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a b s t r a c t

The existence of the waste heat from the exhaust of steel industry with the temperature of 227 ◦C and
water evaporation in the cooling process, the limitation of the water sources with high quality, the
sharp decline of the groundwater, and access to the saline water are the reasons to study and analyze
the ORC-RO system in this paper. This investigation is based on energy analysis (1E), exergy analysis
(2E), economic analysis (3E), and environmental impacts (4E). The environmental analysis is conducted
considering three aspects: (1) The effects of the ORC system depending on the selection of the
working fluid. (2) The impacts of RO system on the brine, which depends on the brine stream density
(introduced by the non-dimensional function Ω), showing the span of the RO system brine dilution.
(3) The decline in the removal of the groundwater happens when the fresh water increases. In this
comparison, four types of cycles consist of basic configuration, basic configuration with recuperator,
basic configuration with regenerative, and basic configuration with the combination of regenerative
and recuperator are investigated. The trade-off between exergy and thermal efficiency parameters
and TAC (total annual cost) are the reason for using the Genetic Algorithm (GA) as the optimization
algorithm. The main optimization parameters are: (1) configuration of ORC, (2) the optimized design
of RO system, (3) Rankine cycle working fluid based on thermal source, (4) membrane selection
among company membranes DOW, (5) determining the approach and pinch temperatures of WHR
for maximum recovery, according to the limitation of acid dew point. These parameters are obtained
based on two objectives; reducing the price of produced water and increasing the system’s exergy
efficiency. Production of freshwater reduces water withdrawal from groundwater resources, and the
working fluid with low ODP and GWP reduces the environmental impacts of the cycle. The results
show that the cycle with basic configuration and the cycle with recuperator are the two optimum
cycles in the Pareto curve. The working fluid R245ca (GWP = 640; ODP = 0) is chosen as optimum
fluid in each of the two cycles. The exergy efficiency, total cost and Ω in basic cycle and the cycle
with recuperator are 32.51%, 2.84 $/m3, 16.94% and 32.49%, 2.64 $/m3, 12.74% respectively. Also, the
production of freshwater reduces 2.5% of water withdrawal from groundwater resources.

© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Water-Energy Nexus is the fundamental issue in most heavy
ndustries such as steel industry. The rate of the consumed water
n steel industries is different based on the process. For processes
hat use electricity, coal, and coke, the consumption rate is 0.64–
0.14 m3/MWh, 1–1.8 m3/ton, and 1–2.8 m3/h, respectively (Gao
t al., 2011; Yang et al., 2020c; Zuo et al., 2015, 2017; Xu et al.,
020; Yang et al., 2015; Ma et al., 0000; Xue et al., 2020; Jiang
t al., 2018). The water consumption for steel production in China
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ttps://doi.org/10.1016/j.egyr.2021.06.065
352-4847/© 2021 Published by Elsevier Ltd. This is an open access article under the
is 7–8.3 m3/ton for monumental steel industries and is estimated
at 3–4.2 m3/ton for other industries (Gu et al., 2015; Zhang et al.,
2020a, 2019b; Sun et al., 2019b; Zhang et al., 2021; Li et al., 2021;
Yang et al., 2020b,a; Du et al., 2021). The water consumption
for steel industries in Iran for sponge iron is 1–1.8 m3/ton and
for steel production and rebar reaches 2.8 m3/ton. The quality
of water in steel industries is different based on the type of
consumption in other parts, and the range of the quality of water
is 5–1000 ppm.

The global energy demand will increase 40 percent from 2006
to 2030 (Li et al., 2016; Wang et al., 2021, 2020; Rostamijavanani
et al., 2020, 2021; Abasi et al., 2020; Alshawish et al., 2020;
Zhang et al., 2020c; Jung et al., 2020). The steel industry is one
of the energy-consuming industries that allocate 4–5 percent
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. ORC shares in various low-grade thermal heat resources (Wei et al., 2007).
f global energy consumption (Yoon et al., 2020; Jafarishiadeh
nd Mohammadi, 2020; Davarpanah and Mirshekari, 2019; Hu
t al., 2020b; Davarpanah, 2020, 2018; Razmjoo et al., 2020;
hirmohammadi et al., 2020a,b). In terms of the environment,
his enterprise has a considerable share of global warming (Song
t al., 2020; Ni et al., 2020; Wang and Jing, 2020; Guan and
iang, 2020; Zhang and Zhao, 2020; Li, 2020; Venkateshkumar and
amakrishnan, 2020; Huang, 2020). Based on the type of process,
ne ton of steel produces 1.9 tons of carbon dioxide (Zhu et al.,
020; Tang et al., 2020; Zhang et al., 2020d; Green, 2020). The
verage energy consumption for one ton of steel is 1.757 GJ. The
teel industry is energy-consuming, and it is essential to reduce
O2 propagation. These are several reasons why it is necessary to
ocus on thermal energy recovery procedures and reducing fuel
onsumption (Quader et al., 2015).
In Iran, despite benefiting from several non-petroleummineral

esources compared to the world extent (with coal 1%, ironstone
.5%, lead and zinc 11%, copper 15% and chromite 8% of the
ntire world resources), the mineral base of economic growth is
till negligible compared to the total economic development of
he country. Hence, the steel industry has not been developed
roportionally to the available resources. However, the steel in-
ustry uses nearly 22% of the total energy consumption of the
ajor industries in Iran. In the study of energy audits carried out

n the steel enterprise (rolling sheet production), the intensity
f total energy consumed in the sample factory in Iran was
.51 GJ/ton (Anon, 0000a). Improvement of thermal efficiency of
ystems, economic and environmental issues can be addressed in
educing steel industries energy consumption.

In this work, the authors attend the Basic Oxygen Furnace
BOF) type of furnaces and employ this type in assessments.
he steelmaking enterprise should develop novel technologies for
uture energy conservation because of energy security, volatile
nd high energy prices, and climate changes. In this regard, waste
eat recovery is one of the crucial technologies to obtain the
equirements. To this end, exhaust gas should be introduced
nto successive heat exchangers to utilize the recycled heat in
ir and fuel (gas) preheat for combustion and contribution in
he free-forming process. Consequently, the exhaust temperature
pproaches 200–300 ◦C.
4147
The utilization of waste heat in addition to the efforts to
benefit from the high penetration of renewable sources, were
the initial motivations for using the Organic Rankine Cycle (ORC).
The exclusive characteristics of fluid have made the ORC suit-
able for low-temperature heat recovery applications (generally
under 400 ◦C). Fig. 1 represents ORC utilization shares in various
low-grade thermal heat resources. As it is apparent, 20% of the
resources are related to waste heat recovery (WHR). The research
conducted by Modesto and Nebra (Modesto and Nebra, 2009)
focused on waste energy (gas) recovery. In this research (Modesto
and Nebra, 2009), a methodology was assessed for a power gener-
ation system based on the Rankine cycle and through Coke Oven
Gas (COG) and Blast Furnace Gas (BFG). In this work, exergo-
economic factors, cost variation, including relative cost varia-
tion, were computed to specify the effect of each component in
the plant make-up cost and finding the most appropriate way
for the generation cost of energy and process steam. A preven-
tive method to improve the resilience of transmission system is
introduced in Jafarishiadeh and Mohammadi (2020).

In Yao et al. (2013), an exergo-economic analysis was per-
formed based on thermo-economics for a combined cycle system
using associated gases (BFG, COG, and sintering waste gas) from
the process of steel production. They also computed different
exergo-economic indices such as exergo-economic factors, rela-
tive and absolute cost differences to analyze the exergo-economic
performance of each piece of equipment. The effects of capi-
tal costs and decision variables on the momentary and unitary
production costs were also investigated.

The parameters which are effective in the determination of
enhancing ORC performance in WHR are as (1) The configuration
of ORC; (2) Working fluid proportional to the conditions of heat
resource; (3) High and low-temperature resources constraints (4)
The purpose of using ORC for cogeneration. Various studies have
been conducted on parameters such as working and configura-
tion fluid based on heat sources. These researches are shown in
Table 1.

In Kasaeian et al. (2018), the cogeneration system was stud-
ied. The authors analyzed the hybrid systems according to the
solar energy for cogeneration of electricity and water. In El-
Emam and Dincer (2018), a novel integrated solar-based system
was studied and evaluated. The system was constructed from
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review of recent papers regarding the decisive parameters to improve ORC performance.

Authors Performance Low temp High temp Utilized fluids Case study cycle Chosen fluids Objective function

Badr et al. (1990) WHR 30–50 120 R11, R113, R114 ORC R113 –
Maizza and Maizza
(2001)

– 35–60 80–110 Refrigerants ORC R123, R124 –

Liu et al. (2004) WHR 30 150–200 R123, isoPentane,
HFE7100, Benzene,
Toluene, P-xylene

ORC Benzene, Toluene,
R123

–

Chammas and
Clodic (2005)

ICE 55 150 Water, R123,
isopentane, R245ca,
R245fa, butane,
isobutene, R-152a

ORC Water, R245ca,
isopentane

–

Drescher and
Brüggemann (2007)

Biomass 90 250–350 ButylBenzene,
Propylbenzene,
Ethylbenzene,
Toluene, OMTS

ORC ButylBenzene –

Hettiarachchi et al.
(2007)

Geothermal 30 70–90 Ammonia,
nPentane, R123,
PF5050

ORC Ammonia Capital Cost power
plant

Lemort et al.
(2007)

WHR 35 60–100 R245fa, R123,
R134a, nPentane

ORC R123, nPentane –

Saleh et al. (2007) Geothermal 30 100 alkanes, fluorinated
alkanes, ethers and
fluorinated ethers

ORC RE134, RE245,
R600, R245fa,
R245ca, R601

–

Borsukiewicz-
Gozdur and Nowak
(2007)

Geothermal 25 80–115 propylene, R227ea,
RC318, R236fa,
ibutane, R245fa

ORC Propylene R227ea,
R245fa

–

Mago et al. (2008) WHR 25 100–210 R113, R123,
R245ca, Isobutane

ORC; R_PRC R113 –

Tchanche et al.
(2009)

Solar 35 60–100 Refrigerants ORC R152a, R600, R600a
R290, R134a

–

Façao et al. (2008) Solar 45 120–230 Water, n-pentane
HFE 7100,
Cyclohexane,
Toluene, R245fa,
nDodecane,
Isobutane

ORC, R_ORC n-dodecane –

Dai et al. (2009) WHR 25 145 water, ammonia,
butane, isobutene,
R11, R123, R141b,
R236ea, R245ca,
R113

R_ORC, satu-
rated/superheated,
regenerative/non-
regenerative,
subcriti-
cal/supercritical

R236ea –

Desai and
Bandyopadhyay
(2009)

