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ARTICLE INFO ABSTRACT
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This paper introduces an innovative and cost-effective multi-generation plant, driven by the central receiver-
based concentrated solar systems, to facilitate the desired global green-transition process. The vanadium chlo-
rine thermochemical cycle, which uses hydrogen instead of natural gas in the combustion chamber, is used as an
innovative approach for reducing greenhouse gas emissions. The proposed system also includes a thermoelectric
generator (TEG) for excess power generation and a multi-effect desalination (MED) unit to reduce exergy loss.
The suggested system’s technological, economic, and environmental metrics are analyzed and compared to a
similar system that stores the created hydrogen rather than burning it in the combustion chamber. Furthermore,
the viability of the studied model is investigated under the optimal operating condition, using the example of
Sevilla in order to make the conclusions more reliable. According to the findings, the suggested novel configu-
ration is a better alternative in terms of cost and environmental impact owing to decreased product energy costs
and CO, emissions. The outcomes further indicate that the substitution of the condenser with TEG leads to
considerably higher power production. According to the optimization findings, the multi-objective grey wolf
algorithm is the best optimization strategy compared to the non-dominated genetic and particle swarm ap-
proaches. At the best optimization point, 2.5% higher exergy efficiency, 1 $/GJ cheaper product energy cost, and
0.12 kg/kWh lower levelized CO, emission are achieved compared to the operating condition. The Sankey di-
agram indicates that the solar heliostat system has the highest irreversibility. The exergy analysis results further
reveal that the flue gas condensation process through the Rankine cycle and MED unit lead to a 53.2% reduction
in exergy loss. Finally, considerable CO, emission reductions show that the suggested new method is an effective
solution for cleaner energy production in warmer climate countries.

supply more than 55% of total energy use from renewable resources,

1. Introduction

The increase in fossil fuel use results in 120 ppm higher CO, con-
centration in the atmosphere and a global temperature rise of 2 °C until
2050 [1]. The deployment of renewable resources offers the most
powerful and promising solution for achieving significant greenhouse
gas emissions reduction [2]. According to the European environment
agency (EEA), without renewable energy, since 2005, more than 10%
higher emissions would have been obtained compared to the current
value [3]. Based on the EEA roadmap 2050, European countries aim to
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taking a major step toward decarbonization and green transition [4,43].

Solar energy, among other renewable resources, represents a clean
and green energy source, with a growth rate of 33%. The central
receiver-based concentrated solar (CRCS) systems are of great impor-
tance due to their high outlet temperature and cost-effectiveness [5].
They require a smaller area than other solar technologies for the same
value of energy production [6]. Praveen [7] studied the feasibility of
developing CRCS power systems for different regions in Saudi Arabia,
concluding that the proposed 100 MW plant can entirely provide the
power demand of the regions. In a recent study, Saghafifar et al. [8]
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Nomenclature

Ap Area of heliostat mirror (m?)

A, Area of the solar receiver (m?)

c Exergy cost ($/GJ)

¢ Cost rate ($/hr)

Cp Product energy cost ($/GJ)

Dp Depletion factor

ATpp Pinch point temperature difference (K)
E Exergy rate (kW)

ERTE Exergy round trip efficiency (%)

f Exergoeconomic factor

h Specific enthalpy (kJ/kg)

i Interest rate

K Thermal conductivity (W/(m.K))

LCoE Levelized cost of electricity ($/(kWh))
n Plant’s operation years

Nyep Number of MED effect

p Pressure (kPa)

PR Pressure ratio

Q Heat (kW)

SI Sustainability index

TCR Total cost rate ($/h)

Ty Brine temperature (K)

U Heat transfer coefficient (W/(m>K))

14 Velocity (m/s)

w Power (kW)

Z The investment cost of components ($)
Z Investment cost rate of component ($/hr)
ZTu Figure of merit

Subscript and abbreviations

AC Air compressor

ANN Artificial nueral network
BPE Boiling point elevation

CC Combustion chamber

Ch Chemical

CI Capital investment

Cond Condenser

CRCS Central receiver-based concentrated solar system
CRF Capital recovery factor

D Destruction

EES Engineering equation solver
F Fuel

GC Gas cycle

GT Gas turbine

IEA International energy agency

MED Multi-effect desalination unit

MOGWO Multi-objective grey wolf optimizer
MOPSO Multi-objective particle swarm optimizer
NEA Non-equilibrium allowance

NSGA  Non-dominated sorting genetic algorithm
S Sun

TEG Thermoelectric generator

vCl Vanadium coloride

Greek symbols

N Heliostat optical efficiency

T Annual plant operation hours (hr)

Ccoz Levelized CO, emission (ton/MWh)

examined the techno-economic-environmental assessment of a dual-
receiver solar power plant equipped with a heliostat field. They re-
ported a lower CO emission index and reduced energy cost compared to
the same solar technologies. Considering the case of Los Angeles, an
innovative combined power and hydrogen generation system driven by
the CRCS system was introduced by Alirahmi et al. [6], showing that the
proposed solar system prevents the annual CO2 emission of 3313 tons at
the acceptable payback period of 4.6 years.

