.24  479.90 8.39 2823.66  36.49 491 19.51
PRE 39.58 31.68 113.22 85.36 31.65 0.06 50.88 56.38
LPEC 22.49 83.75 132.70 4.36 4.00 0.15 2.60 82.26
HPEC1 40.07 54.32 57.69 33.69 29.68 0.15 20.08 79.14
LPEV 35.45 46.84 38.12 40.23 65.17 0.27 23.98 83.15
LPSH 41.40 9542  296.14 1.99 1559.06  56.84 1.18 88.06
HPEC2 87.99 67.54 26.88 42.29 94.19 0.37 25.20 91.98
HPEV 107.45 47.27 19.04 119.87 175.22 0.24 71.45 90.88
HPSH 57.58 50.96 15.89 55.40 3159.00 8.73 33.02 92.77
HRSG 432.01 52.99 25.09 383.19 5118 2.19 228.39 84.79

AC, air compressor; CC, combustion chamber; GT, gas turbine; ST, steam turbine; MED, Multi Effect Desalination;
RO, Reverse Osmosis; PRE, Preheater; LPEC, Low Pressure Economiser; HPEC1, High Pressure Economiser1;
LPEV, Low Pressure Evaporator; LPSH, Low Pressure Superheater; HPEC2, High Pressure Economiser2; HPEV,
High Pressure Evaporator; HPSH, High Pressure Superheater; HRSG, Heat Recovery Steam Generator.

Table 9 also shows that the relative cost difference of the MED system (237.73%) is
significantly smaller than that of the RO desalination unit (479.9%). This observation
indicates that the cost of freshwater produced relative to the cost of fuel required for the
MED unit, is lower than that of RO desalination unit. Still, according to Table 9, gas
turbines present the highest investment cost of 0.047 US$ per second, while the MED
exhibits the highest environmental impact rate of 0.025 points per second. It should also
be noted that the cost of exergy destruction and environmental effects imposed by exergy
destruction on equipment are higher for the CC, GT, and ST units, when contrasted to other
devices. Hence, improvements in the performance of these devices can reduce their exergy
destruction and avoid cost wastage, as well as prevent the imposition of environmental
effects by exergy destruction. This is because the exergy destruction of these components
has higher adverse economic and environmental effects. One of the important outputs
of exergy analysis is the distribution of exergy destruction between different parts of
the system. Figure 5 depicts the distribution of exergy destruction between the different
equipment in the integrated system.

According to Figure 5, the CC exhibits the highest share of exergy destruction (57%).
The GT and HRSG units present 9% both, while the MED-RO desalination units account
for only 2% of the exergy destruction in the system. Thus, these results reveal that the
highest rate of exergy destruction is related to the gas turbine cycle in the CCPP. Therefore,
reducing the share of the destruction of the gas turbine cycle can have a positive effect on
the destruction of the entire plant.
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Figure 5. Exergy destruction distribution between the main system components. HRSG, heat recovery
steam generator.

4.3. Advanced Exergy, Exergoeconomic, and Exergoenvironmental Results

The results of advanced exergy, exergoeconomic, and exergoenvironmental analyses
are presented in this section. Figure 6 displays the distributions of the avoidable/unavoidable
and endogenous/exogenous exergy destruction for different system components expressed
in relative and quantitative values. According to Figure 6a, the highest proportions of
avoidable exergy destruction are related to the MED-RO desalination units (47%), followed
by the HRSG unit (33.87%), ST (22.26%), and condenser (21.69%). Hence, these are the
components that have more potential for improvement in order to reduce the exergy de-
struction of the system. In addition, the highest endogenous exergy degradation portion
belongs to the CC (85.69%) and ST (82.36%), respectively. Therefore, these components
have the highest capacity to reduce their exergy destruction and they are the most suitable
choices to reduce the exergy destruction among the system components. Figure 6 also re-
veals that the maximum avoidable fraction (relative value) and maximum avoidable value
(quantitative value) can be different in terms of equipment (i.e., the MED-RO desalination
units present the maximum avoidable relative value for the exergy destruction, while the
CC unit shows the maximum avoidable quantitative one). In the same way, the equipment
with the highest relative value for unavoidable exergy destruction will not necessarily have
the highest quantitative value for the unavoidable exergy destruction. According to Figure
6b, the maximum amount of unavoidable and endogenous exergy destruction is related
to the CC unit. Therefore, performance improvements in this equipment can significantly
reduce the exergy destruction of the whole system.