WHR 40 120 Alcanes, Benzene,
R113, R123, R141b,
R236ea, R245ca,
R245fa, R365mfc,
Toluene

ORC, R_ORC Toluene, Benzene –

Chen et al. (2012) WHR 50 80–220 R600a, R245fa,
R123, R113

ORC, satu-
rated/superheated

R113, R123 –

Mikielewicz and
Mikielewicz (2010)

CHP 50 170 R365mfc, Heptane,
Pentane, R12,
R141b, Ethanol

ORC, ORC_R Ethanol –

Vaja and
Gambarotta (2010)

ICE, WHR 35 95-221 R134a, R11,
Benzene

double stage
regenerated ORC
system

Benzene –

Aljundi (2011) – 30 50–140 RC318, R227ea,
R113, sobutene,
nbutane, nhexane,
isopentane,
neopentane,
R245fa, R236ea,
C5F12, R236fa

ORC nhexane –

Wang et al. (2011) WHR 27–87 327 R245fa, R245ca,
R236ea, R141b,
R123, R114, R113,
R11, Butane

ORC R11,R141b,R113,R123,
R245fa, R245ca

–

Roy et al. (2011) WHR – 277 R12, R123, R134a,
R717

ORC_SH R123 –

Wang et al.
(2013b)

Global 10–17 130 R134a ORC N/a Exergy efficiency
Overall capital cost

Wang et al. (2013) Global 10–17 150 R123, R245fa,
Icobutane

ORC R123, R245fa Net power output
Surface areas of
both the HRVG and
condenser Ratio of
net power output
to overall heat
transfer area

Wang et al.
(2013a)

Solar N/a 150 R245fa, R123,
Isobutane, R134a

ORC_R R123, R245fa A daily average
efficiency Modified
system efficiency

Astolfi et al.
(2014a)

Global N/a 120–180 RC318, R227ea,
C4F10, RC318,
C4F10, R227ea,
RC318, C4F10,
R227ea

Single pressure
level cycles in sat-
urated/superheated,
regenerative/non-
regenerative,
subcriti-
cal/supercritical

N/a Second law
efficiency

Astolfi et al.
(2014b)

WHR N/a 150 RC318, R227ea,
C4F10, RC318,
C4F10, R227ea,
RC318, C4F10,
R227ea

Single pressure
level cycles in sat-
urated/superheated,
regenerative/non-
regenerative,
subcriti-
cal/supercritical

N/a Second law
efficiency Specific
plant investment
cost

Ayachi et al. (2014) WHR N/a 150–160 R125, R1234yf,
R134a, R227ea,
R235fa, R124,
R235ea, Isobutane,
Isobutene,
n-butane, R245fa,

ORC. R_ORC Mechanical power
output

Imran et al. (2014) N/a N/a R123, R11, R245fa,
R141b, R134a

ORC, double stage
regenerated ORC
system, single
stage regenerative
ORC system

R245fa Thermal efficiency
Specific investment
cost

(continued on next page)
4148
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Authors Performance Low temp High temp Utilized fluids Case study cycle Chosen fluids Objective function

Song and Gu
(2015)

WHR N/a 110–230 Cyclohexane,
Benzene, Toluene,
R141b, R11

ORC cyclohexane/R141b
(0.5/0.5)

Net power output
Thermal efficiency
Total cost of
equipments

Yang and Yeh
(2015)

WHR N/a N/a R1234yf,, R152a,
R1234ze, R245fa

ORC R245fa 9% Net power output
Thermal efficiency
Total cost of
equipments

Sadeghi et al.
(2016)

Geothermal 25 100 R22M, R402A,
R402B, R403B,
R404A, R407A,
R410A, R422A,
R422D, R438A,
R245fa

ORC R407A Net power output
Turbine size
parameter

Liu et al. (2017) geothermal 30 80–95 R245fa, R123,
R134a, R152a

ORC, ORC_SH,
single stage
regenerative ORC
system

R123 Pure net power,
thermal efficiency,
exergy efficiency,
components cost.

Karimi and
Mansouri (2017)

geothermal 20 150 R600a, R152a, R11,
R601a,R134a, R123

ORC, R_ORC and
TSEORC

Refrigerants Thermoeconomic

Zare (2015) geothermal 20 160–170 Isobutane,
n-pentane, R245fa
and R152a

ORC, R-ORC N/a total product cost

Vivian et al. (2015) Global 35 120, 150, 180 R218, R1234yf,
R227ea, R1234ze,
RC318, R236fa,
Isobutane, FC87,
Butane, R245fa,
HFE7000, FC72,
Isopentane,
HFE7100, Pentane,
Hexane, HMDS,

R_ORC, ORC N/a maximization of
cycle efficiency or
system power
output/efficiency

Branchini et al.
(2013)

Global 33 150-450 MDM, MD2M,
MD3M,
R134a, R245fa,
isobutane, butane,
isopentane, PP2,
PP5, toluene,
butane, p-xylene

ORC, ORC-R, SH,
R_ORC-R,
R_ORC-R_SH

400 ◦C: Toluene
200 ◦C: R245fa
and butane

–

Camporeale et al.
(2015)

biomass 40 260–270 MM, Toluene
MDM, MD2M

Saturated cycle, SH,
ORC

N/a –

Lingfeng Shia et al.
(2018)

WHR N/a N/a R218, R145a, R125,
R41,Teluene, D4,
Cyclohexan

ORC N/a –

Mokhtari et al.
(2016c)

Geothermal 40 157 R123, R134a, R22,
R245fa, Water

ORC R123 Exergy efficiency,
cost of electricity

Basic organic Rankine cycle (ORC), regenerative organic Rankine cycle (R_ORC), two-stage evaporation organic Rankine cycle (TSEORC), the superheated cycle (SH), regenerative cycle recuperated and
regenerative cycle (R_ORC-R), the recuperated, regenerative and superheated (R_ORC-R_SH).
2

ORC, absorption cooling system, electrolyzer, and desalination
unit for poly-generation purposes. The application of the system
was studied from different aspects of economic, energy, and
exergy. By utilizing geothermal energy, the authors of Behnama
et al. (2018) analyzed a tri-generation system including hot wa-
ter, freshwater, and electricity. Researchers in Kianfard et al.
(2018) utilized geothermal energy for multi-generation as well.
This system consisted of an electricity generation unit using the
protein-energy malnutrition (PEM) and ORC systems, freshwater
according to the RO technology, and hydrogen. The analysis of
economic and exergy results indicated that the ORC has an invest-
ment return of 5.6 years as well as maximum exergy destruction.
In another study (Pethurajan et al., 2018), the configurations
and applications of this cycle were investigated and compared,
paying attention to the ORC extension. In Salimi and Amidpour
(2017), the zeotropic mixture for the power generation system
was optimized. Optimization results indicated the appropriate
performance of systems with zeotropic mixture compared to
those with pure fluid. In another research (Bao et al., 2018b), an
internal combustion engine (ICE) for the production of freshwater
was modeled. The results of this study showed that utilizing the
waste heat and steam production of multiple-effect distillation
(MED) system, 26.78 m3/d of freshwater is produced.

Eveloy et al. (2017) modeled the SOFC-GT+ORC-RO system
SOFC: Solid Oxide Fuel Cell, GT: Gas Turbine). The system was
ptimized based on the cost reduction and exergy efficiency
ncrease. The results showed that the investment return was less
han 6 years. Baccioli et al. (2018) modeled the ORC cycle with
he MED. The superheated steam enters the ORC, and the heat is
ransferred to the system until the steam reaches the saturation
emperature and then enters the MED. In other configurations
f the ORC with recuperator, the outlet heat from the turbines
nters the recuperator and preheats the inlet MED water. Lai
t al. (2018) studied the Stirling engine connected to the RO
ystem with and without the Energy recovery device (ERD). The
4149
maximum recovery was estimated equal to 17.3% for this system,
and the amount of specific energy consumption (SEC) was SEC =

,5 m3/kWh.
Mokhtari et al. (2016a) studied Reverse Osmosis (RO) system

in solar cycle combined with ORC. Firstly, the RO system was opti-
mized by considering the constant demand. Afterward, for this RO
system, the Rankine cycle with working fluids R717? R123? R290
and water were designed with the lowest cost in the cycle and
solar farm. The results for working fluids demonstrated that the
R123 had the lowest total annual cost (TAC). Li et al. (2013a)
investigated research articles focusing on the RO+ORC system
until 2013. The focus was on scenarios in which the output power
of the turbine in ORC was the driver for the RO pump. In this
study, various fluids were studied in the organic cycle combined
with a solar farm in two scenarios, super-critical and sub-critical,
of the cycle and based on economic and energy analysis. The
results showed that at lower temperatures than 150 ◦C, the
R245fa is able to produce more fresh water in the sub-critical
system. Geng et al. (2016) studied ORC with RO for the zeotropic
mixture. They achieved the highest power and freshwater pro-
duction in a low-temperature thermal source. It was obtained by
preheating water and a mixture of 0.9/0.1 from the working fluid
type of R600/R601a. Delgado-Torres and García-Rodríguez (2010)
studied the ORC connected to the solar farm. This system aimed
to produce fresh water. They obtained the pump power in the
RO system for two types of brackish water and seawater. They
compared and analyzed isopentane, butane, R245ca, and R245fa
as working fluids and finally selected R245fa as the working fluid
of the cycle.

Table 2 is provided to review the novelties and contributions
of the presented works. It can be seen that up to 88% of the
articles used renewable energies to analyze the ORC-RO system.
In this paper, the RO model is developed based on the exact
model of mass transfer topics. In the ORC cycle section, which is
the focus of this paper, four different cycles have been thoroughly
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nnovations of the present work compared to other articles.
Contributions of this paper Description of the differences with other

articles
References reviewed

Use of recycled heat to electricity
production for the ORC-RO system

Over 88% of papers in this field have used
solar energy to analyze the ORC-RO system.