The main pollutant problem associated with fuel combustion is the
formation of nitrogen oxides (NOx) during combustion. NOx is involved
in the development of acid rain as well as local air pollution. Using
hydrogen is one technique to lower NOx emissions [9,10]. Thermo-
chemical water-splitting cycles are more efficient, cost-effective, and
environmentally acceptable than other new hydrogen-generation tech-
nologies. Several researchers have studied the techno-economic assess-
ment of different solar-assisted thermochemical cycles for hydrogen
production. Oruc and Dincer [11] recently studied a solar-driven So-
dium hydroxide (NaOH) thermochemical cycle from the quantity/
quality of energy conversion facets. They achieved energy and exergy
efficiencies of 80% and 82% for the proposed hydrogen production
cycle, respectively, which is considerable. In another study, Sadeghi
et al. [12] proposed and optimized a thermochemical hydrogen cycle
equipped with a heliostat solar field and thermal energy storage units.
They revealed that combining the CRCS system with the Copper(I)
chloride (CuCl) cycle is potentially an excellent solution for efficient
hydrogen generation. Balta et al. [13] investigated and compared the
thermodynamic metrics of different chlorine cycles, including CuCl,
FeCl, VCl, and MgCl. They demonstrated that hydrogen production via
the vanadium-—chlorine (V-ClI) cycle is the best and most promising
approach due to it having the highest efficiency of 40%.

Integrating thermoelectric generators (TEG) with a conventional
power system and solar-driven cycles is a promising method of

improving efficiency and mitigating environmental pollution and en-
ergy cost by directly generating valuable electricity from waste heat
[14]. Habibollahzade et al. [15] studied the impact of using a TEG unit
instead of the condenser of a solar-based thermochemical hydrogen
system and concluded that a lower levelized energy cost and higher
performance efficiencies are achieved compared to the same system
without TEG. Demir and Dincer [16] analyzed a hybrid solar system
comprising CRCS equipped with a heliostat field, TEG unit, and proton
exchange membrane (PEM) electrolyzer and showed that TEG provides
around 7% of the total power generation. Khanmohammadi et al. [17]
conducted a comparative sensitive analysis of an innovative solar-based
cogeneration system and highlighted the impact of recovering low-
temperature waste heat via TEG. They revealed higher produced
power and energy efficiency of 3.27 kW and 6.8%, respectively, are
obtained by adding TEG units. Behzadi et al. [18] examined the techno-
economic assessment of an innovative solar-based system integrated
with the TEG unit. They reported that a lower payback period of 2.4
years and higher hydrogen generation of 0.023 kg/Day is achieved if the
TEG unit replaces the condenser.

Another significant consequence of climate change and global tem-
perature increment is the lack of adequate access to potable water as a
first-order necessity that highly affects human life. According to Fakhari
etal. [19], 3% of the water on the earth is potable water, of which only
half is reachable. For this, in addition to electricity production from a
renewable resource, more attention should be paid to the cogeneration
of potable water through different desalination processes for bringing
down the effect of climate change, growing population, and drought. In
comparison to electricity-driven processes, thermal-based desalination
technologies are a promising and popular option due to the importance
of the waste heat recovery process as an energy enhancement and cost
reduction approach. Youssef et al. [20] conducted a techno-economic-
environmental comparison of various desalination processes and
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Fig. 1. Schematic representation of the studied models.

concluded that heat-driven technologies are superior due to lower
environmental impact and better water quality. The multi-effect desa-
lination (MED) unit is techno-economically superior to other thermal-
driven desalination machines, offering lower investment costs and en-
ergy use. Chitgar and Emadi [21] recently proposed an innovative multi-
generation system and concluded that a MED unit with an hourly pro-
duction of 5.6 m® is the most appropriate option for potable water
generation from low-temperature exhaust gases. Having assessed and
compared the influence of adding a MED unit for exploiting the waste
heat of a low-temperature heat source, Aguilar-Jimenez etal. [22]
attained a higher performance efficiency of 22% compared to the single-
generation power cycle.

