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Abstract

The integration of power plants and desalination systems has attracted increasing attention over the past few years as an effec-
tive solution to tackle sustainable development and climate change issues. In this light, this paper introduces a novel modelling
and optimization approach for a combined-cycle power plant (CCPP) integrated with reverse osmosis (RO) and multi-effect
distillation (MED) desalination systems. The integrated CCPP and RO-MED desalination system is thermodynamically
modelled utilizing MATLAB and EES software environments, and the results are validated via Thermoflex software simula-
tions. Comprehensive energy, exergic, exergoeconomic, and exergoenvironmental (4E) analyses are performed to assess the
performance of the integrated system. Furthermore, a new multi-objective water cycle algorithm (MOWCA) is implemented
to optimize the main performance parameters of the integrated system. Finally, a real-world case study is performed based
on Iran's Shahid Salimi Neka power plant. The results reveal that the system exergy efficiency is increased from 8.4 to 51.1%
through the proposed MOWCA approach, and the energy and freshwater costs are reduced by 8.4% and 29.4%, respectively.
The latter results correspond to an environmental impact reduction of 14.2% and 33.5%. Hence, the objective functions are
improved from all exergic, exergoeconomic, and exergoenvironmental perspectives, proving the approach to be a valuable
tool towards implementing more sustainable combined power plants and desalination systems.

Keywords Combined-cycle power plant (CCPP) - Reverse osmosis (RO) - Multi-effect distillation (MED) - Energy and
exergy analysis - 4E analyses - Optimization - Multi-objective water cycle algorithm (MOWCA)
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T Temperature ('C)

w Work (kW)

w Weight (ton)

Y Environmental impact rate of components
(pts/s)

Z Cost rate of components (US$/s)

x Salinity (g/kg)

Greek letters

p Energy to exergy conversion factor (-)

4 Specific heats ratio (-)

£ Heat exchanger effectiveness (%)

n Efficiency (%)

Acronyms

AC Air compressor

CC Combustion chamber

CCPP Combined-cycle power plant

EC Economizer

EV Evaporator

GA Genetic algorithm

GT Gas turbine

HEX Heat exchanger

HP High pressure

HRSG Heat recovery steam generator

LCA Life cycle assessment

MED Multi-effect desalination

METVC  Multi-effect thermal vapor compression

MSF Multi-stage flash

MOWCA Multi-objective water cycle algorithm

ORC Organic Rankine cycle

RO Reverse osmosis

RR Recovery ratio (—)

SH Superheater

WCA Water cycle algorithm

Subscripts

0 Ambient condition

D Destruction

F Fuel

fg Flue gas

fw Feed water

i Number of streams

P Product

s Steam

sup Superheated

SW Seawater

1 Introduction
Sustainable freshwater supply has become a major challenge

in many countries around the world. Population growth and
lifestyle changes linked to global warming-related issues
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that have led to increased droughts, hurricanes, and floods
have intensified water scarcity problems worldwide. As a
result, seawater desalination has become a primary necessity
for ensuring freshwater supply in water-stressed countries.
Nevertheless, most seawater desalination technologies are
still highly energy-intensive (Khoshgoftar Manesh and Oni-
shi 2021). Indeed, excessive operating costs and relatively
high cost of freshwater produced have been the most critical
obstacles to the development and expansion of industrial
seawater desalination plants in recent years. Hence, inte-
grating desalination systems into existing combined-cycle
power plants (CCPP) has emerged as an attractive solution
for producing power and freshwater utilities. This is because
converting conventional thermal power plants into multi-
purpose ones allows for recovering and reusing waste heat to
drive the desalination systems, thereby reducing production
costs. Yet, the optimal design of integrated thermal power
plants and desalination systems is a complex endeavor,
which entails the application of advanced energy, exergy,
economic, and environmental optimization tools to improve
overall system performance and sustainability (Khoshgoftar
Manesh et al. 2021).

The energy and exergy analysis of power plants and
desalination systems has received increased attention in the
literature over the last few years. In this context, Ng et al.
(2017) examined the energy efficiency of available large-
scale desalination plants according to their energy consump-
tion. They also proposed exergy efficiency as a reasonable
indicator for desalination processes. In this case, the authors
considered the optimization of the operating conditions of
different equipment units by recognizing the destruction of
exergy and its relationship with the initial energy inflow.
Mohammadi et al. (2018) assessed a water desalination
plant in terms of energy consumption and its integration
to a power generation unit to determine the optimal operat-
ing parameters of the integrated system. For this purpose,
the authors developed an approach to optimize the desired
power generation, freshwater production, and total energy
cost.

Extensive research work has been conducted on the
optimal integration of thermal power plants and water
desalination units by considering genetic algorithm (GA)-
based optimization approaches. Into this framework, San-
aye and Asgari (2013) investigated the integration of a
thermal power plant and a multi-stage flash (MSF) desali-
nation system. The authors proposed a GA-based multi-
objective method to optimize the objective functions of
investment costs and exergy destruction. The authors also
performed energy, exergy, economic, and environmental
analyses to determine the ideal number of MSF desali-
nation effects and the energy performance parameters
of the heat recovery steam generator (HRSG), including
its optimal pinch temperature. Mohammed et al. (2021)
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studied the integration of a multi-effect distillation (MED)
desalination unit with an organic Rankine cycle (ORC)
for the polygeneration of heating and cooling, electricity
and freshwater. They applied energy, exergy, and exergo-
economic (3E) analyses to evaluate the feasibility of the
proposed integrated ORC-MED system. The authors also
developed a multi-objective GA optimization approach to
minimize production costs while maximizing thermal and
exergy efficiencies. Shakib et al. (2019) investigated the
energy and exergy performance of a hybrid desalination
system, composed of reverse osmosis (RO) and multi-
effect thermal vapor compression (METVC) units, inte-
grated with a gas turbine power plant through an HRSG
unit. The authors proposed six different system configura-
tions and evaluated the results into two scenarios of desali-
nation plant capacity. They also proposed a multi-objective
GA-based optimization approach to maximize exergy effi-
ciency and performance ratio of the combined system.

Ahmadi et al. (2017) examined a combined fuel cell
and gas turbine system as a heat source for a MED desali-
nation system. The main goal of this study was to reduce
operating and maintenance costs of the system and carbon
emissions from the fuel cell stack. The authors performed
exergy and economic analysis on the integrated system
to assess its overall performance. Moreover, their opti-
mization through a GA approach on power plant operat-
ing parameters led to an increase in the exergy efficiency
of the integrated system. Hafdhi et al. (2018) introduced
a mathematical model using EES software to establish a
relationship between the energy, exergy, and economic
equations of a METVC desalination system coupled to an
industrial steam power plant. The authors also proposed
an exergoeconomic-based multi-objective optimization
model to maximize exergy efficiency while minimizing
production costs.

Amiralipour and Kouhikamali (2019) focused on convert-
ing a steam power plant into a combined power and desali-
nation system. The authors conducted thermodynamic and
economic analyses of an MED desalination unit integrated
into the Montazer al-Qaem steam power plant located in
Iran, which has a nominal capacity of 166 MW. They also
proposed a multi-objective modelling approach based on
an evolutionary algorithm to optimize the net power and
freshwater selling prices. Ghasemiasl et al. (2020) investi-
gated the energy and exergy performance of a solar-assisted
CCPP coupled with a multi-stage vapor desalination unit.
The authors also carried out an economic analysis of the
integrated power and desalination system using the spe-
cific exergy costing (SPECO) methodology. Their results
first indicated an increase of 12% in the cost of electricity
and a decrease from 52.7 to 52.4% in the exergy efficiency.
However, after optimizing the integrated system, the exergy
efficiency was slightly improved to 53.6%.

Vazini Modabber and Khoshgoftar Manesh (2020a,
2020b) employed GA for optimizing a power plant coupled
with a MED-RO desalination unit located in Qeshm Island,
Iran. The authors developed a multi-objective genetic algo-
rithm (MOGA) and a multi-objective water cycle algorithm
(MOWCA) to optimize the exergic, economic, and envi-
ronmental performance parameters of the combined sys-
tem. Their optimization results indicated a reduction in the
environmental impacts and investment costs of the system
together with an increase in the plant exergy efficiency. In
another study, Khoshgoftar Manesh et al. (2021) developed
a mathematical modelling approach for the simulation of
an integrated CCPP and RO-MED desalination system. To
evaluate the most relevant system operating parameters,
the authors also applied conventional and advanced exergy,
energy, exergoenvironmental, and exergoeconomic (4E)
analyses. Finally, they proposed potential economic, tech-
nical, and environmental improvements for different units to
increase overall plant efficiency using the previous method-
ology. Their simulation results revealed overall exergy effi-
ciency of 42.7%, with electricity production cost of ~0.04
US$/kWh, whilst the MED and RO freshwater production
costs were 2.5 US$/m? and 1.75 US$/m?, respectively. How-
ever, their approach disregards the optimization of energy,
exergy, and environmental performance indicators which
could lead to enhanced solutions.