Figure 7 shows the distributions of avoidable /unavoidable and endogenous/exogenous
exergy destruction costs for different system components expressed in relative and quan-
titative values. According to Figure 7a, the highest proportions of the cost of avoidable
exergy destruction are related to the MED-RO desalination section (50.58%), followed by
the HRSG unit (37.87%), condenser (24.65%), and ST (20.32%). Hence, in order to reduce the
cost of exergy destruction of different parts of the system, the aforementioned components
present higher potential for improvements. In addition, the highest costs of endogenous
exergy destruction belong to the CC (87.32%) and ST (86.12%). Thus, the CC and ST units
are the most appropriate choices to reduce the relative cost of exergy destruction among
the system components. Figure 7 also reveals that the maximum avoidable relative exergy
destruction cost can significantly differ from the maximum avoidable quantitative value in
terms of equipment (i.e., the MED-RO desalination units present the maximum avoidable
relative value for the exergy destruction cost, while the CC unit shows the maximum
avoidable quantitative one). Similarly, the equipment with the highest relative value for
unavoidable exergy destruction cost will not necessarily have the highest quantitative
value for the unavoidable exergy destruction cost.
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Figure 6. Distributions of avoidable/unavoidable and endogenous/exogenous exergy destruction for different system
components in (a) relative values, and (b) quantitative values. AC, air compressor; CC, combustion chamber; GT, gas
turbine; HRSG, heat recovery steam generator; Cond, condenser; ST, steam turbine; MED-RO, multi-effect distillation and

reverse osmosis system.

Figure 7b shows that the highest cost of avoidable exergy destruction is related to the
CC (575.1 US$/h), followed by the HRSG unit (145.1 US$/h), condenser (103.2 US$/h), and
ST unit (93.94 US$/h). In addition, the CC (3427.8 US$/h), ST (398.13 US$/h), condenser
(301.94 US$/h), and HRSG units (294.35 US$/h) have the highest shares of endogenous
exergy destruction cost. Therefore, performance improvements in these equipment units
have the greatest potential for reducing the cost of exergy destruction of the whole system.



Processes 2021, 9, 59 21 of 29

120 —
Avoidable

Unavoidable
Endogenous
Exogenous

100

Exergy Destrcution Cost of the Equipment [%]

AC cC GT HRSG Cond ST MED-RO
(a)
- §  Avoidable
3000 1] Unavoidable
i [ | Endogenous
B ] Exogenous
2400 [

1800

1200

Exergy Destrcution Cost of the Equipment [$/h]

AC CcC GT HRSG Cond ST MED-RO

(b)

Figure 7. Distributions of avoidable/unavoidable and endogenous/exogenous exergy destruction cost for different system
components in (a) relative values and (b) quantitative values. AC, air compressor; CC, combustion chamber; GT, gas turbine;
HRSG, heat recovery steam generator; Cond, condenser; ST, steam turbine; MED-RO, multi-effect distillation and reverse
0smosis system.

Figure 8 shows the distributions for environmental impacts of avoidable/unavoidable
and endogenous/exogenous exergy destruction for different system components expressed
in relative and quantitative values. According to Figure 8a, the highest proportions of
environmental impacts of avoidable exergy destruction are related to the MED-RO desali-
nation section (51.37%), followed by the HRSG unit (36.58%), condenser (32.65%), and
CC (31.26%). Hence, in order to reduce the environmental effects of exergy destruction
of different parts of the system, the aforementioned components present higher potential
for improvements. In addition, the highest environmental impacts of endogenous exergy
destruction belong to the CC (86.35%), ST (84.69%), and GT (79.43%). Therefore, the CC, ST,
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and GT units are the most appropriate choices to reduce the relative environmental effects

of exergy destruction among the system components.

120
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Figure 8. Distributions of avoidable/unavoidable and endogenous/exogenous environmental impacts of exergy destruction

for different system components in (a) relative values and (b) quantitative values. AC, air compressor; CC, combustion
chamber; GT, gas turbine; HRSG, heat recovery steam generator; Cond, condenser; ST, steam turbine; MED-RO, multi-effect
distillation and reverse osmosis system.