Delgado-Torres and García-Rodríguez (2007a,b),
García-Rodríguez and Delgado-Torres (2007),
Manolakosa et al. (2007), Bruno et al. (2008),
Manolakosa et al. (2008), Manolakos et al. (2009b,a),
Kosmadakis et al. (2009b,a, 2010b), Tchanche et al.
(2010), Nafey et al. (2010), Kosmadakis et al.
(2010a), Karellas et al. (2011), Delgado-Torresa and
Garcia-Rodriguez (2012), Peñate and
García-Rodríguez (2012) and Li et al. (2013b)

RO model development Mesh each membrane and solve the
equations for each section and determine
the output water quality based on mass
transfer equations

Manolakosa et al. (2005), Delgado-Torres and
García-Rodríguez (2007a,b), García-Rodríguez and
Delgado-Torres (2007), Manolakosa et al. (2007),
Nemati et al. (2017), Igobo and Davies (2018) and
Arab Chadegania et al. (2018)

Considering the environmental impacts
on the working fluid

Provide a working fluid algorithm based on
the environmental analysis

Manolakosa et al. (2007), Bruno et al. (2008),
Manolakosa et al. (2008), Manolakos et al. (2009a),
Kosmadakis et al. (2010b), Delgado-Torresa and
Garcia-Rodriguez (2012), Igobo and Davies (2018)
and Arab Chadegania et al. (2018)

Sensitivity analysis on each aspect of
the proposed ORC cycle

Detailed examination of each statue based
on the proposal and its analysis

Manolakos et al. (2009b), Kosmadakis et al. (2009a),
Nafey et al. (2010), Karellas et al. (2011),
Delgado-Torresa and Garcia-Rodriguez (2012), Peñate
and García-Rodríguez (2012) and Li et al. (2013b)

Use of wasted heat in the cycle to
improve RO from an environmental
perspective

The effect of heating water on produced
fresh water and buoyancy force in its
dilution

Mokhtari et al. (2016a) and Geng et al. (2016)

Consideration of case study limitations
(steel plant)

The temperature of the exhaust smoke
based on the amount of water is higher
than the amount presented in other
articles. The pressure drop in the smoke
path should be within the compressor
range of the process and should not lead to
a change in path pressure.

Nemati et al. (2017) and Igobo and Davies (2018)

Multi-objective optimization Determining 37 decision parameters using
genetic algorithm (GA) based on water
price reduction and exergy efficiency. Also,
providing a decision curve based on
optimal water price and exergy efficiency

Delgado-Torres and García-Rodríguez (2007a,b),
García-Rodríguez and Delgado-Torres (2007),
Manolakosa et al. (2007), Bruno et al. (2008),
Manolakosa et al. (2008), Manolakos et al. (2009b,a),
Kosmadakis et al. (2009b,a, 2010b), Tchanche et al.
(2010), Nafey et al. (2010), Kosmadakis et al.
(2010a), Karellas et al. (2011), Delgado-Torresa and
Garcia-Rodriguez (2012), Peñate and
García-Rodríguez (2012), Li et al. (2013b), Nemati
et al. (2017), Igobo and Davies (2018) and
Arab Chadegania et al. (2018)
studied along with conducting several sensitivity analyses, and
finally, it has been optimized. Also, in this work, heat losses are
used for the reduction of RO environmental impacts. In these
studies, it is observed that only two articles have used heat losses.
Also, the articles have briefly reviewed the various ORC config-
urations. Only two articles performed system optimization. This
shows that the study of the ORC-RO system with water preheat-
ing can be interesting from the viewpoint of 4E and freshwater
production.

Ehyaei et al. (2020) investigated the thermodynamic opti-
ization of a geothermal plant using GA in two stages. In the

irst stage, the optimal variables of well depth and geother-
al fluid extraction velocity were considered. By determining

hese values in the second stage, the geothermal power plant
as optimized with the ORC cycle to achieve the maximum
utput power. Yousefizadeh Dibazar et al. (2020) performed ex-
erimental and exergy analysis on three different organic Rankine
ycles.
In the following, the energy and exergy analysis and the ad-

anced exergy analysis of these three cycles have been per-
ormed and compared. With a conventional exergy analysis, re-
earchers can evaluate the performance of components separately
o find the one with the highest amount of exergy destruction.
4150
The advanced analysis divides the exergy destruction rate into
unavoidable and avoidable and endogenous and exogenous parts.

The results showed that the priority of component improve-
ment is by condensers and turbines, respectively.

Esfandi et al. (2020) analyzed energy, exergy, economics, and
a new hybrid system for generating electricity and cooling. This
solution has been considered to reduce the consumption of fos-
sil fuels and alleviate environmental impacts. Hybrid systems
generate electricity using the spectrum of solar radiation. The
results showed that the energy and exergy efficiencies of this
combined system are respectively 24.7% and 23%. The payback
period of this system is 15.6 years. In addition, regarding the
environmental impacts of CO2, it is worthy of mentioning the
recent investigations by Daryayehsalameh, who introduced new
methods to absorb CO2 (Daryayehsalameh et al., 2021).

Mehrpooya et al. (2018) evaluated the thermodynamics and
economics of a concentrated solar system with absorption refrig-
eration and freshwater cycles.

In this study, an innovative concentrated solar power plant
integrated with desalination process and absorption refrigeration
cycle aimed at supplying power, freshwater, and refrigeration,
was developed and exergetically assessed. The system comprised
a concentrated solar thermal power plant with parabolic dish
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ollectors and steam turbine, a multi-effect desalination process
ith the parallel feed of seawater, and a single-stage ammonia–
ater absorption refrigeration system. Generally, the collectors
rovided 21,030 kW thermal power to the steam power plant,
nd 4632 kW was converted to electrical power in the steam
ower plant. The absorption refrigeration cycle produced 820.8
W refrigeration, and the desalination cycle provided fresh water
t a rate of 22.79 kg/s.
In another analysis, Mehrpooya et al. (2019) evaluated the

erformance of a biogas system by solar panel collectors under
he Kalina cycle.

This study aims to develop and introduce a novel integrated
ystem composed of a water scrubbing biogas upgrading process
ith water regeneration, flat plate solar collectors (FPC), and
alina power cycle. Solar thermal energy was exploited by means
f FPCs and delivered to the Kalina cycle aiming at producing the
lectrical power required by the biogas upgrading process. The
xcess heat in the biogas upgrading cycle was recovered and fed
o the Kalina cycle. The proposed system was simulated by Aspen
ysys based on the actual solar data for Bushehr city. Overall,
he FPCs provided 2627 kW thermal power to the Kalina cycle,
here 289.5 kW electrical power was produced and delivered to
he biogas upgrading process.

The results show that the integrated efficiency of this system
s 92.36%, and the highest external degradation is related to FPC.

In this paper, various configurations of ORC according to en-
rgy (1E), exergy (2E), economic (3E), and environmental analysis
4E) were studied to provide the power of RO for high-pressure
umps. The main reasons for utilizing GA to select the cycle and
orking fluid configuration were the increase in the costs by
pplying some components such as heat exchangers and recu-
erator in the cycles case study and the changes in efficiency
nd power in these types of cycles. Freshwater production was
onsidered in the optimization process to supply a part of the
ater needed for the cycle. The important reasons for applying
A for RO configuration selection and design with energy recov-
ry device (ERD) were the variety of membranes and associated
osts and the design of RO configuration.
In this paper, according to the case study, which is a steel

lant, there are various limitations that have significant impacts
n the optimization constraints and especially on selecting the
RC cycle. Among them, the high percentage of H2O and CO2 can
e mentioned. By decreasing the temperature from 130 degrees,
hey lead to the dew point and the production of carbonic acid.
s a result, failure in the ORC cycle evaporator tube is inevitable.
The pressure drop on the gas side of the combustion products

hould not exceed the range specified for the compressor (0.2
ar). This will reduce the flow of the compressor and affect the
rocess and disrupt production (Han and Li. H. Feng. Y. Tian. Z.
iang. Tong He, 2021; Yoon and Ahn, 2021; Lu et al., 2021; Chao.
. Zhang et al., 2018; Zhang et al., 2019c; Liu et al., 2020; Niu
t al., 2020; Zhang et al., 2020b).
One of the major contributions of the present work is to

onduct sensitivity analysis on all the studied cycles. The studied
ycles are not compared with each other, and the role of working
luid change on the cycle and target functions is not specified.
his paper has tried to determine the effect of each aspect and
orking fluid change on the target functions simultaneously by
xamining each cycle separately.
In this paper, by considering the impact of recovery on total

ost, the effect of these two indicators on working fluid in differ-
nt parts of the ORC cycle has been investigated. Additionally, this
aper has tried to determine the main indicators in an ORC-RO
ycle that use heat recovery are affected by analyzing the cases.
Also, the results of sensitivity analysis (the impact of recovery

n total cost) indicated that it is not necessary to consider re-
overy in the environmental function, which has been considered
4151
in the mentioned paper. The authors of Daryayehsalameh et al.
(2021) have not considered the effect of density ratios, which
is the main factor for the buoyancy force and system dilution.
Also, it is not affected by the recovery. They evaluated the role of
preheating in freshwater production and final concentration only
by using heat losses. This would cause the optimization with the
price indicator in the recovery to automatically affect the volume
size. The only effective factor in reducing the environmental
impacts is the density ratio.

In the mentioned paper, based on ODP and GWP, fluids were
predetermined for competition. However, using the algorithm
presented in this paper, fluids with the above environmental
indicators were also proposed to determine them based on the
constraints and objective functions of the genetic algorithm.

In general, this paper tries to take a deeper look at the new
4E + D problem considering different aspects of the ORC cycle
and the working fluid by sensitivity analysis and examine the 4E
characteristics in the selected cycle more closely.

By reviewing the literature review, the novelties of the current
research are as follows:

1- The selection of the optimum parameters of the ORC-RO
system from 4E perspective and preheating of the inlet
water by using the waste heat source of the factory (the
case study: steel industry)

2- The membrane selection and desalination stages by GA in
ORC-RO cycle, determination of the Aw and B parameters
for 23 membranes of the DOW company.

3- Optimization of freshwater production by the ultimate goal
of decline in groundwater withdrawal and environmental
impacts of RO system brine.

4- Introducing the non-dimensional parameter Ω for demon-
strating the environmental impacts of the RO waste, which
indicates a decline in dilution span.

5- Determination of the optimum parameters of the ORC-RO
cycle based on the GA for seawater desalination.

2. System description

The waste heat in the steel industry and the evaporation of
water in the cooling process, the limitation of the water sources
with suitable quality, the sharp decline of the groundwater, and
having access to the saline water were the reasons to analyze
the ORC-RO combined system. Fig. 2 shows the schematics of the
steel industry process with 800 ton/h productions. According to
this figure, the combustion products from the furnace are used for
preheating process of air and natural gas after being washed to
reduce their temperature. This paper focuses on the outlet of the
heat exchanger (HEX), which is being sent toward the chimney
of the factory with a mass flow rate of 75 kg/s and a temperature
of 272 ◦C (Zhang et al., 2019a). By considering the system’s
operation by a pressure lower than air pressure, the exhaust fume
exits from the system by fans. The schematic of the case study
cycles is demonstrated in Fig. 3. Each cycle consists of two parts:
electricity generation and desalinated water production. In the
power production cycle, it is necessary to mention that the base
cycle of ORC is Cycle A (Hu et al., 2020c, 0000, 2020a, 2021).