Despite the intensive interest and extensive works investigating
multi-generation solar-based systems applying different technologies,
the existing literature still struggles with a few critical issues. First,
performance improvement and heat loss reduction of solar systems
should be prioritized to reduce trade barriers and promote high-quality
solar thermal products. Second, the power productivity of renewable-
driven systems on top of every other output needs to be improved.
Third, practical and promising active/passive efficiency improvement
methods, like exploiting the low-temperature waste heat, must be
applied to mitigate the energy costs to increase the motivation for using
solar-driven technologies. The last important issue is making the exist-
ing hybrid systems more environmentally friendly to take a major step
towards the green transition. To address these issues, the present work
introduces an innovative, efficient, and environmentally friendly
renewable-based system for multi-generation of power, hydrogen, and
potable water. The central receiver-based concentrated solar systems
drive the proposed system with high outlet temperature, low heat pro-
duction, and investment costs. Also, a new greenhouse gas emission
reduction method is implemented through the vanadium chlorine
thermochemical cycle, using hydrogen instead of natural gas in the

combustion chamber. Moreover, the studied system is equipped with a
thermoelectric generator and multi-effect desalination unit, respec-
tively, for active and passive production of surplus power and potable
water from low-temperature waste heat. The performance of the pro-
posed model is studied and compared against the condenser-based sys-
tem that stores the produced hydrogen instead of consuming it in the
combustion chamber. For this, a comparative parametric study is per-
formed to determine the superior model and evaluate the influence of
main operational parameters on techno-economic-environmental as-
pects. Afterward, multi-objective optimization based on NSGA-II,
MOPSO, and MOGWO algorithms is applied to the superior model to
compare the performance of each optimization approach and determine
the best operating condition. Eventually, to make the results more
reliable, the feasibility of the best model is studied under the optimum
design parameters considering the real-time weather data information
of Sevilla.

2. Proposed studied systems

Fig. 1 shows a schematic diagram of the proposed innovative hybrid
system (Model (b)). As depicted, the studied system comprises the
central receiver-based concentrated solar system for heat production;
the vanadium chlorine thermochemical cycle for hydrogen generation;
the gas turbine and Rankine cycles and thermoelectric generators for
power production; and the multi-effect desalination unit for potable
water generation from low-temperature waste heat. In the CRCS system,
the solar radiation is concentrated by the heliostat field into the receiver
mounted on the top of the tower, which absorbs and transfers the heat to
the hot storage tank. The heliostat field consists of flat movable mirrors
equipped with dual-axis sun-tracking systems, leading to higher outlet
temperature due to the higher concentration ratio than other solar
technologies. The produced heat is first used in the evaporator to run the
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Table 1

Input values of design parameters [41,42].
Parameter Value Parameter Value
CRCS Rankine
Nyg 350 Py (kPa) 3500
Ap (m?) 121 T17 (K) 373.15
A; (m?) 60 ATpp cona (K) 5
i (%) 71 i pump (%) 80
£ (%) 80 Nis,st (%) 85
TReceiver (K) 1323.15 Gas cycle
MED Whet,ge (kPa) 2000
Nuep () 7 PR (-) 6
Ty (K) 334.95 Tee (K) 1473.15
Ts5 (K) 313.15 Nis.ac (%) 87
T36 (K) 303.15 His.r (%) 89
Tpn (K) 315.95 VClI cycle
TEG Tstep 1 (K) 798
ATpp,TEG (K) 5 Tstep 2 (K) 373
ZTm 0.85 Tstep 3 (K) 573

Rankine cycle and then transmitted to the VCI unit to start the ther-
mochemical cycle for hydrogen production. The generated hydrogen is
consumed as the combustion chamber’s secondary fuel, which is pri-
marily driven by natural gas. Using this method (Model (b)) — that is,
replacing traditional natural gas with hydrogen - a considerable
reduction of carbon dioxide emission is attained, making the proposed
system green and environmentally promising. In the gas-based power
system, after being compressed (State 2), the inlet air goes into the
combustion chamber to be mixed with hydrogen (State 21b) or natural
gas (State 20). The combustion products with a high enthalpy value then
enter the turbine to generate the power. The turbine outlet exhaust gases
move into the evaporator to run a steam Rankine cycle. In the studied
Rankine cycles, the condensers are replaced by the TEG units to harvest
waste heat for extra power production. The evaporator outlet gases are
still valuable to run a MED system through a flue gas condensation
process in the heat recovery steam generator (HRSG) unit. As indicated
in Fig. 1, the heat-driven MED system consists of a steam ejector, flash
boxes, and condenser.

In the ejector, the primary steam with high enthalpy (State 30) is
mixed with the secondary vapor (State 33) coming from the last stage.
The generated superheated steam (State 31) with a mean pressure is
used as the heat source of the first stage. On the other hand, the inlet
seawater (State 37) enters the condenser for liquefaction of desalinated
vapor (State 34) from the last step. Subsequently, while an equal portion
of the preheated seawater is divided between the stages as the feed-
water, the remaining stream returns to the sea (State 38). The heat is
transferred from the superheated steam (State 31) to the feedwater to
obtain the boiling point in the first stage. The generated steam goes into
the second stage as the heat source for the evaporation process. The
remaining brine then moves into the next stage to improve system
performance and generate more vapor. A small amount of condensed
vapor is again evaporated at a lower pressure to be mixed with the
generated vapor. This process is repeated in the subsequent stages to
produce the ultimate potable water. According to Fig. 1, the same sys-
tem (Model (a)) equipped with the condenser and hydrogen tank is also
proposed to investigate and compare the impact of adding a TEG unit
(instead of a condenser) and consuming hydrogen (instead of storing it).