Figure 8 also reveals that the maximum avoidable relative environmental impacts
of exergy destruction can significantly differ from the maximum avoidable quantitative
value in terms of equipment (i.e., the MED-RO desalination units present the maximum
avoidable relative value for environmental impacts of exergy destruction, while the CC
unit shows the maximum avoidable quantitative one). Similarly, the equipment with the
highest relative value for unavoidable environmental impacts of exergy destruction will not
necessarily have the highest quantitative value for the unavoidable environmental impacts
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of exergy destruction. Figure 8b shows that the highest environmental impacts of avoidable
exergy degradation is related to the CC (735.47 pts/h), followed by the HRSG unit (83.55
pts/h), condenser (73.24 pts/h), ST (46.59 pts/h), and MED-RO desalination units (29.58
pts/h). Additionally, the CC (2031.61 pts/h), ST (205.17 pts/h), HRSG (174.38 pts/h),
and condenser (160.73 pts/h) present the highest environmental effects of endogenous
exergy destruction. Therefore, performance improvements in the CC, ST, HRSG, and
condenser units present the greatest potential for reducing the environmental effects of
exergy destruction of the whole system.

5. Conclusions

Considering the need of different communities for electricity and freshwater, it is
important to analyze and optimize the conditions for converting power plants into a cogen-
eration system. In this light, comprehensive thermodynamic, economic, and environmental
analyses are performed to evaluate the potential conversion of a combined power plant into
a simultaneous water and power production system. To do so, a thermodynamic modelling
approach is proposed for the integrated combined cycle power plant with a multi-effect
and reverse osmosis desalination system. In addition, conventional and advanced exergy,
exergoeconomic, and exergoenvironmental analyses are carried out to appraise the main
process performance parameters, as well as to identify potential technical, economic, and
environmental improvements for the integrated system. A case study is presented based
on the Neka power plant located at the north of Iran along the Caspian Sea.

In the exergy modelling of the existing Neka power plant and proposed integrated
cycle, the results exhibit an exergy efficiency of 45.7% for the existing combined cycle, and
42.7% for the proposed cogeneration cycle. The highest cost of exergy destruction of the
combustion chamber is 1.09 US$ per second. Hence, these results indicate that the exergy
efficiency of the power plant has decreased by about 3% after the integration with the
desalination units. Results of exergy destruction of the integrated system show that the
combustion chamber, air compressor, and gas turbine units have the highest share of exergy
destruction. Therefore, these equipment units present the highest improvement potential
to diminish the exergy destruction of the whole system. As for the exergy efficiency of
the proposed integrated system, gas turbines and air compressors present the highest
values of 95% and 92%, respectively, while reverse osmosis (19%), multi-effect desalination
plants (31%), and condensers (34%) have the lowest exergy efficiencies. In the economic
evaluation of the proposed integrated system, results reveal that it is possible to reduce the
investment and operating costs of the system by increasing the share of exergy destruction
of the reverse osmosis desalination. This is due to the high exergoeconomic factor related to
the reverse osmosis unit. Furthermore, the results of the economic assessment indicate that
the production cost of electricity for the proposed integrated system is about 0.036 US$ per
kilowatt-hour, whereas the production costs of freshwater by the multi-effect desalination
and reverse osmosis are 2.5 US$/m?> and 1.75 US$/m3, respectively.

In the environmental analysis of the proposed integrated cycle, the results show
that the multi-effect desalination (with 90 points per hour), and the heat recovery steam
generator (5.04 points per hour) have the most significant environmental effects on the
proposed integrated cycle. The highest amount of environmental impacts due to the exergy
destruction rate of the equipment belongs to the combustion chamber unit (2340 points per
hour), while the lowest amount is presented by the air compressor (0.05 points per hour).
This is owing to the exergy destruction of the corresponding equipment. The lowest values
of the exergoenvironmental factor are related to the combustion chamber and condenser,
and the highest ones are associated with the gas turbine (96%) and air compressor (84%).
Finally, the results of the advanced exergy, exergoeconomic, and exergoenvironmental
analysis reveal that the desalination units present the maximum avoidable relative values
for the exergy destruction, exergy destruction cost, and environmental impacts of exergy
destruction. The combustion chamber shows the maximum avoidable quantitative val-
ues for the same parameters. Moreover, the advanced analyses show that performance
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improvements in different equipment units can significantly reduce the exergy destruction,
cost of exergy destruction, as well as the environmental effects of exergy destruction of the
whole system.