In Fig. 3, the cycle with recuperator is Cycle B, which is put
in the primary cycle. In order to determine this configuration,
it is necessary to consider turbine outlet conditions according to
the working fluid (dry) (Yang et al., 2021). The organic fluid pre-
heating causes pinch temperature determination in WHR based
on inlet conditions (In cold stream: working fluid of ORC. In
hot stream: combustion products with constant temperature). An
appropriate pinch temperature selection leads to a rise in thermal

recovery. The heat exchanger is added to the organic Rankine
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Fig. 2. Schematics of the steel industry production process and demonstration of the heat recovery potential and losses of water from wet cooling towers.
ycle C, which gets the working fluid from turbine and causes
eating of organic fluid, enhancing the cycle’s efficiency. In Fig. 3,
he recuperator with a heat exchanger is put in ORC (Cycle D).
his increases the fluid inlet temperature to WHR (Jiang et al.,
021). As a result, more percentage of energy gives rise to more
eneration of turbine inlet working fluid, instead of raising the
emperature of the cold stream. Determining the flow rate of this
ycle is also according to the approach and pinch temperatures
f WHR. Adding a component to a cycle, in addition to efficiency
mprovement and net power increase/reduction, rises the costs of
hat cycle (Zhang et al., 0000b).

. Methodology

In this paper, the ORC-RO system is considered in terms of
E since the available and important indexes of the system are
ntroduced one by one.

– The energy and exergy analysis (1E & 2E)

The modeling of the four configurations of the ORC based
n the mentioned relations is performed at the first step. Each
ycle is modeled individually and can be coupled to the other
ystems by optimizing each configuration. By selecting the key
arameters in these systems like the turbine inlet fluid pressure,
he condenser temperature, the extractions pressure, and the
inch and approach temperatures in WHR, the modeling and
etermination of the exergy thermal efficiencies index’s modeling
nd determination ORC is done. The RO+ERD design is done so
hat the GA determines the number of RO stages, pressure vessels
PVs) based on recovery, membranes in each PV, and the type of
he membranes of the DOW company according to the defined
oals. The exergy efficiency can be increased, and the SEC index
s decreased by utilizing the ERD system. The exergy analysis of
he RO streams is done considering the changes in salt density.

– Economic analysis (3E)

Determining each parameter in the energy analysis section
ffects the total cost of freshwater and electricity. The thermo-
ynamic parameters affect the cycle costs based on the chosen
unction. Ultimately, the ORC thermodynamic changes and RO

ystem results can be seen in the total cost. The considered costs
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are O&M and capital costs. The O&M costs for the RO system are
the cost of the chemical additive for pretreatment, the membrane
change costs, the cost of the equipment for withdrawal of the
water from the sea, and the laboratory costs to maintain the inlet
and outlet water conditions (Duan. B. Deng et al., 2021).

– The analysis of environmental impacts (4E)

The environmental impacts are divided into three categories
in this paper: (1) the effects of the ORC system selection, which
depending on the fluid and is introduced by the ozone depleting
potential (ODP) and global warming potential (GWP) indexes.
(2) The RO brine effects depend on the brine stream density,
which is shown Ω in this paper (the non-dimensional function
that demonstrates a decline in the RO system brine dilution). (3)
The decline in the water withdrawal happens when the produced
freshwater increases. Due to utilizing a wet cooling tower in the
process and wasting water during evaporation, there is a need to
use procedures for decreasing the withdrawal of water wells. The
freshwater production from the available saline water sources
causes a decline in the withdrawal of groundwaters (Lv et al.,
2021, 0000; Yu, 2021; Ji et al., 2021; Hou et al., 2021; Ji et al.,
2020).

The purpose of the designed system is to decrease the net price
of produced water and system exergy efficiency increase. The net
price decline happens with water production increase and system
costs decrease. The increase in the system’s exergy efficiency is
also with the exergy destruction decrease. Based on each of the
analyses, each parameter has a specific impact on the desired
goals. Fig. 3 indicates that how the indexes of the ORC and RO
are related. Fig. 4 also shows the role of each cycle parameter on
the analysis and the indexes of the ORC-RO.

In the section on power generation (ORC), the trade-off be-
tween these four cycles in thermal and net power, exergy ef-
ficiency, and TAC must be analyzed in the form of the final
purpose of the freshwater production system. In the section on
the freshwater configuration, selecting the number of stages is
one of the parameters that should be determined according to
the system conditions (Ji et al., 0000).

The water enters the ORC condenser from the sea, and the
temperature rises in this section. The outlet water from the

condenser has two positive impacts on the RO system. Firstly,
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Fig. 3. Schematics of the ORC and RO connection.
Fig. 4. Schematics of the impact of each parameter on others from the energy, economic and environmental perspectives and the domain of parameters impact.
t reduces the intake costs; secondly, it improves the conditions
f freshwater production rate (Mokhtari et al., 2016a). There
ould be several merits in the co-location of a power plant and
desalination plant by considering concentrate disposal point of
iew. The merits could be cost reductions in sharing an outfall
4153
structure and the concentrate dilution to amend its compatibility
with the receiving water. The environmental impacts of high
saline discharge are minimized when the discharge concentration
is decreased. The discharge salinity may be as low as the natu-
ral variation in seawater; hence, this lower discharge of saline
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Component Inlet parameters Energy relation Exergy relation Capital cost (CC)
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ẆT
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Eẋ3 − Eẋ2
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ṁf
(
hf ,o,Eco − hf ,i,Eco

)
Eva: ṁGCpG
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)
−(
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G
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$
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The inlet constant parameters in this table are as follow: ηT = 80%, ηIHE = 80%, ηP = 85%, TG,i = 272 ◦C, ṁG = 75 kg s and X̄G is demonstrated in molar compounds percentage in Table 6.
needs a less complex diffuser design and a shorter outfall. In
addition, the dense, negatively buoyant concentrate is considered
by the warm, positively buoyant power plant discharges, further
rising the concentrate compatibility. This decreases mixing zone
extent as well as the amount of time required for proper dilu-
tion and mixing. Such a process finally alleviates environmental
impacts (Ehyaei et al., 2020). According to (1) the condition
and quality of process water, (2) the pressure required for feed
water in RO, (3) the ORC net power conditions and (4) reaching
the higher the costs of fewer chemicals injection a recovery
of RO system, the outlet reject water form condenser is deter-
mined. (Fig. 3 Cycle A stream 10). After passing through filter
and pretreatment and injection of chemicals, the seawater enters
the RO system high-pressure pump. The high-pressure pump
delivers all the net power of the ORC and is designed accord-
ing to the maximum generation and minimum water cost. The
diversity of DOW membranes complicates selecting the mem-
brane. Nevertheless, companies have various procedures to select

the membrane (Ladewig and Asquith, 2012; Anon, 0000b). The
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membrane selection for raw water coming from the sea is not
exclusive. This selection among different membranes according
to the raw water condition and economics and exergy problems
is one of the matters studied in the RO section.

The trade-off among different cycles and electricity delivery to
RO system for producing freshwater according to configuration
system has to be optimized as well as the pressure vessel (PV)
design based on the number, recovery, and type of membranes
from exergy and economic perspective. The more freshwater, the
less water withdrawal from underground water, which reduces
the environmental impacts. The rise in water production has
a direct effect on reducing the environmental impacts. Besides,
the working fluid selection reduces the environmental index like
Ozone depletion potential (ODP) and global warming potential
(GWP). These are the objectives of optimization. According to cur-
rent conditions and for the optimum mode, the cycle is proposed
for the steel factory, which can (1) obtain a desirable amount for
mentioned parameters and (2) design the RO configuration with
the minimum cost of freshwater. Fig. 4 illustrates the connec-

tion between the parameters of energy, cost, and environmental
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Table 4
The information of the ORC-RO.

Parameters Unit Value Description

Turbine inlet fluid pressure kPa 2500 Cycle A to D

Condenser temperature ◦C 43 Cycle A to D

Turbine extraction pressure kPa 1000 Cycle C and D

Pinch temperature ◦C 60 Cycle A to D

Approach temperature ◦C 7 Cycle A to D

Number of RO stages – 2 Cycle A to D

Type of first stage membrane – SW30HRLE-370 34i Cycle A to D

Type of second stage
membrane

– BW30HR-440i Cycle A to D

Number of membranes in each
PV

– 5 Cycle A to D

Temperature difference
between inlet and outlet water
(Condenser)

◦C 10 Cycle A to D

The amount of water rejection % 30 Cycle A to D
o
(
B
a
f

T

impacts. This figure determines the effect of each parameter on
other parameters and the extent of the affective domain.

4. Modeling

4.1. Energy analysis

• The ORC modeling

Energy, exergy, and economic relations of Cycle D (illustrated
in Fig. 3), shown in Table 3. Different cycles are modeled simi-
larly to this cycle and based on their components. One can find
the modeling of other cycles in reference Safarian and Aramoun
(2015).

Net power parameter is determined in the turbine model-
ing according to the inputs of isentropic efficiencies, condenser
temperature (condenser pressure), and input pressure (saturation
temperature). Net mass flow of cycle enters the turbine. As a
result, inlet mass flow to the turbine is taken into account, and
the other mass flows are measured accordingly. WHR equations
are used for determining the cycle mass flow.

There are four unknown parameters in WHR equations. These
parameters are ṁf , Tf ,o,Eco, TG,i,Eco, and TG,o,Eco which are respec-
ively the mass flow of fluid circulating in ORC, the temperature
f feed water from economizer, the inlet and outlet temperatures
f economizer gasses. When mass flow is obtained from the
quations, it is viable to calculate the output power and heat
ate for each component of Table 3 according to the continuity
quations.
The unknowns can be determined in the heat exchangers

ased on the thermal efficiency (ε, ηIHE), performance factor, and
performance conditions. For example, the organic fluid has to be
on the saturation line at the outlet in the hot stream side of
IHE. In the condenser, the inlet water temperature is assumed
to be equal to the temperature of the sea. Also, the temperature
of the outlet water of the condenser is obtained according to
the predefined temperature difference between the outlet and
inlet waters. For computing the pump outlet temperature and
enthalpy, it is possible to calculate the work per kilogram by
having the pump’s inlet and outlet temperatures. By summing
the work per kilogram to the enthalpy, the unknowns are de-
termined. The computation of some parameters is according to
the cost function, and the amount of that should be computed
4155
based on thermodynamic characteristics such as heat transfer
surfaces. The exergy equations are represented according to the
fuel exergy, exergy destruction, product exergy definitions, and
the exergy efficiency is introduced and computed according to the
mentioned equations. These definitions as well as the equations
of exergy balance, are described in the section of exergy analysis
(2E).