The preceding research shows the relevance of integrating
other energy conversion subsystems, such as desalination
units, into conventional power plants. From this perspective,
this paper introduces a new mathematical modelling and
optimization approach for a CCPP integrated with a RO-
MED desalination system. In addition, the Shahid Salimi
Neka CCPP is selected as the base system for a real-world
case study. The Shahid Salimi Neka power plant, located in
Neka, Mazandaran, Iran, has a strategic role in Iran’s elec-
tricity generation. The required water is currently supplied
from three deep wells situated 20 km away. However, in
recent years, the technical specifications of the water from
those wells have decreased significantly. Linked to this issue
is the increasing demand for water resources for consump-
tion in various applications, including drinking, agricul-
ture, and other industrial uses. Hence, using the valuable
water resource from the Caspian Sea has become inevitable.
Because of the importance of water in this region, the inte-
gration of RO and MED desalination systems into the Neka
CCPP is further investigated in this study. To this end, the
integrated CCPP and RO-MED desalination system is ther-
modynamically modelled using MATLAB and EES software
environments. The results are validated via Thermoflex soft-
ware based on actual data from the Neka CCPP. In addition,
comprehensive 4E analyses are performed to assess the main
energy, exergy, economic, and environmental performance
indicators of the proposed integrated RO-MED and CCPP
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system, and a MOWCA based on a GA approach is devel-
oped to optimize the operating conditions and performance
parameters related to the 4E analyses while minimizing the
costs and environmental impacts of the integrated system.
Therefore, performing the GA-based multi-objective opti-
mization on the new proposed scheme for the Neka CCPP
represents the major innovation of this study.

2 System Description

Several gas and steam turbine cycles make up a CCPP, a
system for power production. In this type of power plant,
the heat in the exhaust gases from the gas turbines is usu-
ally used to produce the water vapor required in the steam
turbines via a heat recovery boiler. Otherwise, exhaust gases
with temperatures up to 600 °C would be discharged directly
to the environment, thus wasting their energy content.
Hence, CCPPs have increased energy efficiency (around
60%) when compared to conventional power plants with
energy efficiencies typically in the range of 25-40% (Khosh-
goftar Manesh et al. 2021). Indeed, CCPPs are a highly effi-
cient, flexible, reliable, cost-effective, and environmentally
friendly solution for power generation (Cavalcanti 2017).
In 2003, one of the most important power plant projects
was inaugurated in the north of Iran. The Shahid Salimi
Neka plant, also referred to as Neka CCPP or Neka power
plant, was built near Neka city in the Mazandaran province,
and thus can take advantage of being located alongside
the Caspian Sea. The Neka CCPP has two air compressors
(ACs), two gas turbines (GTs), one steam turbine (ST), one

combustion chamber (CC), two HRSGs, and one plate con-
denser (Ameri et al. 2008). In the Neka CCPP, the power
output of the ST is approximately 160.8 MW whilst the over-
all capacity is rated at 420 MW.

As mentioned above, this study evaluates the feasibility
of coupling the Neka CCPP with a RO-MED desalination
system using a new MOWCA optimization approach. To this
aim, a multi-objective GA-based optimization approach is
developed to minimize the costs and environmental impacts
of the new integrated polygeneration system. Furthermore,
the system optimization can determine the optimal values for
the different operating parameters of the integrated power
and desalination system, allowing for a more efficient plant
operation. Figure 1 portrays a simplified process flow dia-
gram of the proposed Neka CCPP combined with RO and
MED desalination units.

In Fig. 1, the airflow enters the AC at 20 °C in the GT
section, where its pressure increases to 10.8 bar. Next, the
compressed air enters the CC and is combusted with the fuel,
while the outlet temperature increases to about 970 °C. After
that, the gases from the combustion process are sent to the
GT, where a portion of the generated energy is used to run
the compressor, while the remaining portion is distributed
as net output power. The high-temperature exhaustion gases
(combustion products) with significant thermal energy pass
through the high-pressure superheater (HPSH). This is the
initial step in the HRSG unit, where the combustion products
are used to produce high-pressure steam at 533 °C, achieving
the required conditions for running the ST.

Subsequently, the exhaustion gases are conducted to the
high-pressure evaporator (HPEV). In the evaporator, the heat
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Fig.1 Schematic process flow diagram of the proposed Neka combined-cycle power plant (CCPP) integrated with the reverse osmosis and
multi-effect distillation (RO-MED) desalination system (adapted from Khoshgoftar Manesh et al. 2021)
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from the previous stream is used for promoting water phase
change from liquid to steam as needed by the superheater.
After this stage, the exhaustion gases that have experienced
a temperature drop are sent to the economizer 2 (HP-EC2).
The latter is a heat exchanger that raises the temperature of
the inlet water to the saturation point under the same high
pressure by using the heat from the airstream. Afterwards,
the combustion products go into a preheater, which is used
to heat the feed water (FW) stream entering the HP section,
and are then released to the environment through the flue-gas
stack. Since the HRSG in the Neka CCPP has two different
operating pressures, the low-pressure (LP) steam flow is split
into two separated streams. Hence, one of the steam streams
is conducted to the low-pressure ST section to be mixed with
the outlet HPST stream, while the second stream is used to
drive the MED desalination plant.

In the MED desalination unit, the saline water is directed
to the condenser unit at the inlet seawater temperature of
about 20 °C. This feedwater stream serves as cooling water
for converting supply steam to a liquid state. Following
slight heating, such a stream is split into two separate system
units. Thus, one feed saline water stream goes to the MED

Ro-Feed—> LI L

Pretreatment Unit

RO-Pump

effects to be desalted, whist the remaining stream is dis-
charged to the sea after being utilized as cooling water. The
steam stream from the low-pressure section of the HRSG is
used to drive the first MED effect after mixing with a frac-
tion of the steam from the last desalination effect.

In MED effects, the feed water is sprayed onto the tubes
conveying hot steam. During this process, the saline water
evaporates because of the high-temperature and low-pres-
sure conditions at the desalination effect. The concentrated
saline water with gradually higher salt concentrations moves
as a brine stream towards the exit of the MED unit, whereas
the vapor stream is used to stimulate the next desalination
effect. After the first desalination effect, the steam is con-
verted into a liquid stream owing to the loss of heat and
exits the MED unit. The resulting outlet stream, called return
steam, is merged with the outlet stream from the power plant
condenser to generate the feed water flow for the HRSG unit.
The brine streams from each effect are combined as high-
salinity water, and the freshwater collected in the condenser
exits the MED unit as produced freshwater. The schematic
diagrams of the RO and MED desalination units are shown
in Fig. 2. In this way, Fig. 2a depicts the schematic diagram
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Fig.2 Schematic diagrams of the a reverse osmosis (RO); and b multi-effect distillation (MED) desalination units (adapted from Khoshgoftar

Manesh et al. 2021)
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of the RO desalination unit. The discharged water from the
MED unit is used as the feed water stream for the RO unit.
First, the feed water stream is pre-treated in the pretreatment
unit to remove large and suspended particles which could
impair the RO membrane operation. After that, the treated
stream is pumped to the RO membrane using an HP pump
(RO-pump). The RO membrane uses mechanical pressure
to remove salts in the feed water and produce freshwater.

3 Methodology

The following thermodynamic modelling formulation is
implemented in MATLAB and EES software environ-
ments to obtain the integrated system's streams pressure,
temperature, and enthalpy. The results are validated using
Thermoflex software simulations based on actual data from
the Neka power plant. The thermodynamic, economic, and
environmental assessment-related equations are presented
as follows.

3.1 Thermodynamic Analysis

For conducting the thermodynamic analysis of the integrated
system, the following assumptions are needed (Mistry et al.
2013; Khoshgoftar Manesh et al. 2021):

i. Steady-state plant operation.

ii. Negligible pressure drops in piping networks and heat
exchanger units.

iii. Negligible heat loss in equipment units.

iv. The outlet temperatures of freshwater and brine
streams from each MED effect should match the tem-
perature of the related desalination effect.

v. The properties of seawater can be derived as a function
of salinity and temperature.

vi. Turbines and pumps follow isentropic efficiency.

vii. Kinetic and potential energy changes are disregarded
in equipment units.