Before performing the techno-economic-environmental calculations,
the following assumptions were made to accomplish the thermodynamic
modeling of each model:

e Each component’s reaction temperature and pressure equal 298 K
and 100 kPa, respectively.

e The variation of potential and kinetic energy is overlooked.

e The heat input for step 1 in the VCI cycle shall be 130% of the heat
required to split 2VCL3 into 2VCLy and CLy [13,23].
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e Heat loss in the heat exchangers and pressure mitigation within the
pipes are neglected.

e In each effect, the vapor produced is fully desalinated.

All of the effects have the same temperature difference.

e The salinity of seawater and the maximum salinity of brine are 36%
and 70%, respectively.

The values of input parameters for each subsystem, including the
CRCS system, VCl and Rankine cycles, and TEG and MED units, are
tabulated in Table 1.

3. Methodology

Engineering equation software (EES) was implemented to calculate
techno-economic-environmental equations of the studied innovative
system. Using the MATLAB program (version R2021b), multi-objective
optimization based on different approaches was then performed to
maximize exergy efficiency while simultaneously minimizing the
product energy cost and levelized CO4 emission index.

3.1. Energy assessment

Performance evaluation was carried out by writing the energy and
mass balances contemplating each component as a lumped control
volume, as follows [24]:

> it =Y it m

O—W =" ritguhou— Y rhishiy (@)

In this equation, m is the mass flow rate entering/leaving each

component and W and Q are the rate of produced/received power and
heat, respectively.

3.1.1. Solar heliostat system

Due to a very high concentration ratio, the CRCS system consisting of
a heliostat field and solar receiver is a very efficient, cost-effective, and
wise solution to produce a considerable amount of heat per area and
increase the contribution of solar energy practice. Defining Nygy, as the
number of mirrors in the solar field, the received solar energy by the
heliostat field is calculated as follows [25]:

0, = Ny X Ap X Npgr, X 1 3

where 5, Ap, and I are the efficiency, total area of the mirrors, and
incident solar radiation, respectively. Since a portion of the received
heat is wasted in the environment, the heat absorbed by the receiver is
not equal to the heat delivered by the heliostat field. Therefore, the heat
lost to the ambient is evaluated using Eq. (4) [25]:

QLoxx = hairAr(TR:'z‘icvcr - TO) + UArg(T;:gC[gvg, - Tg) (4)

In this equation, A; is the collector’s surface area and Tgeciever de-
notes the surface temperature. Moreover, hy;; indicates the convective
heat transfer of the air, which is a function of wind velocity, as follows

[6]:

hair = 10.45 = Vi + 104/ Vir )
Finally, the heat received by the working fluid can be assessed by [6]:
Qr = Qh - QL{),yc = m(hx —hy) ©

3.1.2. Vanadium chlorine thermochemical cycle

The VCI cycle is a heat-driven thermochemical system first studied
by McRea and his research group for hydrogen generation at the highest
operating temperature. This cycle mainly comprises three reactions at
different temperature levels (low-, moderate, and high-temperature)
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Fig. 2. Schematic layout of VCI cycle.

that occur in three steps, as illustrated in Fig. 2. According to the figure,
in the first step, vanadium (III) chloride (solid) is decomposed to va-
nadium(II) chlorine (solid) and chlorine gas at the maximum tempera-
ture of 798 K as follows [26]:

2VCls(s) — 2VCh(s) + Cly(g) @

Fig. 2 further indicates that, in the second step, the produced chlo-
rine gas at the previous step reacts with steam to generate hydrogen
chloride and oxygen gases at the low temperature of 373 K, as written by
[26]:

Clx(g) + H20(g) — 2HCI(g) + 0.502(g) (€©))

Finally, at the moderate temperature of 573 K, hydrogen (the desired
component) and vanadium (III) chloride are produced from the re-
actions of hydrogen chlorine gas and vanadium(II) chlorine in the solid-
state, as follows [26]:

2VCly(s) + 2HCI(g) — 2VCl3(s) + Ha(g) €)]

The sum of the above steps is the main reaction in the thermo-
chemical cycles, called the water-splitting reaction, on which the steam
is decomposed into oxygen and hydrogen, as expressed in Eq. 10:

Hy0(g) — 0.502(g) + Ha(g) (10

3.1.3. Thermoelectric generator

TEG is an advanced technology used in thermal energy systems to
directly convert waste heat into surplus electricity via the Seebeck ef-
fect. It is a reliable energy source with a silent operation, enhancing the
system efficiency and environmental friendliness while reducing the
production cost. Defining the figure of merit (ZTy) as a quantitative
parameter to examine a device’s performance compared to its alterna-
tive, the TEG efficiency is calculated by Eq. (11) [27]:

VI+ZTy —1

— _ 11
NreG ”Carnat\/ﬁ:*m‘ + % ( )

ZTy = — (12)

1
Ty = 5 (T.+Ty) 13)
—AV
= 1
V=7 14
T.
Neamor =1 7?}' (15)

where T, and Ty, are the cold and hot side temperatures, respectively.
Also, K; and R denote the thermal conductivity and the thermal resis-
tance inside the TEG. Eventually, TEG output power as a function of
efficiency and the transferred heat is evaluated as follows [27]:

WTEG = Nrec QTEG 16)

3.1.4. Multi-effect desalination unit

The MED system is a promising and cost-effective choice for potable
water production because it has reduced energy use and lower tem-
perature than similar technologies. To accomplish the MED unit
modeling, a set of balance equations, including mass, salinity, and en-
ergy, were solved for each subsystem. The temperature difference across
different effects can be computed by defining T, and T, as the brine
temperature at the 1st and N effects [28]:

_ Tb, — TbN

AT N_1

€8]

Furthermore, the brine and the water vapor temperatures at the
subsequent effect are assessed by [28]:

Tb = Tb( — AT (2)

i+1
T, = Ty; — BPE 3)

here, BPE denotes the boiling point elevation. The cooldown tempera-
ture of brine (T/i), which is the sum of the non-equilibrium allowance
(NEA;) and the brine temperature (T3,), is expressed by [28]:

T, = T, + NEA, (20)

For the steam ejector, the energy balances can be written as [29]:
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Table 2
Mass and energy balance equations for each effect of the MED unit [28,29].
1st effect Mass balance By =F, -D;
Salinity F,
X1 =—X;
balance 'R
Energy MyLy = D1Ly + F1Cp(Ty — Tr)
balance
2toN Mass balance B, =B;.1 + F,—D;
effect Salinity Fi Bi-1
X =X + —Xi-
balance TR R !
Energy (Di-1 4D;_q)Lis1 = DiLi + FCp(T; —Tg) +
balance BiCp(T; ~Ti-1)
M,h,, +D,h, = (M,, + D, )h, 21D

The thermodynamic equations for each effect of the MED unit, as
well as the condenser, are tabulated in Table 2.

For the 1st and 2nd to N™ effect and the condenser, the formula of
areas of heat transfer that were prerequisites to accomplishing the MED
modeling is expressed by [29]:

ML,

A = )
T UL(Ts-T)
(Difl + D;'—I)L"*l
A =~ U
; UAT 6))

(Dx+ Dy — D)Ly

Ac =
U.LMTD.

©

here U, denotes the overall heat transfer coefficient of the ith effect, and
U. is the heat transfer coefficient of the condenser and can be calculated
as follows [29]:

U, = 1.9394 4 1.40562 x 107 x T, —2.07525x 107> x T} +2.3186x107°
X Tlf

(7)

U, = 1.71944+3.2063 x 107 x Ty +1.5971 x 107 x T2 +1.9918 x 10~
x T}

(€))
3.2. Exergy-sustainability assessment

Exergy evaluation based on the second law of thermodynamics was
applied to examine the merit of energy conversion and deviation of the
studied system from ideal performance. For this, the rate of irrevers-
ibility, exergy efficiency, and sustainability index was calculated.
Defining e, Eo, Ew, and Ep as the inlet/outlet stream exergy, the exergy
of heat, the exergy of work, and exergy destruction, respectively, the
balanced equation is written as below [30]:

EQ - Ew = Z Mo €ous — Z Mijnejy + ED 27)

It was assumed that the potential and kinetic energies are overlooked
due to the system’s rests relative to the environment. So, the stream
exergy equals the sum physical (€™ and chemical (eM) exergy, as
calculated by Eq. (29) and Eq. (30) [31]:

o (28)

& = (hi— ho) — To(s; — 50) @

e = ineg’fi +RT, Zx,-ln(x,-) (30)
i1 =1

here, ef{‘i is the standard chemical exergy (see Appendix B), and x; is the
mole fraction of the gaseous stream. According to Eq. (31), the ratio of
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exergy of product to the exergy of fuel is defined as the exergy efficiency
(&1), another vital parameter for irreversibility analysis of each compo-
nent [31].
Ep,
£ == (31)
Er;

After applying a complete exergy evaluation to each component, the
sustainability index was calculated to determine the influence of irre-
versibility reduction on the improvement of the overall system’s envi-
ronmental friendliness, as below:

1

] =— 32
S D, (32)

— ZZ‘:[ED,I"

D
" E,

33)

In this equation, Dy, denotes the depletion factor, which is the ratio of
the overall system’s exergy destruction to the input exergy rate. Also, Ei,
is the sum of the exergy of the sun received by the heliostat field and the
exergy of input fuel, as follows:

Ey, = Es+Ep o
. 1(T)\" 4/(T, )
Es=|14+2|=) 5|+

' [ 3 (Ts> 3 <Ts) } o -
EF = mMerhaneeg;ezhaue (36)

here, Ts is the temperature of the sun, which is equal to 5770 K. Finally,
the overall exergy efficiency is calculated as the ratio of the net produced
exergy to the input exergy:

Eour
Ein

37)

Mi1,0verall =

Epy = Wsr,l + Wer + Wsr,z + WTEG,I + WTEG,z + Ess — Z W — Wcomp
(38)

Because different components of the proposed system operate at two
different periods, exergy round trip efficiency (ERTE) is defined to
evaluate the system comprehensively as follows:

E,, x 24
ERTE — — ou X 24{hr] (39)
Ey x 24hr] + Es x 10[hr]

3.3. Economic-environmental assessment

After applying thermodynamic equations and finding the perfor-
mance indicators, an economic evaluation of the studied system was
conducted using the specific cost theory. Accordingly, the cost of each
component is divided into the operating and maintenance (OM), and
capital investment (CI) costs as follows [32]:

=2+ 7, (40)
Defining y and 1 as the fixed OM costs coefficient and the system’s

operating hours in the whole year, respectively, Z',?M is calculated by the

following equation [32]:

7" =Mz, D)
Also, the capital investment costs (Z,fl) is defined as written below

[33]:

Ne/f CRF

Z, = (T)Zk (42)
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Fig. 3. Flowchart diagram of the optimization procedure.

Table 3
The range of significant decision parameters for optimization.
Variable Description Lower bound Higher bound
PR () Pressure ratio 6 12
Tec (K) Combustion temperature 1200 1500
Nyer (<) Number of heliostat 300 400
Treciever (K) Receiver temperature 1100 1300
Py (kPa) Turbine 1 inlet pressure 2500 4000
P54 (kPa) Turbine 2 inlet pressure 2500 4000
i(1+14)"
CRF = ( ) (43)

(1+iy -1

In this equation, CRF denotes the capital recovery factor calculated
based on the interest rate (i) and the system’s operation years (n). The
cost of each component at the present year was calculated using Marshal
and Swift’s formula based on the cost indexes at the reference year
(CI?Y) and the present year (CI’Y), as follows [34]:

cpy (Clpy
Z=(Ge) b “9

Zy is the purchased cost in the above equations, which is evaluated as
listed in Table A1 (see Appendix A). Moreover, the total cost rate (TCR)
as an important economic metric, which is the sum of components’ cost
(2) and the fuel cost (Cp), is calculated as below:

TCR = 2 Zi+ ZF: Cr, (45)
k=1 i=1

Finally, the cost-effectiveness of the studied innovative hybrid sys-
tem was examined, calculating the product energy cost in $/GJ and
levelized cost of electricity as follows:

TCR

Cp =— 46
" Epu “6)

TCR
LCoE = — - . - - 47)
Wsri+ Wer + Wsra + Wreet + Wi

As mentioned, the main novelty of this work was the introduction of
a clean multi-generation system by adding a solar system and substitu-
tion of hydrogen with methane fuel. For this, the levelized carbon di-
oxide emission ({¢p2) in tons per MWh was assessed to investigate and
compare the environmental friendliness of the proposed innovative
system with the conventional methane-driven plant:

mco,
= — 4 8
co, E.. 48

here, mco, is the generated carbon dioxide emitted into the atmosphere.

3.4. Optimization model

The optimization goal is to ascertain the most favorable operating
condition relative to a set of constraints or significant criteria. These
contain maximizing functions like net generated energy, performance
efficiencies, and sustainability index while minimizing unfavorable ob-
jectives such as carbon dioxide emission and energy costs. While single-
objective optimization (SOO) aims to find the best condition satisfying a
unique indicator standalone, multi-objective optimization (MOO) ex-
tends the optimization theory by considering individual objectives
simultaneously. Fig. 3 demonstrates the optimization methodology
applied to the present work. According to the figure, the mathematical
model of techno-economic-environmental equations was carried out in
EES software with an extensive library of thermodynamics properties of
various fluids. However, because EES cannot solve MOO problems, the
MATLAB program was linked to accomplishing the optimization algo-
rithm. Because the integration of EES with MATLAB requires a long run
time to conduct the optimization, an artificial neural network (ANN)
approach was added to solve the problem at the minimum time, as
shown in Fig. 3. As a robust computational method, ANN is applied to
various applications, including the optimization of energy systems,
because of the capability to solve nonlinear problems with maximum
accuracy and minimum cost. ANN works based on a controlling pro-
cedure that tries to find the most successful connections between the
layers (input, hidden, and output) with the minimum failure by
repeating the process. After applying thermodynamic, exergoeconomic,
and environmental evaluations in EES, 1000 random data points,
including the input (the main design parameters) and output (significant
objective functions), were introduced to the ANN. Then, an ANN model
based on six hidden layers was implemented to fit the inputs and fore-
cast the outputs. Subsequently, the training process was carried out to
extract the mathematical correlation between the design parameters and
expected outputs. Eventually, the extracted training network was given
to the MOO algorithm as a fitness function to start the optimization.