The stack gas temperature should not be less than 125 ◦C due
to the high percentage H2O (Ganapathy, 2003; Mokhtari et al.,
2016b). This issue helps prevent acid dew point corrosion in
economizer tubes. The quality of working fluid at turbine exhaust
is always more than 88% due to the chosen fluids, and so this
matter has no restrictions for turbine (Ameri et al., 2018). The
inlet parameters for simulation of the Cycles A to B are shown in
Table 4.

• The RO modeling

RO system modeling is based on the correlation of each mem-
brane element. This method makes it possible to achieve a more
accurate model of the RO system with fewer assumptions
(Mokhtari et al., 2016a; Anon, 0000b; Khanarmuei et al., 2017;
Mokhtari et al., 2016d). For each element, the equations pre-
sented in Table 5 are solved.

According to the determination of the inlet pressure of the
presented nonlinear equations, the water mass flux (Jw), salt mass
flux (Js), and based on the water velocity between the membrane
layers (Vw), the concentration of water produced (Cp), the con-
centration of water on the wall (Cw), and finally the flow rate of
condensed and produced water is determined. Each membrane is
divided into 70 finer elements to minimize the error in the calcu-
lations (Mokhtari et al., 2016a). In addition to the main equations,
the auxiliary equations are used to determine the mass transfer
coefficient (k), the Reynolds number (Re) based on the velocity Vw

f the pressure drop across the membrane, the osmotic pressure
π ), and the temperature correction factor (Du et al., 2014; Al-
astaki and Abbas, 2000). Considering the temperature change
nd its effect on Cp and Qp parameters, the proposed equation
or DOW membranes is as follows (Mokhtari et al., 2016a):

CF = EXP
[
2640(

1
298

−
1

273 + Tf
)
]

, Tf ≥ 25 ◦C

TCF = EXP
[
3020(

1
298

−
1

273 + Tf
)
]

, Tf ≤ 25 ◦C
(9)
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Table 5
Basic modeling equations for a RO element (Mokhtari et al., 2016a).

Equation

Jw = Aw × TCF
[(

Pf − Pp −
∆Pf
2

)
−
(
πw − πp

)]
× 106 (1)

Js = B
(
Cw − Cp

)
(2)

Vw =
Jw+Js

ρp
(3)

Cp =
Js
Vw

× 1000 (4)

Cw = Cp +

(
Cf +Cb

2 − Cp

)
e

Vw
k (5)

Qp = VwSm (6)

QB = QF − QP (7)

CB =
QF CF −QP CP

QB
(8)

4.2. Exergy analysis (2E)

Based on the first law of thermodynamics and thermodynamic
arameters, the exergy values can be calculated for each section.
he exergy flow rate consists of chemical and physical rates, and
ther exergies such as potential and kinetic are ignored. Hence,
he exergy flow rate is achieved as follows (Eveloy et al., 2017):

˙x = ĖxPH + ĖxCH (10)

Blast furnace combustion products and physical exergy for
rganic fluid can be described as Eq. (11) (Eveloy et al., 2017):

xph = (h − h◦) − T◦(s − s◦); ĖxPH = ṁ × exph (11)

Entropy and enthalpy can be calculated using (12) and (13)
or every portion of blast furnace combustion products. After-
ard, the total entropy and enthalpy can be computed based on
quations represented for gas mixtures (Bejan and Moran, 1996):

i =
1
Mi

[
S+

+ a ln T + by −
c
2
y−2

+
d
2
y2 − R̄ ln

(
Pi
Pref

)]
(12)

i =
103

Mi

[
H+

+ ay +
b
2
y2 − cy−1

+
d
2
y3
]

(13)

In which y = 10−3T is the reference environment pressure
(1 atm), Pref is constant numbers belonging to Eqs. (12) and (13)
mentioned in Bejan and Moran (1996).

The calculation of chemical exergy, according to the flow type
and chemical exergy of blast furnace combustion products and
seawater, is described differently as below.

The chemical exergy of blast furnace combustion products can
be associated with the percent of their components presented in
Table 6. Chemical exergy can be calculated as (14), knowing the
chemical exergy of each component (Bejan and Moran, 1996).

exchmix =

[
N∑
i=1

xiexchi + RT0
N∑
i=1

xilnxi + GE

]
(14)

where i presents each component, x indicates the molar fraction,
T0 represents the reference environment temperature (298.15 ◦C),
R shows the gas constant (R =

8.314
MG

), and GE describes Gibbs’ free
nergy.
The exergy destruction calculation method in RO and the

hemical exergy of seawater are investigated in Sharqawy et al.
2011).
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Table 6
The molar fraction and chemical exergy of reforming prod-
ucts (Sharqawy et al., 2011).

Component Molar fraction (%) Chemical exergy
(kJ/kmol)

CO Negligible 269412

CO2 16.04 14176

H2 Negligible 235249

H2O 21.99 8636

N2 60.49 639

O2 1.48 3951

By differentiating the total Gibbs energy function concerning
the composition, the chemical potentials of water and salts in
seawater are calculated as follows (Sharqawy et al., 2011):

µw =
∂Gsw

∂mw

= gw − ws
∂gsw
∂ww

(15)

here w and µ, and are respectively mass fraction and chem-
cal potential, gsw presents the specific Gibbs seawater energy
etermined below.

sw = hsw − (T − 273.15) ssw (16)

The entropy and enthalpy correlations can be used for cal-
ulating the specific Gibbs energy function by Mokhtari et al.
2016b). Using the entropy and enthalpy correlations, the specific
ibbs energy differentiation with respect to salt concentration is
onducted as below (Sharqawy et al., 2011):
∂gsw
∂ss

=
∂hsw

∂ss
− (T − 273.15)

∂s
∂ss

(17)

The chemical exergy of salty water is calculated as (18). The
ntropy and enthalpy differentiation with respect to the salt
oncentration is achieved based on (Khanarmuei et al., 2017;
harqawy et al., 2011):

xchsw =

n∑
i=1

wi (µi − µ0) (18)

Ultimately, exergy destruction (ĖxD) is calculated by (19) (Be-
jan and Moran, 1996; Mokhtari et al., 2017):

ĖxQ +

∑
i

ṁiexi =

∑
e

ṁeexe + ĖxW + ĖxD (19)

ĖxW and ĖxQ are the exergy related to work and heat transfer.
Which ĖxD shows exergy destruction and ex presents the amount
of specific exergy (Bejan and Moran, 1996; Mokhtari et al., 2017):

ĖxD = T0Ṡgen (20)

ĖxQ =

∫ e

i

(
1 −

T0
Tw

)
q′ dL (21)

˙xW = Ẇ − p0
dV cv

dt
(22)

Ėxw shows work exergy rate. Indices 0, e i and are respectively
ambient environment, output, and input. It is worthy to note that
T in relations (21) and (22) should be in Kelvin unit.

As a result, the exact amount of exergy destruction can be
calculated as below (Bejan and Moran, 1996; Mokhtari et al.,
2017):

Ėx = Ėx + Ėx + Ėx (23)
f P D L
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In Eq. (23), Ėxf , ĖxP , ĖxL are fuel exergy, exergy product, and
xergy loss, respectively.
The ratio of exergy destruction rate to the total exergy de-

truction rate could be obtained by introducing the following
arameter (Bejan and Moran, 1996):

D =
ĖxD

ĖxD,Total
(24)

The cycle exergy efficiency is computed as below (Bejan and
oran, 1996):

ex =
Ėxp

Ėxf ,int,Plant

Eq(23)
−→

= 1 −
ĖxD + EẋL
Ėxf ,int,Plant

(25)

here Ėxf ,int,Plant shows the inlet exergy from combustion prod-
cts.

.3. Economic analysis (3E)

In addition to technical study and thermodynamic restrictions,
n economic analysis is necessary for determining and select-
ng a plan. Typically, TAC consists of two terms, total capacity
nvestment (TCI) and operating costs (OC). TCI consists of the
otal cost of fixed capital investment (FCI), startup costs (SUC)
nd working costs (WC), research and development costs (R&D),
icensing cost, and allowance for funds used during construction
AFUDC) Eq. (26) (Bejan and Moran, 1996).

CI = FCI + SUC + WC + LRD + AFUDC (26)

Eq. (27) is used for calculating direct project costs (DC), which
onsists of off-site cost (OFSC) and on-site cost (ONSC) (Bejan and
oran, 1996):

C = ONSC + OFSC (27)

The FCI costs include indirect cost (IC) and DC cost. According
o the estimations, the IC cost is equal to 25% of DC cost (Bejan
nd Moran, 1996):

FCI = 1.25DC (28)

The OFSC for an expansion of an existing facility could be
0% to 50% (average value 45%) of the ONSC or the OFSC for the
onstruction of a new facility is between 100% to 200% (average
alue 120%) of ONSC (Mokhtari et al., 2016a):

FSC =

{
1.2 × ONSC new system

0.45 × ONSC expansion
(29)

According to the overall approximation, the SUC and WC are
espectively 10% and 15% of TCI (Bejan and Moran, 1996):

UC = 0.10 FCI (30)

C = 0.15 × TCI (31)

R&D cost is assumed to obtain by the following equation (Be-
an and Moran, 1996):

FUDC + LRD = 0.15 FCI (32)

That is to say, the sum of AFUDC and LRD would be 15% of FCI
ost (Mokhtari et al., 2016a). Based on FCI and according to (26),
30), (31), (32), TCI is introduced as follows.

CI = 1.47 FCI (33)

The coefficient 1.47 is achieved according to the above-
entioned simple algebraic equations demonstrating that TCI
 m
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cost is equal to 147% of FCI cost. It is possible to define TCI
according to FCI price anticipation in relation (28) in the form
of DC or (ONSC + OFSC) (Bejan and Moran, 1996):

TCI = 1.84DC = 1.84 (ONSC + OFSC) (34)

By replacing 184% from (34) in (29), TCI is described according
to each novel or expansion system (Bejan and Moran, 1996):

TCI =

{
4.05 × ONSC new system

2.67 × ONSC expansion
(35)

For a new system, the FCI is typically in the range of 280% to
550% of capital cost (CC) with an average value of 430% (Mokhtari
et al., 2016a). The FCI average is around 283% of CC for an
expansion system (Mokhtari et al., 2016a):

FCI =

{
4.30 CC (new system)

2.83 CC (expansion)
(36)

Based on (33), the cost of TCI is presented as a percentage of
CC in the form of (37) (Mokhtari et al., 2016a):

TCI =

{
6.32 CC (new system)

4.16 CC (expansion)
(37)

TCI costs can be normalized and divided into annual operating
cost and useful longevity cost. The value of TAC is obtained as
follows (Mokhtari et al., 2016a):

TAC = AOC + TCI/CRF (38)

CRF represents cost recovery factor which is dependent on the
approximate lifetime of the components and Interest Rate (IR),
which can be calculated by (39) (Bejan and Moran, 1996; Ameri
et al., 2016):

CRF =
i(1 + i)yr

i(1 + i)yr − 1
(39)

here i andyr are respectively IR (=10%) and effective lifetime
=20 years) of the project (Dai et al., 2009).