The following remarks are relevant when considering the
previous assumptions.

i. Neglecting the pressure drops in piping networks and
heat exchanger units can affect the calculated power
required by the pumps. However, since the pumps do
not consume a considerable amount of power, this
assumption does not change the main performance
parameters of the system significantly. In addition,
pressure drops in equipment units can slightly vary
some thermal properties of process streams, such as

@ Springer

saturated temperatures in the ST cycle. Nonetheless,
because of its minor effect, it can still be considered
negligible.

ii. Heat loss in equipment units will cause them to oper-
ate less efficiently. Therefore, ignoring these losses
will increase energy efficiency in those system com-
ponents. However, this effect will be negligible when
compared to the main heat duty of the system units.

iii. Since the freshwater and brine streams in each MED
effect are produced close to the saturation temperature,
which is close to the effect’s temperature, it would be
a reasonable to assume that the outlet streams of each
effect share the same temperature as their correspond-
ing effect. Moreover, since the seawater stream is in a
compressed liquid state, its thermodynamic properties
are primarily a function of its temperature and salinity
rather than pressure.

iv. Considering isentropic efficiency for the turbines
and pumps can provide a more realistic model. This
is because the isentropic efficiency will capture the
non-ideal behavior of those equipment units.

v. Itis a common and reasonable assumption to neglect
the kinetic and potential energy changes of process
streams in a power plant system. This is because the
thermal energy of the streams (enthalpy) is much more
significant than their kinetic and potential energy
changes in this type of system.

The system components are subject to the following
application of the first law of thermodynamics:

D tit g = D titg (1)

Qk - Wk = Z mout,khout,k - Z min,khin,k (2)

where i, W, Q, and h represent the streams mass flow rate,
power, heat transfer rate, and specific enthalpy, respectively.

A list of input parameters for the GT and ST cycles is
considered during the Neka CCPP modelling procedure.
The data set comes from the actual operation of the power
plant and the surrounding environment conditions, as
shown in Table 1.

The MED desalination unit comprises several identical
desalination effects. In this approach, each desalination
effect is modelled separately in EES software by using the
formulation presented in Table 12 of Appendix A. There-
after, the overall model is thermodynamically analyzed
via connecting the different components of the system.
Table 2 displays the input data used to model the RO and
MED units. The modelling equations of the RO unit are
also presented in Table 12 of Appendix A.
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Table 1 Input data for the gas

- - Parameter Symbol Value (unit)
and steam turbine cycles in the
combined- cycle power plant Gas turbine cycle
(CCPP) (Khoshgoftar Manesh . o
etal, 2021) Ambient temI')eratur.e T, 20 (°C)
AC compression ratio T AC 10
Turbine inlet temperature TiN_TURB 971 (°C)
GT isentropic efficiency HGt 0.90
AC isentropic efficiency Hac 0.86
Lower heating value LHV 49,434 (kl/kg)
Net power output Wiewae 132,150 (kW)
Cost parameter of cooling water Cow 0
Cost parameter of air Cair 0
Cost parameter of fuel Cruel 4.7 (US$/GI)
Steam turbine cycle
Low-pressure level Pp 1000 (kPa)
High-pressure level Pyp 9600 (kPa)
Cooling water temperature difference AT oling 25 (°C)
Condenser pressure Poona 21.3 (kPa)
Low-pressure EV (LPEV) pinch temperature difference AT\ ppy 41.8 (°C)
High pressure EV (HPEV) pinch temperature difference ATyppy 3(°C)
Pump isentropic efficiency Mpump 0.8
Isentropic efficiency of ST st 0.85
Table 2 Input data for the RO and MED desalination units (Mistry eFH = (u — “0) + pO(V — VO) - T, ( 5§ — SO) 3)
et al. 2013; Khoshgoftar Manesh et al. 2021)
Parameter Symbol Value (unit) _C —
eCH = 2 xkekH + RT, 2 X Ing x 4)
Reverse osmosis unit
Feed pressure Precar0 1000 (kPa) The specific chemical exergy of the methane stream is
Isentropic efficiency of RO pump HROPump 85 (%) expressed by Eq. (5) (Bejan et al. 1996).
Number of membranes Pynem 10 cH
Salinity of permeate Xpermeaero 0 (2/kQ) Cmethane = 1-037 X LHV jyeane )
Multi-effect distillation unit . . .
. The seawater chemical exergy is calculated (in kJ/kmol)
Number of MED desalination effects n 6 .
. as follows (Sharqawy et al. 2011; Dincer and Rosen 2013).
Steam saturation temperature T 70 (°C)
Distillate rate Ty, 20 (kg/s) —CH _ — —0 — —0
. . o exsw - ns /’ls - MS - nw Mw - MW (6)
Terminal temperature difference ATrer 2 (°C)
Seawater salinit X. 35 (g/k .
Y W (he) where ng and n,, denote the salt and water moles in seawater,
Last effect temperature Teg 48 (°C) . .. — — .
Recovery ratio RR. 03 respectively. In addition, y and p,, are the molar chemi-
' cal potential of salt and water, respectively. The superscript
Steam returned pressure P, 490 (kPa) . .. ..
, . zero sets the dead state, given as salinity, = salinity;..4 and
Seawater temperature increase in the ATy 24 (°C) —0 ..
MED condenser u =f (PO’ T,, salinity,, )
Distillate delivered pressure Py 450 (kPa) The exergy rate of each stream is obtained by multiplying

3.2 Exergy Analysis

The exergy analysis is a valuable tool to assess the streams
useful energy and the potential for optimization of different
equipment units. In this approach, exergy is stratified into
physical and chemical exergy as given by Egs. (3) and (4).

of the specific exergy rate with mass flow rate as follows.
E, =i, x e, 7

The fuel and product exergy rates are employed to meas-
ure the component exergy destruction rate as expressed by
Eq. (8).

Epy=Ep;—Epy €]
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The exergy efficiency of each equipment unit is defined
by Eq. (9).

_ Exp;

£ = = 9
Exp, ©)
It is important to note that the chemical exergy of the
fuel contributes to a larger share of the system input exergy:

ex™ = f X LHVyq (10)

where f is the ratio of the fuel exergy to its low heating value
(LHV), which is calculated as follows.

1.044 + 0.16% - 0.34493%(1 +0.05312)

= < 11
1- 0.4142% (n

where H/C and O/C represent the atomic ratios of the fuel.
The equations regarding the exergy destruction and effi-
ciency of the system components are given in Table 3.

3.3 Exergoeconomic Analysis

In the exergoeconomic assessment, the exergy analysis is
combined with economic principles, including investment
costs and maintenance and repair expenses. The final exergy
destruction cost of the system components is determined
through Eq. (12) (Dinger et al. 2017).

_ @, XPEC, X CRF
k= 3600 x N

12)

where @, indicates the maintenance factor (herein 1.06),
whereas N is the annual plant operating hours (i.e., 8000 h).
Moreover, CRF in previous equation indicates the capi-
tal recovery factor as determined by Eq. (13) (Bejan et al.
1996):

iX(+0)"

CRF= —~ "~
(1+i) =1

13)

where n represents the plant lifetime (i.e., 25 years) and i the
rate of interest rate (Bejan et al. 1996; Dinger et al. 2017).

In Eq. (12), PEC, denotes the purchase equipment cost of
different system components as charted in Table 4.

After computing each component cost rate, the exergo-
economic balance is applicable by solving the matrix bal-
ance equation for each component as given by the following
formulation.

Cor =2+ Crp — Cpy (14)

Z Zi+Cy+Cpy = Z Cox+C,y (15)

where Ci. and Cp, are the fuel stream and product stream cost
rates of each system component. In addition, the cost of each
system stream C; is determined by multiplying the exergy
rate and the specific cost as follows.

C; = Exc; (16)

The cost rate of exergy destruction of each system unit is
expressed by Eq. (17) (Bejan et al. 1996).

Cpi = EpiXcpy 17

The exergoeconomic factor f, for the different system
units is given as follows.

Z

fk =
Cf,k N ED,k + Zk

(18)

Finally, the relative cost difference for each system unit

is expressed as (Bejan et al. 1996):
Cpp—C l—¢ v/
Pk " CFk _ ko k

}"k—

19)

CFk & Cri Expy

3.4 Exergoenvironmental Analysis

Life cycle assessment (LCA) is an environmental assess-
ment tool used broadly for products, processes, and ser-
vices. The LCA is usually employed in the follow-up of
technical and economic analysis. In this study, LCA is

Table 3 Exergy destruction System unit

Exergy destruction formulation

relationships for the distinct

integrated system components Air compressor (AC)
Khoshgoftar Manesh et al.
(Khoshgoftar Manesh et a Combustion chamber (CC)
2021)

Condenser

Condenser Pump
Gas turbine (GT)

Multi-effect distillation (MED) unit

Reverse osmosis (RO) unit
Steam turbine (ST)

Wic + Ex; — Ex,

Exp + Exy — Ex;

Exy6 + Excw in = Exy7 = Excw _ou
WCOND,pump + Exls - E)C|9

Exy — Wgr — Ex,

Exy3 — Exyy + Exys — Exzg — Exy; — Exgg
Wro_pump + Ex36 — EX39

—Ex,g + Exy + Exy, — Worp

72, € Springer
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Table 4 Purchase equipment cost (PEC) of the different system components

System unit PEC (US$)