The advanced exergy-based analyses performed in this study allows to identify the
potential for technical, economic, and environmental improvements of different units in
the integrated system. The system components identified by the previous analysis could be
considered as the most appropriate options to enhance overall plant efficiency. Decreasing
exergy destruction in these units allows improving their performance, which will lead to
enhancing the efficiency of the whole plant, as well as diminishing their adverse effects
on system’s costs and environmental impacts. As these specific units have the highest
impact on the system, the effect of their improvement will be significant. For improving
the performance and thereby reducing the exergy destruction of the selected units, specific
actions for each considered component should be conducted. Discussing the practical ways
to prevent the irreversibility in different units is an attractive suggestion for future studies
on the integrated system.
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Appendix A

Table A1. Modelling equations for the multi-effect distillation (MED) system [19].

Component Modelling Equations

Performance : PR = %,RR = ’:.:Tf
Mass Balance it" effect : FXr = BXg, FXr = Be - X3,
Energy Balance ith effect : D¢Ahp, = Dhp + Bhg — Fhr
Boiling Point Elevation : BPEp = Tp — Tp
Area: D Ahp, = AU (T —T,)
U, = 1073[1939.1 + 1.40562(T£;t —273.15)
—0.0207525(T} " — 273.15)°
+0.0023186(T} " —273.15)°]
Terminal Temperature Difference : ATrgg = T, — T,
Mass Balance it flashbox : Dy + Dy, = Difi + D,
Energy Balance i flashbox : Dy - thW + Dyp - hpy,, = Dy - },ZD?ZI + D¢ - hp,
feedheater : Qg = Dc(hp — h%’rt) = Thp(h%f - h;’;)

sat

MED

Tie~Tip
Qpn = ApUpn—7rz, ~—rary
In[| ——-F
TDC/SIU 7T1157F
Ug, = 107[1617.5 4 0.1537(Tp,,,, — 273.15)
+0.1825(Tp,,, — 273.15)

—0.00008026(Tp, ., — 273.15)°]
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Table A1. Cont.

Component Modelling Equations
Qeond = DC(hin hout) = titconq (MY — hlsyzlu)

in __out

Qeond = AcUe 7T51; Ly

in( 727 )

U, = 10-3[1617.5 + 0.1537(Tp, — 273.15)
Condenser +0.1825(Tp — 273.15)>
—0.00008026(TD 273.15)%]

mD—ZD()
Dc(l)

mF* F(1)
mp = B(n)
r

Specific Area: SA = LAAL AptAc
mp

Table A2. Modelling equations for the RO desalination unit [3].

Modelling Equations

RR = "o

mr

RR = RR|T 25 - Juw

Julr=25
mp = mD +mp
mrp = mcwd,MED

A _ 11 (Preed—par)-100
W RO — P'Wpump

D'IUCTU‘/ZU
Jo= W{(PF pp) — (tr — 7p) }
_ 35l T,
= 0.14507(1000—10sal;)

T : average Temp. of RO
R : Universal Gas Cons tan t
e : membrane thickness
Vw : water molar volume
Cyw : water concentration

0
Dy = ;{HZLISJ]S
Hw = 423 X 1075 +[0.157(TF + 64.993)2 — 91.296}_1
ds = 0.076 MWy,
ds : Stocks diameter
MW : Molcular Weight

sal
salp = 28R

h _ hfeed*RR'hbrim

distillate — T—RR

7T

Table A3. Capital investment for different system components.

System
Component
AC 44.71 -mg - rp ac - In(rp,ac) m 21

e 28.98m, 1 (0.015( T,y —1540)) 21
0.995— <F’0uf>( +e ) [ ]

GT 479. 34093 e In(rp,or) (1 + €(0.0%6Tin—544)) [33]
.8 0.8 0.8
HRSG 6570{( AQTEECC) + (&) + (F) }+21276'mw [33]
+1184.4 - mp?

Deaerator 6570 ( AQTDDEE/jA >0'8 [25]

Cost Equation (US$) Reference
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Table A3. Cont.