The best operating condition from techno-economic-environmental
viewpoints was ascertained using three optimization algorithms:
NSGA-II, MOPSO, and MOGWO. This not only determined the optimum
system sizing but also investigated and compared the performance of
each algorithm. Among different MOO approaches, NSGA-II, based on a
conventional genetic algorithm, has been widely used and investigated
by many decision-makers due to the high calculation and fitness rates
and the ability to solve challenging problems. Flexibility is the main
feature of NSGA-II because it finds the solution without any compre-
hensive understanding of the problem’s structure and variables. MOPSO
is a stochastic optimization approach based on a swarm with better di-
versity and faster convergence that has been extensively applied to en-
gineering problems. Population, exploration, turbulence factor, and
polynomial mutation are the basic concepts of this approach. The main
competency of this powerful technique is its ability to accurately solve
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Table 4
Comparative validation of VCI cycle.

Step Step temperature Reaction heat demand (kJ/mole Hj)
number (K)

Balta et al. Present Error

[13] study (%)
1 798 349.6 350.02 0.12
2 373 70.77 71.1 0.46
3 573 —88.72 —88.05 0.75
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Fig. 4. Comparison of the performance indicators of the present TEG unit

against the results reported by Ziapour et al. [35].

Table 5
Comparison of the present MED model with a real plant.

Design conditions Present model Real plant [36]

Effect numbers 6 6
Motive steam rate (kgsfl) 21.20 21.20
The pressure of motive steam (bar) 25 25
Minimum temperature of brine (°C) 42.8 42.8
Top brine temperature (°C) 61.80 61.80
Seawater temperature (°C ) 30 30
Performance indicators

Desalinated water (kg/s) 188.2 4 184.4
Gain output ratio 8.78 8.6

complicated nonlinear problems. The final optimization tool is
MOGWO, a new potent approach inspired by the hunting behavior of
grey wolves. MOGWO outperforms the existing multi-objective methods
in the aspect of technical and economic benefits like robustness,
convergence, lower computational costs, and spacing. Table 3 indicates
the logical range of significant design parameters and desired perfor-
mance metrics for optimization purposes. As listed, at the best optimi-
zation point, the exergy round trip efficiency should be maximized, and
the product energy cost and levelized CO2 emission must be minimized
simultaneously.

4. Results and discussion

A comparative parametric study was conducted to better indicate the
influence of hydrogen injection on techno-economic-environmental
metrics with the variation of main operating parameters. For this, the
impacts of compressor pressure ratio (rp), combustion temperature
(Tce), receiver temperature (TRreciever), turbine inlet pressure, and the
number of MED effects (Nygp) on the exergy round trip efficiency
(ERTE), product energy cost (Cp), a net produced power (Wyey), the
levelized carbon dioxide emission (¢), the generated potable water, and
sustainability index (SI) were investigated in detail. NSGA-II, MOPSO,
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and MOGWO algorithms were then applied to optimize the superior
model and examine and compare the performance of each optimization
approach. The Sankey diagram depicts the exergy flow throughout the
system and each component’s destruction/loss rate under the best
operating condition (TOPSIS point). Eventually, the feasibility of the
superior model is studied under the real weather data information of
Sevilla.

4.1. Validation

In Table 4, the comparison of the reaction heat demands in each step
under the same operating condition is investigated against Balta et al.
[13] results to validate the VCI thermochemical cycle. According to the
table, a good agreement between the results is achieved since the error
percentage is less than 1. The validation of TEG is depicted in Fig. 4, in
which the variation of TEG power produced with the figure of merit is
studied and compared. The figure shows that the present model results
are analogous to the results attained by Ziapour et al. [35]. Finally, the
performance of the MED unit is validated against the data of a real plant,
as tabulated in Table 5. It can be observed that almost the same results
are achieved for the same values of design parameters, indicating the
present model’s precision.