References

Air compressor (AC) 4471 m, -1, pc - In (rp’AC) m Dinger et al. (2017)
Combustion chamber (CC) 2By (| 4 p0015(T,, ~1540))y Dinger et al. (2017)
0995 ( 2o )
Gas turbine (GT) 47934 =5 In(r, gp)(1 + €@ O34 Ghaebi et al. (2012)
-95=NGT ’
Heat recovery steam generator 0 \"8 R 0gy \%8 12 Ghaebi et al. (2012)
(HRSG) 6570[(#;) () () | #2126 my + 11844 -
08 i
Deaerator 6570 ( AQTDEA ) Cavalcanti (2017)
DEA
Pump 3540 - Wl‘)’l-;:lp Boyaghchi and Heidarnejad

Multi-effect distillation (MED)

Area \%¢
PECy = 12000( )
HX 100
Reverse osmosis (RO) unit PEC,cmbrane + PECprelreal
PECmembrane = Nomembranes - PEC
PEC = 17846

one - membrane

PEC

pretreat

£, = 1.399 : inflation factor

2 PECeffecls + 2 PECfeed “heaters T 2 PECﬂash “boxes T PECcondenser

+ PECRO - pump + PECRO - valve

(2015)
Cavalcanti (2017)

Park et al. (2010), El-Sayed
(2013)

one - membrane

. 08
=996 ¢, <M .04 3600>
p

PECo _ pump = 393000¢, +701.19 - 145 - Pyoy_peeg

T. 0.05
PECRo _varve = 8:07 - 0.989m<}7'> PO

i

Steam turbine (ST)

Hst % 10(246259+l44398*10g 10(Wgp)—0.1776(log 10(WsT))?)
0.85

Boyaghchi and Heidarnejad
(2015)

implemented by means of an exergoenvironmental anal-
ysis. In this framework, the relationship between each
stream exergy and its environmental impacts is expressed
by Eq. (20) (Cavalcanti 2017).
B; = bxE; (20)
where B, is the environmental impact rate expressed in
points per second (pts/s), while b; indicates the rate of per
exergy environmental impact in pts/kJ, and E, the stream
exergy rate in kW.

Similar to the exergoeconomic analysis, the exergoenvi-
ronmental analysis can be performed using balance equa-
tions as follows (Cavalcanti 2017).

Bpy=Bpy =B+ Y, (21)

ZEBout,k + B, =B — ZiBin,k +7Y, (22)

where Y, is the environmental impact rate of the kth sys-
tem component, which is defined through ECO Indicator 99

methodology (Goedkoop et al. 2000) as obtained by Eq. (23)
(Cavalcanti 2017).

Y, = bm, X w, (23)

where bm,, and w,, are the environmental impact per weight
expressed in mpts/kg, and the kth component weight func-
tion given in tons, respectively. The previous parameters are
listed in Tables 5 and 6, correspondently.

The exergoenvironmental factor is a valuable benchmark
expressed as the ratio of the environmental impact of the
equipment unit to its total environmental impact accounting
for the construction to destruction process. Therefore, a factor
close to one in Eq. (24) indicates that the current environ-
mental impact of the equipment is more significant than the
environmental impact of its destruction (Cavalcanti 2017).

(24)

The relative difference in environmental impact is given
by Eq. (25) (Cavalcanti 2017).
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Table 5 Environmental impacts
per unit weight (bm, ) for
different system components
(Khoshgoftar Manesh et al.
2021)

Table 6 Weight functions for
different system components
(wy) (Cavalcanti 2017;
Khoshgoftar Manesh et al.
2021)

bpp—bpx 1-¢

System unit Composition bm,(pts/ton)
Air compressor (AC) Steel low alloy 44.5%, steel 33.3%, cast iron 71.7
22.2%
Combustion chamber (CC) Steel high alloy 66.7%, steel 33.3% 585
Condenser Steel 100% 28
Economizer Steel 100% 28
Evaporator Steel 100% 28
Gas turbine (GT) Steel high alloy 75%, steel 25% 645.7
Steam turbine (ST) Steel high alloy 75%, steel 25% 646
Superheater Steel high alloy 74%, steel 26% 638
Pump Steel 35%, cast iron 65% 132.8

System unit

Weight function (tons)

Air compressor (AC)

Combustion chamber (CC)

Gas turbine (GT)

Evaporator
Economizer

Deaerator

Multi-effect distillation (MED) unit

Superheater

Pump

Reverse osmosis (RO) unit
Steam turbine (ST)

100 - P, - dyc - FSpc
T

FS,c =2 : AC safety factor

oac = 16 : AC rupturing stress (MPa)

dye =15 m/s : AC diameter with respect to sz and velocity
100 - P, - dec - FS¢e
2-0cc

FScc =2 : CC safety factor
occ =45 © CC rupturing stress (MPa)

doc = 6.2 m/s : CC diameter with respect to 7z and velocity
100 P, - dgy - FSgr
2067

FSgr =2 : GT safety factor

ogr = 6 . GT rupturing stress (MPa)

dgr =13 m/s :
0.68 A ;

13.91 - Q%%8,0 in MW

2.989 - Q%7 0 in MW

EC *
2.49 - mg7
Directly calculated, independent weight

8.424 - 02,0 in MW

0.0061 - W99 W in KW
ump

GT diameter with respect to 7z and velocity

Directly calculated, independent weight
4.9.W073 WinMW

Y

rbk = =
bpy €k

bf,k * ExP,k

(25)

The rate of environmental impact related to the RO
desalination unit is obtained as follows (mpts/h-m?)
(Vazini Modabber and Khoshgoftar Manesh 2020a, b).

@ Springer

(26)

. W,
Yoo = 0.00595 + 0.0195( P Tko >

3600 - MRo—distillate
In this study, the environmental impact rate of the MED

unit is considered to be equal to 1.277 mpts/(h m*) (Raluy
et al. 2006).
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3.5 Optimization Procedure

The application of exergic, economic, and environmental
analyses paves the way for optimization of energy systems to
obtain optimal operating conditions. In this study, the multi-
objective genetic algorithm (MOGA) is developed based on
the water cycle algorithm (WCA), which is implemented in
the MATLAB software environment. The WCA is associ-
ated with the movement of rivers and streams in the direc-
tion of the sea relating to the water cycle process. Because
of this progression, the principal design variable population
(specifically, the population of streams) is arbitrarily raised
in the event of rain or precipitation. The sea is assumed to
be the optimal solution with the highest quality of cost func-
tions. After that, nearby streams exhibiting comparable cost
function characteristics are designated as the rivers. There-
fore, the remaining solutions are regarded as streams flowing
to the sea and the rivers. Finally, a primary population is
established for the matrix of the streams during the optimi-
zation process. The following algorithm can be developed
for N-dimensional optimization (Sadollah et al. 2015):

N, = number of Rivers + 1 27

N,

stream

= Npop - ]vsr (28)

where N and N,,, are the number of design variables
and total population, respectively (Sadollah et al. 2015).

Moreover,

Cost,,

<N. ~ ><]vslream n=172,.. ’Nsr
Y. Cost,

(29)

where NS, is the number of streams flowing to specific riv-
ers and the sea.

The location of the streams and the rivers is obtained by
Eqgs. (30)-(32) (Sadollah et al. 2015):

NS, = round<

—i+1 i

—i —i —i
Stream XStream +rand X C X (XRiver - XStream) (30)
—it+l —i —i —i
Stream XStream +rand X C' X (XSea - XSlream) (3])
i+l —i —i —i
River XRiver +rand X € x (XSea - XRiver) (32)

where rand denotes a random number, homogeneously dis-
tributed between 0 and 1. The new location of the streams
is defined as follows (Sadollah et al. 2015).

—New

= LB +rand X (UB — LB) (33)

Stream

where LB and UB represent the lower and upper bounds,
respectively, considered in the problem.

The d,,, value adaptively reduces as (Sadollah et al.
2015)
di
i+l _ i X
drr-:—ax - dmax - — G4

MaxlIteration

After the generation of the initial population, the WCA is
performed to eliminate the weaker solutions (streams). The
remaining solutions at the end of this process are consid-
ered the dominant solutions. These prevalent solutions are
called the Pareto frontier optimal solutions. However, it is
appropriate to select one of these solutions as the most suit-
able one. The decision-making process can be done using
the concept of distance, where the nearest point to the ideal
point could be identified as the selected optimal solution
(SOS). Hence, the ideal point coordinates are taken from the
Pareto frontier set of solutions. Each element of this point
presents the best conditions in the Pareto frontier. This ideal
point is not real and cannot be achieved in practice. How-
ever, the nearest solution to this point can be selected as the
optimal solution.

4 Results and Discussion
4.1 Thermodynamic Results Validation

In Appendix A, Tables 13 and 14 display the critical process
parameters obtained from simulations via Thermoflex and
MATLAB software, determined for the system components
and process streams. It is noted that the Thermoflex simu-
lation is based on the actual data obtained from the Neka
CCPP. Therefore, comparing the results of the developed
MATLAB code with Thermoflex simulations will make
it possible to validate the modelling results obtained. As
shown in Tables 13 and 14, the results of the thermodynamic
modelling in MATLAB and the accurate data of Neka CCPP
are in reasonable agreement. In addition, since the exist-
ing Neka CCPP does not have a RO desalination unit, the
developed MATLAB code developed for this unit should
be verified by other research sources. Hence, the thermo-
dynamic modelling results of the RO desalination system
obtained from MATLAB are compared to previous studies
in literature in Table 15. In this case, the modelling results
demonstrate good accordance with the studies of Al-Zahrani
et al. (2012) and Zhou et al. (2006). Finally, Table 16 pre-
sents the MED unit’s validation results using the simulation
outputs performed in the Thermoflex software. The MED
simulation results also display reasonable agreement with
Thermoflex, presenting errors below 4%.