Cosn}:;t:;:;nt Cost Equation (US$) Reference
Pump 3540 - Wpilh, [34]
MED Z PECeffECtS + Z PECfff‘d—hEﬂtET’S + Z pECflﬂSh—boxes + PECCOndenser [25]

0.6
PECyx = 12, 000(%)
PEC uembprane + PECpretreat =+ PECRofpump + PECRO—valve
PECmembmne = No-membmnes . PEConefmembmne

RO PECope—membrane = 784

. 0.8
PECpretreut =996 - C1 (% .24 . 3600)

&1 = 1.399 : inflation factor
PECRO—pump = 393,00081 +701.19 - 14.5- Pro_ feed
0.05
PECRO - waloe = 8.07 - 0.989rh<%) p,~075
ST It 10(2:6259-+1.4398+10g10(Wsr) —0.1776(10g10(Ws T))*) [34]

[35,36]

AC, air compressor; CC, combustion chamber; GT, gas turbine; HRSG, heat recovery steam generator; MED,
multi-effect distillation; RO, reverse osmosis; ST, steam turbine.

Table A4. Verification of thermodynamic simulation results of the different process streams.

m (kg/s) T (°C) P (bar)
MATLAB Thermoflex Error (%) MATLAB Thermoflex Error (%) MATLAB Thermoflex Error (%)
1 495.60 491.10 0.92 20.00 20.00 0.00 1.010 1.010 0.00
2 495.60 491.10 0.92 337.25 344.40 2.08 10.800 10.800 0.00
3 504.30 498.90 1.08 971.00 970.90 0.01 10.001 10.300 2.90
4 504.30 498.90 1.08 502.12 528.40 4.97 1.010 1.030 1.94
5 504.30 498.90 1.08 502.12 528.40 497 1.010 1.030 1.94
8 504.30 498.90 1.08 436.26 441.30 1.14 1.010 1.030 1.94
9 504.30 498.90 1.08 311.01 318.70 241 1.010 1.030 1.94
10 504.30 498.90 1.08 252.89 257.90 1.94 1.010 1.020 0.98
11 504.30 498.90 1.08 250.93 255.60 1.83 1.010 1.020 0.98
12 504.30 498.90 1.08 221.69 231.10 4.07 1.010 1.020 0.98
13 504.30 498.90 1.08 200.39 206.40 291 1.010 1.010 0.00
14 504.30 498.90 1.08 197.02 202.60 2.76 1.010 1.010 0.00
15 504.30 498.90 1.08 168.50 168.20 0.18 1.010 1.010 0.00
16 63.03 60.72 3.80 61.43 61.45 0.04 0.213 0.213 0.00
17 63.03 60.72 3.80 63.21 61.45 2.86 0.221 0.213 3.76
18 63.03 60.72 3.80 63.21 61.45 2.86 0.221 0.213 3.76
19 66.70 63.93 4.33 63.23 61.54 2.75 4.900 4.938 0.77
20 66.70 63.93 4.33 63.23 60.78 4.03 4.900 4.938 0.77
21 66.70 63.93 4.33 126.00 126.70 0.55 4.900 4.938 0.77
22 8.98 9.18 217 126.06 128.90 2.20 10.000 10.450 431
23 55.74 54.75 1.81 126.87 128.90 1.58 96.000 98.900 2.93
24 8.98 9.18 2.17 179.89 181.80 1.05 10.000 10.450 4.31
25 8.98 9.18 217 179.89 181.80 1.05 10.000 10.340 3.29
26 8.98 9.18 217 236.00 236.50 0.21 10.000 10.340 3.29
27 55.74 54.75 1.81 180.00 185.00 2.70 96.000 97.900 1.94
28 55.74 54.75 1.81 308.01 308.70 0.22 96.000 96.900 0.93
29 55.74 54.75 1.81 308.01 308.70 0.22 96.000 96.900 0.93
32 55.74 54.75 1.81 523.00 522.00 0.19 96.000 96.000 0.00
33 3.28 3.22 1.86 236.00 236.50 0.21 10.000 10.340 3.29
34 3.28 3.22 1.86 70.00 70.11 0.16 4.900 4.930 0.61
35 79.14 82.86 4.49 20.00 20.00 0.00 1.010 1.010 0.00
36 13.48 13.60 0.88 44.00 44.49 1.10 1.010 1.014 0.39
37 46.66 48.75 4.29 48.00 47.60 0.84 1.010 1.014 0.39
38 20.00 20.00 0.00 47.49 46.54 2.04 4.500 4.500 0.00
39 6.84 6.90 0.87 44.00 46.13 4.62 1.010 1.010 0.00

40 6.54 6.60 091 46.75 47.69 1.97 1.010 1.010 0.00
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Table A5. Verification of thermodynamic simulation results of the different system components.