For each component, the AOC is considered 2% of CC, as
entioned in Bejan and Moran (1996).
The CC of RO is obtained from reference (Mokhtari et al.,

016a) relations. These relations are divided into the costs of
embrane replacement and the annual operation cost, including
aboratory, Insurance, and Additive Chemicals (Birnhack et al.,
011; Macchi and Astolfi, 2016).

.4. Environmental effect (4E)

• Power generation section

In this paper, the fluids are chosen among 58 organic flu-
ds (Bao et al., 2018a; ANSI/ASHRAE Standard 34-2007, 2007).
hey belong to cycloalkanes, Aliene and alkynes, Alcohols, and ke-
ones, and Refrigerant fluids siloxanes are obtained based on the
ollowing process. The working fluid selection is initially accord-
ng to the flammability. Therefore, fluids with high flammability
re not considered. Then the fluids that their critical temperature
s far from the temperature of heat resource are omitted. The flu-
ds with the critical temperature range close to the heat resource
ncrease the efficiency of the system, based on the literature
eview. Ultimately, the optimum selection of the organic fluid
ith the configuration of the ORC in terms of the 4E concept is
ade by the GA, similar to what is done in references Mokhtari
t al. (2016a), Bao et al. (2018b) and Voutchkov (2011).
The organic fluids contain two indices for the rate of environ-
ental impacts, which are ODP and GWP.
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Table 7
The thermodynamic parameters and environmental fluids indices (Henthorne and Boysen, 2015).

No. fluid Pcritical
(MPa)

Tcritical
(◦C)

ODP GWP ASHRAE
Standard 34a

1 R141b 4.212 204.4 0.11 700 –

2 R11 4.408 198 1 4750 A1

3 R364mfc 3.271 186.9 – 890 –

4 R123 3.662 183.7 0.02 120 B1

5 R245ca 3.925 174.4 0 640 –

6 R1233zd 3.6237 166.45 0.00034 4.5 A1

7 R245fa 3.651 154 0 950 B1

8 R114 3.289 146 1 10040 A1

9 R236ea 3.502 139.3 0 1200 –

10 R236fa 3.2 125.7 0 1030 B1

aRefrigerant safety group classification. 1: No flame propagation; 2: Lower flammability; 3: Higher
flammability; A: Lower toxicity; B: Higher.
,
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Table 7 illustrates the pressure and critical temperature, the
DP, and GWP rate with a safety factor of each of the work-
ng fluids. The lowest environment destruction index belongs to
he R1233zd, among other fluids. After R1233zd, the R123 and
245ca are the other fluids with the minimum index. The items
hat are important to choose the fluid are as follows:

– low ODP and GWP
– not being toxic
– low flammability
– having the minimum cost of insulation
– higher condenser pressure compared to ambient pressure

to decrease the accessories cost.

Also, the items mentioned in references Mokhtari et al. (2016a)
harqawy et al. (2011) and Henthorne and Boysen (2015) are the
ecision factors for organic fluid.

• The RO section

In this section, the environmental effects are (1) the brine
concentrate disposal) of RO outlet water and (2) the additive
hemicals for pre-refinement of RO (Doneker and Jirka, 2001;
oya-Fernández et al., 2012).
The focus of this paper is to produce more permeate water

nd reduce the environmental effects of brine discharge to sea
y raising the temperature of the feed flow to RO (See Section 3).
Considering the buoyancy force, which depends on the density

ifference, the non-dimensional function Ω is defined in this
ection. The denominator of this function is the density difference
f seawater with the density of the waste with no preheat (stream
5), and the numerator is the density difference with preheating.

=
(ρ15 − ρsw)Preheating

(ρ15 − ρsw)Without preheating
(40)

For a better understanding of this concept, this amount is
hown in percent Ω̄ = 100 × (1 − Ω).

5. Optimization

In order to optimize a thermodynamic system, the objective
function, the optimization characteristics, and the decision pa-
rameters are needed for GA. The decision parameters in this
paper are introduced according to Table 8. For determining the
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membranes and configuration, an integer is designated for each
of the parameters. When the GA chooses this integer, the desired
cycle or fluid are selected and analyzed.

The optimization process is shown in Fig. 5. Different organic
fluids are filtered based on the case study conditions before op-
timization, and ultimately ten working fluids are selected. Some
optimization parameters and the factors that affect the objective
function are shown in this figure.

The influential factors in selecting organic fluid are the prox-
imity of the critical temperature to the temperature of the heat
source, non-flammability, and non-toxicity. At first, organic fluids
are selected accordingly. The final fluid is selected based on
the environmental impact filter. These fluids can be placed as
variables in different cycles and participate in optimization as
a decision parameter. On the other hand, other thermodynamic
parameters of the membrane type affect the selected target func-
tions of energy and exergy efficiencies, environmental impacts,
and water cost. The GA determines the optimal value of these
parameters.

The ultimate price of freshwater/unit product cost (UPC) and
the exergy efficiency should be considered for determining the
objective function. The price of freshwater is calculated by
Eq. (41):

Costwater =
TACRO + TACORC

Q̇p × 365 × 24 × fc
(41)

This equation represents that the ultimate price of freshwa-
er/UPC is the sum of TAC of the ORC and RO side. This price is
alculated according to fresh water and the system performance
oefficient (fc) of 0.9 from reference Mokhtari et al. (2016a). The
xergy efficiency is obtained from Eq. (25). In this paper, an
ptimization code is developed and solved in MATLAB software.
he mutation and crossover probabilities are respectively set to
% and 90% [117,117].
Regarding the outputs of the GA in multi-objective optimiza-

ion, the best point in Pareto curve is determined according to the
eference Sayyaadi and Mehrabipour (2012), and the results are
hown based on that.

. Validation

The cycle contains two parts; hence, this study is introduced
n two parts too.

• The ORC section
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Table 8
The decision parameters with upper and lower limits.

Parameters Unit Up boundary Low boundary Explanations

Approach temperature
(Mokhtari et al., 2016a;
Llor, 2005)

◦C 5 10 –

Configuration type
(Nabati et al., 2018; Beni
et al., 2021)

– 1 4 1: Cycle A; 2: Cycle
B; 3: Cycle C; 4:
Cycle D

Condenser temperature
(Shayesteh et al., 2019;
Ameri et al., 2018)

◦C 40 60 The temperature of
Persian gulf water
increase to 35 ◦C

Heat exchanger pressure
in cycle C and D

kPa 4000 800 –

Inlet and outlet water
difference (Safarian and
Aramoun, 2015)

◦C 5 10 Economic issues and
tubes expansion and
contraction

Pinch temperature
(Mokhtari et al., 2017)

◦C 10 150 –

Number of stages
(Khanarmuei et al., 2017)

– 1 2 –

Number of membranes
in each PV (Mokhtari
et al., 2016d)

– 2 8 According to DOW
recommendation

Recovery (Khanarmuei
et al., 2017; Mokhtari
et al., 2016d)

% 10 55 According to DOW
recommendation

Turbine inlet pressure
(Ameri et al., 2016)

kPa 4200 700 –

The type of membrane
in second stage
(Shayesteh et al., 2019)

– 1 23 The type of BW and
SW membranes of
DOWa

The type of membrane
in first stage (Shayesteh
et al., 2019)

– 1 9 The type of
membrane from
DOWa company

The rejected water
percentage (Shayesteh
et al., 2019)

% 0 95 –

Working fluid type
(Shayesteh et al., 2019)

– 1 10 b

aThe allocated numbers indicate: 1: SW30XLE-400i; 2: SW30HR-320; 3: SW30HRLE-370 34i, 4:SW30ULE-440i; 5: SW30HR LE-400;
5: SW30HR LE-400i; 7: SW30ULE-400i 8: SW30ULE-440i2 9: SW30XLE-440i; 10: BW30-365; 11: BW30FR-365; 12: BW30-
400 13: BW30FR-400; 14: BW30-400i; 15: BW30-400-34; 16: BW30-400-34i; 17: BW30XFR-400-34; 18: BW30XFR-400-34i; 19:
BW30XFRLE-400-34; 20: BW30XFRLE-400-34i; 21: BW30HR-440i; 22: BW30HRLE-440; 23: BW30HRLE-440i.
bThe allocated code to each fluid is according to Table 6 rows.
Table 9
The validation results of this study compared with Ref. Safarian and Aramoun
(2015).

Parameter Unit Present study Safarian and Aramoun (2015)

Condenser duty kW 196.0 194.6

Evaporator duty kW 252 252

Net power kW 57.94 57.54

Pump power kW 4.06 3.46

Thermal efficiency % 22.99 22.83

Turbine power kW 62 61

Mass flow (organic fluid) kg/s 1.96 1.91
4159
The organic fluid properties are derived from REFPROP soft-
ware (Bao et al., 2018a). The validation of the ORC side is done for
each cycle comparing with the reference (Safarian and Aramoun,
2015). The results of cycle D are presented in this paper, and the
results of other cycles are not shown to summarize the paper. As
one can see, the errors in this section are acceptable (Table 9).

• The RO section

Companies develop software according to the membranes it
produces, and the data of these membranes are saved to the
database of the company. In this section, DOW software with
the commercial name of ROSA name is used for validating the
developed MATLAB code. The code used in this paper is the code
for references Mokhtari et al. (2016a), Khanarmuei et al. (2017)
and Mokhtari et al. (2016d), and so the validation results are
mentioned in reference Mokhtari et al. (2016a).
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Fig. 5. Flowchart of working fluids determination and ultimate selection of them by the GA.
Fig. 6. Evaluation of the price for electricity produced for different fluids. (a) cycle A, (b) cycle B, (c) cycle C, (d) cycle D.
. Results

According to this fact, that the system consists of two major
ectors, the ORC and the RO+ERD, the results are expressed based
n these two parts, and the GA is used for optimizing the net
ystem based on decision parameters. Two main parameters for
ach power cycle in the thermo-economic analysis are thermal
fficiency and the price of produced electricity. Fig. 6 shows the
esults of investigating these two parameters among case study
ycles with different fluids.
According to Table 7, the results clearly demonstrate that flu-

ds with higher critical temperatures have more suitable thermal
fficiencies. The higher net power production causes an increase
n cycle efficiency for constant pinch and approach temperatures.
n Fig. 6, the results are specifically due to the type of working
luid, and other parameters considered constant in this study. The
et price for electricity production is related to two parameters of
AC andWnet.In this study, it is observed that the efficiency differs
ust a little for fluids like R364mfc and R123 in each configuration.