3
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The conventional Neka CCPP's thermodynamic mod-
elling indicates that 8.43 kg/s fuel is fed into the system
to co-generate steam power at 80 MW and gas power at
132.15 MW. A stream of 3.6 kg/s is drawn from the low-
pressure segment of the CCPP to supply the stimulus vapor
of the MED for integration with RO-MED desalination
units. Moreover, the outlet mass flow of the MED cooling
water section is used as inlet flow of the RO desalination
unit. The unit generates freshwater at approximately 20 kg/s
stemmed from the seawater with a 12.48 kg/s mass flow rate.

The results also show that the RO unit produces 6.54 kg/s
of freshwater. Furthermore, the system integration denotes a
3.79% increase in fuel consumption. In addition, the overall
power production is decreased by 19% to produce 26.54 kg/s
freshwater. In this case, the Neka CCPP’s energy efficiency
is reduced by 2.49% (47.98% to 45.49%) through its integra-
tion with desalination units.

4.2 Exergic, Exergoeconomic,
and Exergoenvironmental Results

Table 17 exhibits the results from the exergic, exergoeco-
nomic, and exergoenvironmental analyses for different
process streams. In addition, the results for system com-
ponents are presented in Table 18. As observed, the exergy
efficiency of MED and RO desalination units and condensers
(31.59, 19.51, and 34.56%) is lower than that of the other
components. The highest exergy efficiency is attributed
to the GT unit at 95.87%. Moreover, the exergoeconomic
efficiency of the CC (1.87%) and the condenser (1.46%) is
lower in comparison to other system components. The latter
result is a consequence of the elevated costs and environ-
mental impacts of exergy destruction in these equipment

Fig.3 Exergy destruction
distribution share of system
components

Combustion Chamber (CC), 57%

@ Springer

components, hence presenting greater potential for improv-
ing system performance owing to their undesirable effect on
costs and the environment, to the detriment of cost increase.
Furthermore, the HRSG and condenser with relatively low
exergoenvironmental factors (2.19% and 0.003%) show that
their exergy destruction has large undesirable impacts on
the environment. Therefore, their exergy degradation should
be reduced to decrease the environmental impacts of the
integrated system.

Table 18 also demonstrates that the difference in the
MED relative cost is considerably lower than the RO sys-
tem. This indicates that the MED desalination system's cost
of freshwater production is lower than the RO unit's cost
of fuel. Additionally, the MED unit has the highest rate of
environmental impact, at 0.025 pts/s, while the GT has the
highest cost rate at 0.047 US$/s. When compared to other
pieces of equipment, the CC, GT, and ST system units have a
greater impact on the environment and incur a higher cost for
exergy destruction. Therefore, performance improvement in
these equipment units can decrease their exergy destruction
and avoid cost waste, in addition to reducing environmental
impacts.

The distribution of exergy destruction share in system
components is a significant outcome of exergy analysis. In
this way, Fig. 3 depicts the exergy destruction distribution
share of the different system components in the integrated
system. The findings indicate that the CC unit accounts for
the largest exergy destruction rate at 57% share. In addi-
tion, the HRSG and GT units account for 9% each, while
RO and MED desalination systems together represent only
a 2% share. The previous results indicate that reducing the
GT cycle exergy destruction may have a positive impact on
the overall Neka CCPP's performance.

Heat Recovery
Steam Generator
(HRSG), 9%

Steam
Air Turbine (ST), [Condenser,

Compressor, 8% 7%

8% Desalination Unit, 2%
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:(a,zteiznspg :;ngg:i;ﬁﬁ:g Tp.AC TIT fac Mot Praxsteam ATpinch,HPEV ATpinch,LPEV Precdro Nepreets  RRyMED
) O = (=) (kPa ) ) (kPa) =) =)
16.00 1250.00 0.90 0.93 6000.00 791 46.48 36,721.05 8.00 0.25
15.57 1219.26 0.89 0.93 6229.31 10.74 50.45 23,279.21 8.00 0.25
6.06 1031.02 0.89 0.86 8985.41 9.55 33.75 22,476.01 9.00 0.59
1546 1239.81 090 091 6241.41 12.62 46.66 31,479.69 8.00 0.33
10.41 92949 0.86 0.88 9840.29 8.13 47.62 25,653.82  9.00 0.48
16.00 1250.00 0.90 0.93 6000.00 15.58 49.38 46,172.37 10.00 0.25
14.00 1183.01 0.87 0.90 8371.22 10.20 55.59 22,930.38 7.00 0.60
16.00 123373 090 0.93 6000.00 12.12 49.98 10,328.80  8.00 0.27
15.50 1250.00 0.89 0.89 6387.35 13.22 45.02 33,403.43 8.00 0.38
1539 1068.81 0.85 0.84 6479.73 4.32 54.59 39,716.52  5.00 0.56
16.00 1250.00 0.89 091 9037.86 8.25 53.40 13,816.05 9.00 0.36
15.64 119522 090 0.92 8200.54 12.16 48.30 16,352.50 8.00 0.43
15.88 1168.86 090 091 10,291.90 12.65 47.27 5000.00 8.00 0.60
13.92 1200.42 0.88 0.90 8983.35 9.75 41.30 17,601.57  4.00 0.60
16.00 1250.00 0.90 0.89 9904.66 5.21 40.94 5000.00 4.00 0.60
12.84 1238.73 0.88 0.89 6000.00 22.63 47.40 42,449.21 4.00 044
10.11 1190.14 0.89 0.86 6261.06 15.57 52.43 19,41096  7.00 0.33
16.00 1250.00 0.90 0.93 6914.56  10.94 45.47 9138.28 7.00 0.42
1549 1250.00 0.90 0.92 8718.14 9.15 47.84 12,093.11 9.00 047
13.90 982.74 0.82 0.87 9096.93  16.54 33.68 10,570.71 6.00 0.51
12.09 1218.57 0.89 0.89 7662.86 21.77 43.27 45,696.00 4.00 0.44
16.00 121031 0.88 0.93 6785.73 8.58 53.06 11,101.58  9.00 0.25
1424 1168.65 090 0.92 10,356.65 6.50 49.36 5000.00 5.00 0.36
14.94 1250.00 0.90 0.93 8635.19 13.44 59.73 23,241.18  9.00 0.43
16.00 1243.04 090 0.93 8955.17 8.53 58.05 5000.00 9.00 0.49
15.52  1229.87 090 0.93 8397.21 10.17 56.62 19,239.14  9.00 0.33
16.00 1223.77 090 0.93 6000.00 9.74 50.52 25,042.08 8.00 0.25
1548 122599 090 0.93 6446.37 11.17 50.69 24,778.61 8.00 0.29
1548 1227.05 090 0.92 6591.08 10.66 48.10 2477091 7.00 0.30
15.64 123423 090 0.93 6689.28 11.09 49.02 26,845.58 8.00 0.28
16.00 1245.64 090 0.93 6000.00 12.70 47.28 40,167.63 8.00 0.37
16.00 1250.00 0.90 0.93 6000.00 17.34 42.33 2594392  8.00 0.33
16.00 1250.00 0.90 0.92 7652.94 10.34 48.52 24,81546  8.00 0.33
16.00 1250.00 0.90 0.93 6000.00 13.04 43.31 33,536.82  8.00 0.25
14.62 92934 0.83 0.85 7589.03  24.66 46.45 38,716.31 9.00 0.31
1446 101598 090 0.93 6000.00 3.00 60.00 5000.00 10.00 0.52
16.00 1243.10 0.88 0.93 8398.97 7.99 55.45 12,394.01 10.00 0.25
12.32  1136.42 0.88 0.90 8566.32 8.58 51.06 17,34296  7.00 0.51
16.00 1250.00 0.85 0.92 9018.89 8.28 52.53 16,670.87  9.00 0.25
16.00 1250.00 0.90 0.93 6408.88  14.07 48.03 23,662.74  8.00 0.33
15.38 1223.21 0.90 0.93 6299.85 12.12 50.24 28,638.81 8.00 0.28
10.54 1134.11 0.88 0.91 9563.55 13.40 51.26 48,112.68 7.00 0.36
16.00 1250.00 0.90 091 10,898.66 24.41 59.98 31,24472  7.00 0.55
1474 1176.89 090 090 10,255.83 7.16 46.99 5000.00 5.00 043
13.44 116740 090 090 10,071.49 9.52 44.74 5000.00 4.00 0.60
1530 122551 0.89 0.92 8963.20 16.39 57.90 31,668.79  9.00 0.54
1539 1240.89 090 0.93 10,707.70 10.65 60.00 40,216.07 8.00 0.51
15.56 1232.03 0.90 0.92 9145.74 9.72 58.88 16,410.60 10.00 0.35
1547 122424 0.90 0.93 6000.00 11.74 49.84 28,909.73 8.00 0.25
15.25 1217.80 090 0.93 6000.00 11.40 49.85 25,602.11 7.00 0.25
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Table 8 Pareto frontier optimal solutions for objective functions