System Components MATLAB (MW) Thermoflex (MW) Error (%)

WGT Pack 132.15 132.02 0.10
Wac 158.02 159.63 1.01
Wer 290.16 291.65 0.51
QHpsH 40.76 42.05 3.07
QrpsH 18.1 18.23 0.71
QuprEV 77.51 73.82 5.00
Qrpev 18.11 18.55 2.37
QuprEC2 35.97 34.39 4.59
QHPEC1 13.18 13.31 0.98
QrrEC 2.09 2.05 1.95
QPpRE 17.65 17.86 1.18
Wsr 64.78 62.76 3.22
Qcond 140.27 138.58 122
PRyMED 541 5.32 1.69
RRro 0.5242 0.512 2.38

Table A6. Conventional exergy, economic and environmental results for the different process streams.

Process . o . C C b B
Streams m (kg/s) reo P (bar) Ex (MW) US$/GJ US$/min (pts/G]J) (pts/h)
1 495.60 20.00 1.010 0.00 0.00 0.00 0.00 0.00
2 495.60 337.25 10.800 146.94 10.13 89.29 5.78 3055.32
3 504.30 971.00 10.001 424 .59 8.63 219.95 5.15 7865.85
4 504.30 502.12 1.010 121.93 8.63 63.16 5.15 2258.82
5 504.30 502.12 1.010 121.93 8.63 63.16 5.15 2258.82
8 504.30 436.26 1.010 97.28 8.63 50.39 5.15 1802.13
9 504.30 311.01 1.010 55.01 8.63 28.50 5.15 1019.06
10 504.30 252.89 1.010 38.05 8.63 19.71 5.15 704.94
11 504.30 250.93 1.010 37.52 8.63 19.43 5.15 695.02
12 504.30 221.69 1.010 29.83 8.63 15.45 5.15 552.70
13 504.30 200.39 1.010 24.64 8.63 12.76 5.15 456.42
14 504.30 197.02 1.010 23.85 8.63 12.35 5.15 441.75
15 504.30 168.50 1.010 17.55 8.63 9.09 5.15 325.10
16 63.03 61.43 0.213 16.54 10.83 10.75 5.80 345.52
17 63.03 63.21 0.221 0.13 10.83 0.08 5.80 2.71
18 63.03 63.21 0.221 0.13 10.83 0.08 5.80 2.71
19 66.70 63.23 4.900 0.16 13.10 0.13 6.05 3.47
20 66.70 63.23 4.900 0.17 13.10 0.13 6.05 3.67
21 66.70 126.00 4.900 3.72 18.17 4.05 8.99 120.35
22 8.98 126.06 10.000 0.51 18.28 0.55 8.97 16.32
23 55.74 126.87 96.000 3.78 17.94 4.07 8.65 117.76
24 8.98 179.89 10.000 1.16 19.30 1.34 7.44 30.99
25 8.98 179.89 10.000 7.54 13.06 5.91 6.38 173.38
26 8.98 236.00 10.000 8.02 14.30 6.88 6.41 184.85
27 55.74 180.00 96.000 7.89 15.69 743 7.53 214.07
28 55.74 308.01 96.000 23.49 12.55 17.68 6.25 528.28
29 55.74 308.01 96.000 61.90 11.14 41.37 5.89 1311.53
32 55.74 523.00 96.000 84.77 10.83 55.10 5.80 1771.38
33 3.28 236.00 10.000 3.34 14.30 2.87 6.41 77.10
34 3.28 70.00 4,900 0.07 14.30 0.06 6.41 1.71
35 79.14 20.00 1.010 0.20 0.00 0.00 0.00 0.00
36 13.48 44.00 1.010 0.08 0.00 0.00 0.00 0.00
37 46.66 48.00 1.010 0.81 0.00 0.00 0.00 0.00
38 20.00 47.49 4.500 0.16 316.89 3.01 295.28 168.33
39 6.84 44.00 1.010 0.04 288.32 0.72 36.42 5.48

40 6.54 46.75 1.010 0.22 0.00 0.00 0.00 0.00
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