The other important point in this figure is the change in
fficiency with configuration. The thermal efficiency increases
4160
with moving from Cycle A to Cycle D. Ultimately, the fluids in
cycle D have maximum thermal efficiency.

The study of the second law of thermodynamics for different
cycles reveals that Cycle A has the maximum exergy efficiency
among other cycles (Fig. 7). By considering the pinch and ap-
proach temperature, the rate of energy recovery in WHR to be
constant by moving from Cycle A to Cycle D, the fuel exergy and
system production is reduced, and exergy loss increases. As a
result, the exergy efficiency in the simple cycle is more than in
other cycles.

Among different fluids, the R236fa and R245ea have the high-
est exergy efficiency. The exergy loss is due to an increase in
WHR stack exhaust gases, and this exergy flow is called ex-
ergy loss since it is not useful because of the acid dew point
limit. From another perspective, in order to avoid the economizer
tube corrosion, the system does not use this exergy. It is possi-
ble to minimize these losses by changing the design and pinch
temperature.

In exergy analysis, it can be stated for fluid R245fa that in
Cycles A, B, C, and D, the total amount of total exergy degradation
is 282, 344, 353, and 390 kW, respectively. It is observed that
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Fig. 7. The exergy efficiency of case study cycles with different fluids.
Fig. 8. The price of produced water among different fluids (a) cycle A, (b) cycle B, (c) cycle C, (d) cycle.
Table 10
Exergy degradation rate between equipment in different cycles.

HRSG Turbine Condenser Pump 1 Pump 2 OFOH HEX Total (kW)

Cycle A 161.64 82.37 22.20 15.95 0.00 0.00 0.00 282.16

Cycle B 166.87 82.37 24.02 15.95 0.00 0.00 55.03 344.25

Cycle C 177.81 82.58 22.20 16.03 29.72 25.00 0.00 353.34

Cycle D 177.81 82.52 24.12 16.03 29.99 39.03 20.60 390.10
with increasing exergy degradation, the total exergy efficiency
decreases. External degradation of each piece of equipment can
be seen in Table 10. Among the equipment, due to the temper-
ature difference between hot and cold currents, the amount of
exergy degradation in HRSG is more than the equipment delay.
4161
Fig. 8 represents the UPC and RO system recovery. There are
some parameters that are directly effective in the determination
of these two parameters. The fluid rejection, net power, and the
RO system number of stages are some examples. The temperature
difference is constant in various modes, so the heat transferred
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Fig. 9. The produced water in different cycles with various fluids.
Fig. 10. The Pareto curve from multi-objective optimization.
o the cooling water of the condenser in cycle A is more than in
ther configurations.

• This causes an increase in the feed flow rate of RO. There-
fore, the net power produced is utilized for the RO pump;
the generated pressure is inversely proportional to the feed
flow rate based on the pump power relations. If the flow
rate increases, the feed pressure decreases.

According to relation (1), by reducing the difference between
eed pressure and osmosis pressure

(
Pf − π

)
, the amount of JW

reduces. In this condition, the freshwater flow rate decreases,
which means that the number of membranes in each PV should
be increased for obtaining more freshwater. Also, by the constant
membranes, the number of stages in RO increases. For both of
these two modes, the costs increase. The only factor which is able
to change the feed pressure in a configuration is changing the
working fluid, and this procedure is presented in Fig. 8.

The cycle with R141b produces more freshwater with a lower
net price due to higher power. In other configurations, by reduc-
ing the absorbed heat in the condenser, the water flow rate re-
duces at a constant temperature, which affects the feed pressure

and increases the freshwater flow.

4162
The other factors, like TCF, mentioned in (9) also increase the
freshwater flow rate. This factor impacts the freshwater quality.
The difference between the inlet/outlet water temperature in the
condenser is constant and equal to 10 ◦C.

The recovery factor is obtained from feed water flow and
freshwater. According to Fig. 9, the R245ca working fluid has the
highest freshwater production, but the recovery factor for this
fluid is lower than some others. The reason is the heat transfer
in the condenser section and entrance of feed water to RO. For
improving recovery factor, there are a number of ways like the
type of configuration, membranes, and the design of RO.

As shown in analysis and investigations, the aforementioned
system should be analyzed in terms of 4E and an integrated
system for choosing the optimal parameters. The interaction be-
tween the ORC and RO parameters impacts the system’s ultimate
goal, which is the exergy efficiency and the net price of water.
Fig. 10 presents the results of optimization by utilizing the GA
and decision parameters.

The optimization result is the Pareto curve which divides the
results into two feasible and infeasible domains. The ideal point
is obtained by the cross-section of two tangent lines on the

Pareto curve. This ideal point has the least price of water and the
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Table 11
The main parameters of the two chosen optimum cycles.

Parameter Symbol Best point (1) Best point (2) Min (OPD & GWP)

ORC configuration Cycle A Cycle B Cycle B

Total annual cost ($/year) TAC 461093.5 448662.41 626286.0

ORC exergy efficiency (%) ηEx,ORC 31.27 28.74 19.6

Total exergy efficiency (%) ηEx 32.51 32.49 34.18

Net power plant (MW) ˙Wnet 1.388 1.389 1.02

Energy efficiency ORC (%) ηTh 11.27 11.79 13.9

Water product (m3/h) Q̇p 266.65 278.53 201.96

The feed pressure (bars) Pf 63.1 72.0 62.8

Concentration of permeate
(ppm)

Cp 831.36 756.36 245.88

Specific energy consumption
(kWh/m3)

SEC 2.31 2.55 2.49

Recovery (%) R 39.24 46.82 28.46

Total exergy destruction (MW) EẋD 3.19 3.31 2.96

Unit product cost ($/m3) Costwater 2.84 2.64 3.54

Outlet Temp blast furnace
combustion products (◦C)

Tgas,o,eco 132 141 156.7

Type of membrane – SW30XLE-400i SW30XLE-400i SW30HRLE-370 34i

Number of stage – 1 1 1

Energy recovery device ERD Turbine Turbine Turbine

Energy recovery (kW) – 691.95 597.0 584.0

Ω(%) – 16.94 12.74 26.52
Fig. 11. The comparison of exergy efficiency for each component in two optimum cycles of A and B.
ighest exergy efficiency in the infeasible domain. Each point of
he Pareto curve, which is closer to the ideal point, is the best
oint of curve points collection.
According to the fresh water and exergy efficiency of the

hole system, each point can be chosen and studied, and the best
oints are chosen based on the procedure introduced in Fig. 10.
ccording to this procedure, Cycles A and B are chosen as the
wo optimal cycles. The important parameters from optimized
oints are shown in Table 11. By fitting a curve on the points,
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the equation is obtained, which is shown as follows. This equation
provides the direct relation between the exergy efficiency and the
UPC.

Costwater = 118682 − 23390.3 · ηEx + 1918.78 · η2
Ex − 83.8596

·η3
Ex + 2.05944 · η4

Ex − 0.0269461 · η5
Ex + 0.000146756 · η6

Ex

It can be concluded from Table 11 that the whole system’s
exergy efficiency in Cycle A is greater than other cycles, and
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Table 12
The results of energy and exergy analysis of cycle A in optimum mode.

Point Substance Mass flow rate
(kg/s)

Temperature
(K)

Pressure (bars) Eẋ (kw) Component

1 R245ca 49.89 313.73 1.76 30.67 CHF2CF2CH2F

2 R245ca 49.89 314.11 11.046 65.31 CHF2CF2CH2F

3 R245ca 49.89 380.76 11.046 2367.2 CHF2CF2CH2F

4 R245ca 49.89 337.92 1.76 619.63 CHF2CF2CH2F

5 Blast furnace
combustion products

75 545 0.995 4605.3 N2:60.49% ; O2:1.48% ; CO2:
16.04%; H2O:21.99%

6 Blast furnace
combustion products

75 405 1.0 98.23 N2:60.49% ; O2:1.48% ; CO2:
16.04%; H2O:21.99%

7 Seawater 261.97 298 2.0 0.0 TDS = 46000 ppm, SDI =

5<

8 Seawater 261.97 307.98 2.0 188.0 TDS = 46000 ppm, SDI =

5<

9 Seawater 188.75 307.98 2.0 135.4 TDS = 46000 ppm, SDI =

5<

10 Seawater 73.22 307.98 2.0 52.55 TDS = 46000 ppm, SDI =

5<

11 Seawater 188.75 307.98 63.1 135.4 /0.0a TDS = 46000 ppm, SDI =

2<

12 Water/Brian 114.68 307.98 62.78 580.2 TDS = 75175 ppm

13 Water/Permeate 74.07 307.98 1.0 -47.76 TDS = 831.36 ppm

aBased on reference Sharqawy et al. (2011).
Table 13
The results of energy and exergy analysis of cycle B in optimum mode.

Point Substance Mass flow rate
(kg/s)

Temperature
(K)

Pressure (bars) Eẋ (kw) Component

1 R245ca 49.92 313.72 1.76 30.67 CHF2CF2CH2F

2 R245ca 49.92 314.11 11.046 65.4 CHF2CF2CH2F

3 R245ca 49.92 324.88 11.046 96.6 CHF2CF2CH2F

4 R245ca 49.92 380.75 11.046 2369.1 CHF2CF2CH2F

5 R245ca 49.92 337.91 1.76 619.63 CHF2CF2CH2F

6 R245ca 49.92 318.56 1.76 532.7 CHF2CF2CH2F

7 Blast furnace
combustion products

75 545 0.995 4605.3 N2:60.49% ; O2:1.48% ; CO2:
16.04%; H2O:21.99%

8 Blast furnace
combustion products

75 414.11 1.0 112.47 N2:60.49% ; O2:1.48% ; CO2:
16.04%; H2O:21.99%

9 Seawater 238.96 298 1.0 0.0 TDS = 46000 ppm, SDI =

5<

10 Seawater 238.96 307.99 2.0 172.4 TDS = 46000 ppm, SDI =

5<

11 Seawater 165.22 307.99 2.0 119.2 TDS = 46000 ppm, SDI =

5<

12 Seawater 73.74 307.99 2.0 53.2 TDS = 46000 ppm, SDI =

5<

13 Seawater 165.22 307.99 72.08 119.2 /0.0a TDS = 46000 ppm, SDI =

2<

14 Water/Brian 87.85 307.99 71.72 581.26 TDS = 85846 ppm

15 Water/Permeate 77.37 307.98 1.0 -56.10 TDS = 756.34 ppm

aBased on reference Sharqawy et al. (2011).
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Table 14
The selection of the optimum point from the Pareto curve based on considering the minimum organic fluid environmental impacts.