Table 8 (continued)

Wotal C\y.total Cd total by, total by otal Yotal Cyp.total Catotal by, rotal by o
(%) (US$/MWh)  (US$/m3)  (pts/MWh)  (pts/m?) (%) (US$/MWh)  (US$/m?)  (pts/MWh)  (pts/m?)
51338 36334 2,614 19.581 1.823 0714 36333 2.666 19734 1,955
50.498 36.268 2.606 19.790 1.965

48.266 37.252 0.540 21.010 0.340

49.900 35.947 2.597 20.170 1.691 4.3 Optimization Results

48.226 37.107 0.539 20.995 0.339

51.204  36.391 2.599 19.599 0.066 The optimization results for the integrated RO-MED and
47.623 36454 0.955 20.890 0.710 CCPP system are presented in this section. Tables 7 and 8
50929 36354 2.610 19.655 1.847 display the Pareto frontier optimal solutions for the deci-
49415 36.155 1.859 20.431 1.232 sion variables and the objective functions, respectively.
48.819  36.800 0.598 20.697 0.396 As mentioned above, to select the most suitable solution,
49797  36.033 2.237 20.130 1.889 it is suggested to employ the concept of distance between
49503 36.495 1.232 20.191 0.929 each solution and the ideal point. The distance for each
48302 37.113 0.745 20.657 0.591 re-dimensioned solution in the Pareto frontier optimal
48306  36.714 0.703 20.885 0.498 solutions set is shown in Table 9, which is relevant to the
48.862  36.951 0.540 20.730 0.339 objective functions. Hence, the most suitable solution can
48322 36456 L111 20.920 0.848 be derived by comparison of the results in Table 9 and
49.002  37.079 0.559 20.808 0.349 the calculated distances. This is regarded as the selected
51136 36.553 0.948 19.682 0.709 optimal solution (SOS), which is the closest to the ideal
50.289 36.156 1.165 20.024 0.937 (equilibrium) point.

49.149  37.09 0.545 20.755 0.339 Table 10 shows the selected optimal solution for the
50.033  36.445 1.642 19.916 1.100 objective functions. Additionally, the objective function
50.029  36.219 2.585 19.887 1.897 values in the base case (pre-optimization) and each objec-
48279 37.006 0.745 20.678 0.518 tive function improvement during the optimization pro-
50425 36.527 1.607 19.805 L1174 cess are presented. Finally, Table 11 displays the selected
50.568  36.542 0.999 19.718 0.866 optimal solutions for the decision variables. The optimum
50.135  36.245 2.631 19.894 1.935 solution is reached by the objective functions using these
50.800 36.324 2.614 19.670 1.905 values.

50.668  36.369 2.591 19.746 1.908 The results shown in Table 10 indicate that the system
50414 36.163 2.111 19.895 1.443 optimization improves the exergy efficiency by 8.405%
50.719 36270 2.898 19.770 1.834 (from 42.731 to 51.136%). At the same time, the power
51188 36.388 2.200 19.622 1.363 and freshwater costs are reduced from 39.913 to 36.553
51285 36529 2496 19.666 1.691 US$/MWh and from 1.342 to 0.948 US$,/m? (i.c., by 3.360
50753 36263 2.560 19.801 1.789 US$/MWh and 0.394 US$/m?), respectively. Further-
51321 36462 2.603 19.635 1.965 more, the power and freshwater environmental impacts are
41755 37.647 0.540 21.235 0.340 decreased from 22.951 to 19.682 pts/MWh and 1.066 to
46.506 38306 1,103 20.537 0977 0.709 pis/m3 (i.c., by 3.268 pts/MWh and 0.357 pts/m?),
50.383 36309 2932 19.812 1.920 respectively. Accordingly, the optimization approach
46.768  37.105 0.942 21.304 0.702 enhances the objective functions of the integrated system
49406 36.060 2611 20269 1.994 from all exergic, exergoeconomic, and exergoenvironmental
SLI35 36483 2.378 19.646 1.662 perspectives. As these results demonstrate, the system opti-
50.583 36312 2.606 19.783 1.907 mization has improved the integrated plant’s performance
48.269  37.405 0.552 20.997 0.345 by boosting the cycle efficiency and reducing product costs
48.959 36.721 1.134 20.417 0.822 and environmental impacts.

47910 37.119 0.670 20.899 0.460 Since the optimization process encompasses five objec-
47.425 37.343 0.546 21177 0.346 tive functions, the results are five-dimensional, which
49.610  36.272 1.391 20.092 0.981 cannot be shown in a graphical form. Therefore, to better
50.083  36.764 1.467 19.909 1.009 demonstrate the optimization results, other two-objective
49.991 36.213 2.642 19.927 1.907
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optimizations have been performed in this study, allow-
ing us to obtain additional two-dimensional sets of results.
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Table 9 Pareto frontier optimal solutions for objective functions in Table 9 (continued)
dimensionless form -
- Wotal Cw,total cd,tmal waotal bd.tmal Distance
Yotal Cw,lotal Cd,lolal bw,lotal bd,mlal Distance (—) (—) (—) (—) (—) (_)
= = = = = = 08709  0.1635 _ 0.8888 _ 0.0885 09798 13421

1.0000 0.1640 0.8671 0.0000 09113 1.2685
0.8261 0.1360 0.8638 0.1213 0.9850 1.3340
0.3643 0.5529 0.0002 0.8294 0.1420 1.1908
0.7023 0.0000 0.8598 0.3418 0.8426 1.2863

Table 10 The selected optimal solution for objective functions

03560 04917  0.0000  0.8206  0.1418  1.1619 Cases VTotal  Ciwtotal Cdotal by sotal by sotal
09722 0.1883  0.8608  0.0104  0.0000  0.8817 (%) (US$/MWh)(US$/m?*) (pts/MWh) (pts/m?)
02312 02148 01736 07598 03340 1.1646 Basecase 42731 39913 1342 22951  1.066
09154 01724 08654 00428 09238  1.2811 Optimal 51136 36.553 0.948 19682 0709
0.6019 00879 05515 04933  0.6049  1.0391 case

04787 03615 00244 06478 01712 0.9230 Improve-  8.405 3.360 0.394 3268 0357
06810 00363 07094 03183 09456  1.2656 ment

0.6201 0.2324 0.2895 0.3537 0.4474 0.7794
0.3717 0.4941 0.0859 0.6243 0.2721 1.0536
0.3724 0.3252 0.0684 0.7570 0.2239 1.0618
0.4875 0.4256 0.0005 0.6665 0.1413 0.9529
0.3758 0.2156 0.2390 0.7769 0.4056 1.1231
0.5165 0.4798 0.0081 0.7122 0.1465 0.9964
0.9581 0.2566 0.1710 0.0586 0.3336 0.4600
0.7828 0.0885 0.2615 0.2571 0.4518 0.6274
0.5469 0.4871 0.0022 0.6813 0.1418 0.9628
0.7299 0.2110 0.4608 0.1945 0.5363 0.8095
0.7290 0.1150 0.8550 0.1775 0.9497 1.3233
0.3670 0.4488 0.0859 0.6364 0.2345 1.0342
0.8109 0.2456 0.4464 0.1298 0.5745 0.8014
0.8405 0.2523 0.1920 0.0794 0.4150 0.5518
0.7509 0.1262 0.8742 0.1814 0.9693 1.3471
0.8887 0.1595 0.8671 0.0515 0.9538 1.3047
0.8613 0.1787 0.8575 0.0958 0.9552 1.3069
0.8088 0.0917 0.6567 0.1820 0.7144 1.0099
0.8718 0.1368 0.9858 0.1098 0.9170 1.3638
0.9689 0.1868 0.6939 0.0237 0.6730 0.9853
0.9889 0.2464 0.8179 0.0493 0.8428 1.2011
0.8788 0.1337 0.8444 0.1272 0.8935 1.2491
0.9965 0.2183 0.8625 0.0314 0.9850 1.3277
0.2585 0.7205 0.0001 0.9598 0.1420 1.4178
0.0000 1.0000 0.2356 0.5547 0.4723 1.6082
0.8023 0.1532 1.0000 0.1339 0.9616 1.4160
0.0543 0.4906 0.1684 1.0000 0.3299 1.5074
0.6001 0.0478 0.8658 0.3994 1.0000 1.4392
0.9579 0.2273 0.7683 0.0378 0.8278 1.1534
0.8436 0.1548 0.8638 0.1171 0.9548 1.3114
0.3649 0.6178 0.0055 0.8215 0.1447 1.2169
0.5077 0.3280 0.2484 0.4850 0.3923 0.8948
0.2905 0.4967 0.0545 0.7650 0.2041 1.1747
0.1902 0.5917 0.0028 0.9263 0.1450 1.3729
0.6424 0.1377 0.3558 0.2966 0.4743 0.7657
0.7403 0.3462 0.3877 0.1904 0.4891 0.7830
0.7212 0.1128 0.8788 0.2005 0.9547 1.3470

Thus, Fig. 4 shows the Pareto frontier optimal solutions for
minimization of power produced cost and exergy efficiency.
Also, Fig. 5 displays the Pareto frontier optimal solutions
for minimizing of the produced freshwater and power costs.