Point Substance Mass flow rate
(kg/s)

Temperature (K) Pressure (bars) Eẋ (kW) Component

1 R1233zd 47.19 319.74 2.64 50.37 C3H2ClF3

2 R1233zd 47.19 320.91 23.35 131.7 C3H2ClF3

3 R1233zd 47.19 329.60 23.35 121.9 C3H2ClF3

4 R1233zd 47.19 414.18 23.35 2582.1 C3H2ClF3

5 R1233zd 47.19 339.8 2.64 703.6 C3H2ClF3

6 R1233zd 47.19 323.51 2.64 638.4 C3H2ClF3

7 Blast furnace
combustion products

75 545 0.995 4605.3 N2:60.49% ; O2:1.48% ; CO2:
16.04%; H2O:21.99%

8 Blast furnace
combustion products

75 429.74 1.0 169.7 N2:60.49%; O2:1.48%; CO2:
16.04%; H2O:21.99%

9 Seawater 284.13 298 1.0 0.0 TDS = 46000 ppm, SDI =

5<

10 Seawater 284.13 307.99 2.0 169.7 TDS = 46000 ppm, SDI =

5<

11 Seawater 284.13 307.99 2.0 169.7 TDS = 46000 ppm, SDI =

5<

12 Seawater 140.18 307.99 2.0 108.5 TDS = 46000 ppm, SDI =

5<

13 Seawater 143.95 307.99 62.81 109.2 /0.0a TDS = 46000 ppm, SDI =

2<

14 Water/Brian 87.85 307.99 62.20 363.6 TDS = 64200 ppm

15 Water/Permeate 56.10 307.98 1.0 −36.10 TDS = 245.88 ppm

aBased on reference Sharqawy et al. (2011).
he net price of produced electricity is lower in Cycle B. Fig. 11
epresents the exergy efficiency of each equipment in Cycles A
nd B. The results demonstrate that the RO has the SEC of 5.17
Wh/m3 and the exergy destruction and efficiency of 856 KW and
8.33 percent, respectively. By utilizing the ERD system indicated
n Table 11, all the parameters like SEC, the exergy destruc-
ion, exergy efficiency are 2.31 kWh/m3, 76.4%, and 164.41 kW,
espectively. The recovered power in the ERD system is also
emonstrated in Table 11. TheWHR has more entropy generation.
he exergy destruction compared with other equipment and the
eason is the difference between the cold and hot streams. This
xergy destruction allocates 75% of the exergy destruction of the
hole system. In Tables 12 and 13, the results of exergy and
nergy analyses for each point of the cycle are shown. The silt
ensity index (SDI) is the water quality index.
Table 14 is introduced among the Pareto points based on Min

ODP&GWP) and environmental impacts. Cycle B is selected with
he working fluid R123zd by the GA. The cycle exergy efficiency
quals 34.28%, and the net price is 3.54 $/m3. The organic fluid
as the minimum environmental impact at this point. Still, the
mount of water production decreases. This point has more water
ithdrawal from groundwater than the best points. Despite this

act, the amount of Ω improves and causes a 26.5 percent decline
n dilution span.

. Conclusions

The studies indicate that configuration and working fluid se-
ection for ORC is dependent on important parameters like (1)
he ultimate goal of cogeneration and utilizing ORC. (2) The
onditions of low pressure and high-pressure thermal sources.
3) The governing constraints on the recovery system. These
4165
parameters should be considered in each analysis. In this paper,
cogeneration and utilizing ORC produce water for the steel pro-
cess and raise system efficiency. The acid dew point is one of the
constraints on the organic Rankine cycle. Based on exhaust gases
of steel enterprise furnaces, one practical approach for reducing
the environmental impacts of RO system concentrate disposal is
preheating the water coming to the RO system. By utilizing this
approach, the interaction between RO and ORC increases. The
reason is that the condenser affects RO performance. By deter-
mining optimum parameters related to the case study system,
the GA demonstrated that the basic ORC with R245ca and the
one stage RO system with SW30XLE-400i membrane could reach
the overall exergy efficiency of 34.81% and the net price of 2.84
$/m3 for water. For optimum ORC points with recuperator and
the working fluid of R245ca and the one stage RO system with
SW30XLE-400i membrane, the net exergy efficiency of the system
and the ultimate price of water/UPC are 34.49% and 2.64 $/m3,
respectively.

Nomenclature

Subscripts

A Area (m2)

Aw Coefficient of water permeability (kg/m2 s Pa)

AFUDC Allowance for Funds Used During Construction ($)

AOC Annual Operating Cost ($/year)

B Coefficient of solute transport (kg/m2 s)
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C Concentration (ppm)

Cf Feed-water concentration (ppm)

Cb Brine concentration (ppm)

Cp Permeate concentration (ppm)

Cp Specific heat at constant pressure
(kJ/kg K)

CC Purchasing cost/capital cost ($)

CRF Cost recovery factor

DC Direct costs ($)

Eẋ Exergy rare (kW)

ex Specific exergy (kJ/kg)

FF Fouling factor

fc System performance coefficient

FCI Fixed capital investment ($)

h Enthalpy (kJ/kg)

i Interest rate

IC Indirect cost ($)

Jw Local permeate flux (kg/m2 s)

Js Local solute flux (kg/m2 s)

K Local mass transfer coefficient (m/s)

LRD Licensing, Research and Development
Costs ($)

ṁ Mass flow rate (kg/s)

OFSC Off-site cost ($)

ONSC On-site cost ($)

P Pressure (bar or kPa)

pf i Modified density polarization

Pf Feed-water pressure (bar)

Q̇ Heat (kW) / Flow rate (m3/h)

R Gas constant (kJ/kg K)/ Recovery (%)

Re Reynolds number

S Entropy (kJ/kg)

SR Salt rejection (%)

Sm Membrane area (m2)

SUC Start-up costs ($)

T Temperature (◦C)

TAC Total annual cost ($/year)

TCI Total capacity investment ($)

U Overall heat transfer coefficient
(W/m2 ◦ C)

Vw Permeate velocity (m/s)

Ẇ Work rate (kW)
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W Work (kJ/kg)

WC Working costs ($)

wg Mass fraction

x, X̄ Molar fraction /Molar compound

Greek symbols

µ Chemical potential

π Local osmotic pressures of the
solutions (MPa)

φη Price modification coefficient in terms
of efficiency

φT Price modification coefficient in terms
of temperature

ρ Density (kg/m3)

∆T Temperature difference (◦ C)

∆TLM Logarithmic temperature (◦C)

∆Pfb Pressure loss in the feed-brine water
side of the membrane (kPa)

∆P Pressure loss (kPa)

ηEx Exergy efficiency (%)

ηT Turbine efficiency

ηP Pump efficiency

ηIHE Internal Heat Exchanger efficiency

ηth Thermal efficiency

T (p) Temperature as a function of pressure

ε Effectiveness

Ω Non-dimensional function of the
density difference between waste and
the seawater in two modes of with
and without preheating

(ρ15−ρsw)Preheating
(ρ15−ρsw)Without;preheating

.

Ω̄ Non-dimensional function percentage
Ω

Subscripts

Atm Atmosphere

App Approach

B Brine

BOF Basic Oxygen Furnace

Ch Chemical

Cond Condenser

Cw Cooling water

D Destruction

Eco Economizer
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Eva Evaporator

ERD Energy recovery device

F Fuel

F Fluid

G Gas

GWP Global warming potential

g Gas phase

HRSG Heat recovery steam generator

HEX Heat exchanger

IHE Internal heat exchanger

i Input

gen Generation

max Maximum

O Output/outer

ODP Ozone depletion potential

OFOH Open feed-organic heater

ORC Organic Rankine cycle side

P Product/pump/permeate

ph Physically

P.P Pinch point

PV Pressure vessels

Q Heat

RO Receive osmosis

SDI Silt density index

SEC Specific energy consumption

Sat Saturated

Sw Seawater

T Turbine

TCF Temperature correction factor

UPC Unit product cost

W Water/work/wall

⟨...⟩ ⟨unit⟩

0 Reference environment condition

1,2, . . . ,15 Stream number
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Appendix. Determination of the parameters Aw and B from the
DOW membranes.

The following equations are solved for the membrane, and
the following inputs are extracted based on the standard test
conditions of the membrane in the catalog: feed water density
Cf , the water temperature, salt rejection (SR) rate, membrane area
(Sm), recovery (R), and feed water pressure Pf .

By solving the salt balance (Qf × Cf = Qb × Cb + Qp × Cp)
nd SR (SR =

Cf −Cp
Cf

) equations simultaneously, the permeate
density (Cp) and the density of salt in brine water (Cb) can be
obtained (Mokhtari et al., 2016a):

Cp = Cf (1 − SR) (A.1)

Cb = Cf
(1 − R × (1 − SR))

1 − R
(A.2)

The rate of the average density in the feed-water side of the
membrane is determined by the formula (A.3) (Mokhtari et al.,
2016a):

Cw =
Cf

2

(
1 +

Cb

Cf

)
(A.3)

Utilizing the average density in feed-water brine side of the
membrane and density polarization, the amount of the osmosis
pressure average in the feed-water brine side of the membrane
is calculated.

pfi = exp (0.7R) (A.4)

π̄ = πCf

(
Cw

Cs

)
pf (A.5)

In which pf i is the modified polarization density and the
osmosis pressure in permeate side is also calculated from the
following equation (Mokhtari et al., 2016a):

π̄Cp = πf (1 − SR) (A.6)

The amount of permeate mass flow rate is computed by (A.7)
relation:

Q̇p = Aw(π̄ )Sm(TCF )(FF )(Pf −
∆Pfb
2

− Pp − π̄ + π_cp ) (A.7)

p is the permeate pressure for each element and Aw(π̄ ) is the
ermeability of the membrane for ‘i’ element in the temperature
f 25 ◦C, which is the function of the osmosis pressure of the feed
ide and is calculated from Anon (0000b). In Eq. (A.7), Sm is the
embrane area for each element obtained from the catalog and
ased on the type of the element. ‘‘FF’’ is the fouling factor, Pf
s the feed pressure for each element, ∆Pfb is the pressure loss
n the feed-brine water side of the membrane, and is calculated
rom Eq. (A.8).

Pfb = 0.01nq̄1.7fb (A.8)

The pressure loss in the feed-brine water side of the mem-
rane for each element of FILMTEC in the system is the function
f the flow rate average in the feed side. It is calculated by the
A.9) formula:

¯
=

fb
Q̇f + Q̇b

2
(A.9)

The parameter ‘‘B’’ is calculated in terms of the reference Anon
(0000b):

B =
Qp

Sm

Cp

Cw − Cp
(A.10)

By calculating ‘‘B’’ and ‘‘Aw ’’ coefficients for each membrane,
he RO modeling is done according to the mentioned equations
n Table 5 and the procedure of the reference Mokhtari et al.
2016a).
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