It should be noted that the solutions presented in Figs. 4
and 5 remained after the optimization process and are, there-
fore, the dominant solutions. As explained in the methodol-
ogy section, the weaker solutions were eliminated via the
operators of the optimization algorithm. The selection of
the most suitable solution, referred to as the selected optimal
solution (SOS), is based on the distance concept. The SOS
(represented by a green point in the charts) corresponds to
the point closest to the ideal point (blue point).

5 Conclusions

This study investigates the potential integration of a RO-
MED desalination system into the existing Neka CCPP
via GA-based multi-objective optimization. To this aim,
the integrated system is thermodynamically modelled and
simulated utilizing the MATLAB and EES software envi-
ronments. The results for the different integrated system
components and process streams are validated via Ther-
moflex software simulations based on actual data from the
Neka power plant. Furthermore, comprehensive energy,
exergy, exergoeconomic, and exergoenvironmental (4E)
analyses are conducted to assess the performance of the
new integrated CCPP and RO-MED system. In addi-
tion, a GA-based multi-objective water cycle algorithm
(MOWCA) is developed to optimize the operating condi-
tions and energy, exergy, economic, and environmental
performance indicators of the integrated system.

The results reveal that the combustion chamber has the
largest exergy destruction share of 57%, while the MED
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Table 11 The selected optimal solution for decision variables

Cases Iy AC TIT Nac Har Prax steam ATpinch,HPEV ATpinch,LPEV Precaro Meffects RRyiep
=) 0 =) =) (kPa) 0 {®) (kPa) =) =)

Base case 10.00 971.00 0.86 0.90 9600.00 3.00 41.80 1000.00 6.00 0.30

Optimal case 16.00 1250.00 0.90 0.93 6914.56 10.94 45.47 9138.28 7.21 0.42

OPareto Frontier @Ideal Point %SOS
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Fig.4 The Pareto frontier optimal solutions for the objective func-

tions of Yotal and Cy.total
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E
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Fig.5 The Pareto frontier optimal solutions for the objective func-
tions of Cw,tom] and Cd,total

and RO desalination units contribute a 2% combined share.
The economic and environmental analyses applied to the
integrated system indicates that the gas turbine presents
the highest investment cost of 0.05 US$/s. Moreover,
the highest environmental impact rate is related to the
MED desalination unit, at 0.025 pts/s. According to these
results, a potential reduction in the system capital invest-
ment and operating costs is achievable via the increase in

@ Springer

the exergy destruction share of the RO unit owing to its
high exergoeconomic factor. Additionally, the economic
analysis results indicate that the production cost of elec-
tricity from the integrated power and desalination system
is 0.04 US$/kWh, while the freshwater production cost
via the RO and MED desalination units is 1.8 US$/m? and
2.5 US$/m?, respectively. Furthermore, the environmental
analysis reveals that the gas turbine (96.8%) and the air
compressor (84.7%) have the highest exergoenvironmental
factor, while the condenser (0.003) and combustion cham-
ber (0.06) have the lowest.

By implementing the multi-objective water cycle algo-
rithm, the power and produced freshwater costs are reduced
from 39.9 to 36.5 US$/MWh (8.42%) and 1.3 to 0.9 US$/
m? (29.36%), respectively. The environmental impacts of
the produced power and freshwater are also decreased from
22.951 to 19.682 pts/MWh (14.24%) and 1.066 to 0.709 pts/
m?® (33.49%), respectively. Accordingly, the objective func-
tions of the integrated system are improved via optimization
from exergic, exergoeconomic, and exergoenvironmental
perspectives. The findings also indicate that the system opti-
mization has improved the integrated system performance
by boosting cycle efficiency and lowering product costs and
environmental impacts. Therefore, the results demonstrate
that the integration of desalination processes into the Neka
CCPP is not only thermodynamically and economically via-
ble, but also a more sustainable solution towards reducing
environmental impacts.

Finally, future research will focus on integrating renew-
able energy resources such as solar energy and biomass. In
addition, the feasibility of coupling other technologies for
desalination will be investigated, including MSF and MSF-
RO, among others. In follow-up studies, the risk and reli-
ability analyses of the use of desalination in the combined
power cycle can also be considered.

Appendix A

See Tables 12, 13, 14, 15, 16, 17 and 18.
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Table 12 Design equations

. System unit
used for the multi-effect

Modelling equations

distillation (MED) (Mistry MED
et al. 2013; Abdelhay et al.

2020) and reverse osmosis (RO)
(Al-Zahrani et al. 2012) units

lilp i
Performance: PR= —,RR = —
s mg

Mass Balance ith effect: FXp = BXg, FXp = B, - X
Energy Balance ith effect : D Ahy, = Dhp + Bhg — Fhy
Boiling Point Elevation: BPE, =T, — T, |
Area : D, - Ahp = AeUe(Tg:‘V -T,)
U, = 107[1939.1 + 1.40562(Tf;:‘v —273.15)

- 0.0207525(Tf;:[V -273.15)

+ 0.0023186(Tgr:[v -273.15)%]
Terminal Temperature Difference : ATgg =7, -7,

Mass Balance ith flashbox : Dy, + Dy, = Dy, + D,

Energy Balance ith flashbox : Dy, - hp, , + Dy, - hD/b = D;;:j . hDEL +D, - hp

feedheater : Qp, = Dc(hg“ _ hglit) = ring( hg:-l _ hiZF )

in __ grout
TR T

M T
Tp, =T

ln < c.sat g >
Tpe =Ty

Uy =107[1617.5 + 0.1537(Tp,_ —273.15)
+0.1825(T),,  —273.15)

— 0.00008026(T),  —273.15)°]

Qcond = D('(higc - h?)L:l) = ’;n(:ond(l’l:\t:/l - hls‘:v)

th = Ajh Ujh

in __ 7rout

Ocona =AU, T T
" ()
U, =107%[1617.5 4+ 0.1537(Tp, — 273.15)
+0.1825(T,, — 273.15)%
— 0.00008026(T, — 273.15)°]

y, = Z D(i)
i=1

i, = D(1)
e = F(1)
iy = B(n)

ZAe + ZA_/h +Ac
mD

Specific Area : SA =
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Table 12 (continued)

Table 13 Validation of
simulation results for
different system components
(Khoshgoftar Manesh et al.
2021)

@ Springer

System unit

Modelling equations

RO

RR = 12
mg

J

w

RR = RR|;_y5 - —2—

g = ny + g
Mp = Meywq MED

WRO =

‘]w | T=25

11 (Ppeeq — P37) - 100

2" Mpump

— DWCW‘/W
" RTe[K]
385

{(PF —pp) — (7w — ”D)}
-sal; - T;

i = 0.14507(1000 — 10sal,)

. ave. temp.

of RO

T
R : universal Gas Constant

e . membrane thickness

V. water molar volume

w

C, . water concentration

w

_ k- T[°K]

w

- 3npp,d,
f, =423 x 107 + [0.157(T; + 64.993)* — 91.296]~"

d; = 0.076MW
d; : Stocks diameter
MW : Molcular Weight

saly
sals = T2RR
Pgeea
hgiggitiae = =

-RR- hbrine

1 -RR

System unit Thermoflex (MW) MATLAB (MW) Error (%)
WGTPack 132.02 132.15 0.10
Wac 159.63 158.02 1.01
Wgr 291.65 290.16 0.51
OupsH 42.05 40.76 3.07
O1psu 18.23 18.1 0.71
Oupev 73.82 77.51 5.00
O1pEV 18.55 18.11 2.37
Oupec2 34.39 35.97 4.59
Oupect 13.31 13.18 0.98
O\ pEC 2.05 2.09 1.95
OprE 17.86 17.65 1.18
Wer 62.76 64.78 322
Ocond 138.58 140.27 1.22
PRyvien 5.32 5.41 1.69
RRgo 0.512 0.5242 2.38
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Table 14 Validation of simulation results for different process streams (Khoshgoftar Manesh et al. 2021)

Stream r(kg/s) T(°C) P(bar)

Thermoflex MATLAB Error (%) Thermoflex MATLAB Error (%) Thermoflex MATLAB Error (%)

1 491.10 495.60 0.92 20.00 20.00 0.00 1.010 1.010 0.00
2 491.10 495.60 0.92 344.40 337.25 2.08 10.800 10.800 0.00
3 498.90 504.30 1.08 970.90 971.00 0.01 10.300 10.001 2.90
4 498.90 504.30 1.08 528.40 502.12 4.97 1.030 1.010 1.94
5 498.90 504.30 1.08 528.40 502.12 4.97 1.030 1.010 1.94
8 498.90 504.30 1.08 441.30 436.26 1.14 1.030 1.010 1.94
9 498.90 504.30 1.08 318.70 311.01 2.41 1.030 1.010 1.94
10 498.90 504.30 1.08 257.90 252.89 1.94 1.020 1.010 0.98
11 498.90 504.30 1.08 255.60 250.93 1.83 1.020 1.010 0.98
12 498.90 504.30 1.08 231.10 221.69 4.07 1.020 1.010 0.98
13 498.90 504.30 1.08 206.40 200.39 291 1.010 1.010 0.00
14 498.90 504.30 1.08 202.60 197.02 2.76 1.010 1.010 0.00
15 498.90 504.30 1.08 168.20 168.50 0.18 1.010 1.010 0.00
16 60.72 63.03 3.80 61.45 61.43 0.04 0.213 0.213 0.00
17 60.72 63.03 3.80 61.45 63.21 2.86 0.213 0.221 3.76
18 60.72 63.03 3.80 61.45 63.21 2.86 0.213 0.221 3.76
19 63.93 66.70 4.33 61.54 63.23 2.75 4.938 4.900 0.77
20 63.93 66.70 4.33 60.78 63.23 4.03 4.938 4.900 0.77
21 63.93 66.70 4.33 126.70 126.00 0.55 4.938 4.900 0.77
22 9.18 8.98 2.17 128.90 126.06 2.20 10.450 10.000 4.31
23 54.75 55.74 1.81 128.90 126.87 1.58 98.900 96.000 2.93
24 9.18 8.98 2.17 181.80 179.89 1.05 10.450 10.000 431
25 9.18 8.98 2.17 181.80 179.89 1.05 10.340 10.000 3.29
26 9.18 8.98 2.17 236.50 236.00 0.21 10.340 10.000 3.29
27 54.75 55.74 1.81 185.00 180.00 2.70 97.900 96.000 1.94
28 54.75 55.74 1.81 308.70 308.01 0.22 96.900 96.000 0.93
29 54.75 55.74 1.81 308.70 308.01 0.22 96.900 96.000 0.93
32 54.75 55.74 1.81 522.00 523.00 0.19 96.000 96.000 0.00
33 3.22 3.28 1.86 236.50 236.00 0.21 10.340 10.000 3.29
34 3.22 3.28 1.86 70.11 70.00 0.16 4.930 4.900 0.61
35 82.86 79.14 4.49 20.00 20.00 0.00 1.010 1.010 0.00
36 13.60 13.48 0.88 44.49 44.00 1.10 1.014 1.010 0.39
37 48.75 46.66 4.29 47.60 48.00 0.84 1.014 1.010 0.39
38 20.00 20.00 0.00 46.54 47.49 2.04 4.500 4.500 0.00
39 6.90 6.84 0.87 46.13 44.00 4.62 1.010 1.010 0.00
40 6.60 6.54 0.91 47.69 46.75 1.97 1.010 1.010 0.00

Table 16 Validation of modelling results for the multi-effect desalina-

Table 15 Modelling results for the reverse osmosis (RO) unit tion (MED) unit (Khoshgoftar Manesh et al. 2021)

Parameter Zhou Al-Zahrani  Present study Parameter Thermoflex fﬁ;?ﬁ:ﬁ?y Error (%)
et al. etal. (2012) (MATLAB) Khosh-
(2006) goftar Manesh et al. g (K2/5) 20.00 20.00 0
2021) Mg eam(kg/S) 322 3.28 1.86
Recovery ratio 0.481 0.51 0.501 SA 332.1 321.89 3.07
Feed salinity (%) 3 3 3 GOR 5.32 5.41 1.69
Feed pressure (bar) 50 50 50 No. of effects 6 6 0
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Table 17 Exergic, Stream  P(bar) T(°C) ri(kg/s) Ex(MW) C(US$/min) C(US$/GI) B(pts/h) b(pts/GJ)

exergoeconomic, and

z?zr;%s‘:z?;g;if:;n;?rlef;f‘s 1 1.010  20.00 495.60 0.00 0.00 0.00 0.00 0.00

(Khoshgoftar M anesh et al. 2 10.800 33725 495.60  146.94 89.29 10.13 3055.32 5.78

2021) 3 10.001 971.00 504.30 42459  219.95 8.63 7865.85 5.15
4 1.010 502.12 50430  121.93 63.16 8.63 2258.82 5.15
5 1.010 502.12 50430  121.93 63.16 8.63 2258.82 5.15
8 1.010 436.26 504.30 97.28 50.39 8.63 1802.13 5.15
9 1.010 311.01 504.30 55.01 28.50 8.63 1019.06 5.15
10 1.010 252.89 504.30 38.05 19.71 8.63 704.94 5.15
11 1.010 250.93 504.30 37.52 19.43 8.63 695.02 5.15
12 1.010 221.69 504.30 29.83 15.45 8.63 552.70 5.15
13 1.010 200.39 504.30 24.64 12.76 8.63 456.42 5.15
14 1.010 197.02 504.30 23.85 12.35 8.63 441.75 5.15
15 1.010 168.50 504.30 17.55 9.09 8.63 325.10 5.15
16 0213 6143  63.03 16.54 10.75 10.83 345.52 5.80
17 0221 6321  63.03 0.13 0.08 10.83 271 5.80
18 0221 6321  63.03 0.13 0.08 10.83 271 5.80
19 4900 6323  66.70 0.16 0.13 13.10 3.47 6.05
20 4900 6323  66.70 0.17 0.13 13.10 3.67 6.05
21 4900 12600 66.70 3.72 4.05 18.17 120.35 8.99
22 10.000 126.06 8.98 0.51 0.55 18.28 16.32 8.97
23 96.000 126.87  55.74 3.78 4.07 17.94 117.76 8.65
24 10.000 179.89 8.98 1.16 1.34 19.30 30.99 7.44
25 10.000 179.89 8.98 7.54 591 13.06 173.38 6.38
26 10.000  236.00 8.98 8.02 6.88 14.30 184.85 6.41
27 96.000 180.00  55.74 7.89 7.43 15.69 214.07 7.53
28 96.000 308.01  55.74 23.49 17.68 12.55 528.28 6.25
29 96.000 308.01  55.74 61.90 41.37 11.14 1311.53 5.89
32 96.000 523.00 55.74 84.77 55.10 10.83 1771.38 5.80
33 10.000  236.00 3.28 3.34 2.87 14.30 77.10 6.41
34 4900  70.00 3.28 0.07 0.06 14.30 1.71 6.41
35 1.010 2000 79.14 0.20 0.00 0.00 0.00 0.00
36 1.010  44.00 1348 0.08 0.00 0.00 0.00 0.00
37 1.010  48.00  46.66 0.81 0.00 0.00 0.00 0.00
38 4500 4749  20.00 0.16 3.01 316.89 168.33  295.28
39 1.010  44.00 6.84 0.04 0.72 288.32 5.48 36.42
40 1.010  46.75 6.54 0.22 0.00 0.00 0.00 0.00
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Table 18 Exergic,

exergoeconomic, and Unit (%) f%)  zUS$/h) Y (mpts/h)  f,(%)  Bp(pts/h)  Cp(US$/h) (%)

exergoenvironmental results AC 1043 2773 140.33 288.94  84.69 0.05 365.76 92.99

of system components

(Khoshgoftar Manesh et al. cC 4350 1.87 7494 1463.62 006 235276  3925.62 70.08

2021) Condenser 1138 146  79.55 637 0003 22433 462.29 34.56
GT 622 3077 17263 294496 9675 0.10 388.46 95.87
HPEC1 5769 5432 40.07 2968 015  20.08 33.69 79.14
HPEC2 2688 6754  87.99 9419 037 2520 42.29 91.98
HPEV 19.04 4727  107.45 17522 024 7145 119.87 90.88
HPSH 1589 5096  57.58 3159.00 873  33.02 55.40 92.77
HRSG 2509 5299 432.01 5118 219 22839 383.19 84.79
LPEC 13270 8375  22.49 400 015 2.60 436 82.26
LPEV 38.12  46.84 3545 6517 027 2398 40.23 83.15
LPSH 296.14 9542 41.40 1559.06  56.84 1.18 1.99 88.06
MED 23773 7.8  12.15 92,937.26 5691 5275 117.54 31.59
PRE 11322 3168  39.58 3165 006  50.88 85.36 56.38
RO 47990 8224  38.86 2823.66  36.49 491 8.39 19.51
ST 18935 1597 685 155286  0.64  242.26 418.66 84.96
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