4.2. Comparative parametric study

The effect of the gas cycle pressure ratio on each model’s perfor-
mance metrics is depicted in Fig. 5. Increasing the pressure ratio in-
creases the enthalpy of combustion products. Therefore, based on the
first law of thermodynamics, the mass flow rate decreases at constant
power. Thereafter, when a lower mass flow rate enters the evaporator
and HRSG, the heat transferred to the Rankine cycle and MED unit de-
creases; hence, a net power produced and potable water will decrease, as
illustrated in Fig. 5. According to Fig. 5, for both models, a higher round
trip exergy efficiency of 5% is attained by increasing the gas cycle
pressure ratio from 4 to 15. This is reasonable given that the lower mass
flow rate of combustion products requires lower inlet methane. So, the
exergy efficiency and the sustainability index will increase based on Eq.
(39) and Eq. (32), respectively. Moreover, Fig. 5(b) presents that a
favorable environmental condition is achieved when the pressure ratio
rises because the mitigation of CO, emission is lower than the reduction
of power produced (look at Eq. (48). The figure further shows that as the
pressure ratio increases, the product energy cost increases due to the
decrement of power production. According to Fig. 5, in the whole
domain of pressure ratio, the proposed innovative system (Model (b)) is
superior to the conventional system in economic and environmental
terms due to the lower product energy cost and levelized carbon dioxide
emission. Moreover, Fig. 5 indicates the importance of adding the
thermoelectric generator for direct waste heat deployment due to the
proposed system’s higher power production than the condenser-based
model. However, a higher ERTE and potable water generation are ob-
tained if the hydrogen does not charge the bottom cycle.

Since the performance of the combustion chamber is highly affected
by the thermodynamic properties of the outlet products, the effect of
combustion temperature on each model is shown and compared in
Fig. 6. As the figure shows, when the combustion temperature increases,
the performance of the proposed system from the quality of energy
conversion standpoint — that is, the exergy efficiency and sustainability
index — will be reduced. This is rational given that a higher enthalpy of
combustion products leads to a lower methane mass flow rate needed to
provide the constant power of the gas cycle. In contrast, Fig. 6 shows
that a desirable environmental condition is achieved by increasing the
combustion temperature from 1300 K to 1500 K. The figure further
demonstrates that the variation of combustion temperature has a rela-
tively neutral effect on the net power produced, which is increased less
than 40 kW. What stands out from Fig. 6(d) is that when the combustion
temperature increases, the generated potable water decreases from 2.76



A. Behzadi et al.

(a) 46
--£~—-ERTE (a)

445 o-ERTE (b)

ERTE (%)

(b

Energy Conversion and Management 267 (2022) 115878

) 4400 . . ‘ . 0.22
0.2
4200
0.18
=
4000
0.16
Z
o
3800 0.14 =
0
__ 0.12
3600F —&-Wpee(a)  Omeen
- 0T 0.1
==O=Wpet (b)
3400 " . s . 0.08
6.2 8.4 10.6 12.8 15
e (-)

——S8I (a)

—o—SI (b) |

4 6.2 8.4 10.6 12.8 15
re ()
( c) 2.6 [ T T
\ --#-Water (a)
251
Y --O-Water (b)
a
D)
<
2
2
=
=
2
=
3
o
[
(a) 42.5 T T T 23

1400
Tee (K)

1350 1450

re (-)

—
)

Qo
=
A
z
-
]

s
z
&
2
=

bW a)
| ==O=Wpet (b)

3900

(c) 2.8
2.7

S
=)

S
2

S
kS

IS
(2]

\\

Potable water (kg/s)

IS
[~

2.1

SO

1300 1350

1400

Tee (K)

Fig. 6. The variation of techno-economic-environmental indicators with the combustion temperature.

kg/s and 2.73 kg/s to 2.12 kg/s and 2.10 kg/s for the conventional
(Model (a)) and proposed innovative (Model (b)) systems, respectively.
Eventually, Fig. 6(a) reveals that by increasing the temperature from
1300 K to 1415 K, the initial product energy costs of 21.05 $/GJ and
19.95 $/GJ decrease to a particular value and then increase to 21.96
$/GJ and 20.93 $/GJ for Model (a) and Model (b), respectively, which is
improper.

Fig. 7 refers to the effect of the receiver temperature, which is a
significant parameter influencing the solar collector performance. A
higher receiver temperature results in a higher heat loss from the solar
system (see Eq. (4)); hence, the net heat received by the working fluid as

well as the mass flow rate entering the receiver will decrease, as inferred
from Eq. (6). When the heat gained by the receiver reduces, the rate of
input exergy (Esun) also decreases. Therefore, as presented in Fig. 7(a),
the exergy round trip efficiency will increase. The figure further shows
that the rise in the receiver temperature is economically unfavorable
because of the solar system’s purchased cost growth, which is a function
of the operating temperature. According to Fig. 7(b), as the receiver
temperature increases from 1200 K to 1250 K, the net power produced
rises slightly and subsequently decreases dramatically. This is reason-
able because a lower heat is transferred to the Rankine Cycle 1 due to the
mass flow rate reduction of the solar system’s working fluid entering the
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Fig. 8. The variation of techno-economic-environmental indicators with the turbine inlet pressure.

evaporator.

Moreover, by increasing the receiver temperature — that is, the
reduction of mass flow rate — lower hydrogen is generated by the VCl
cycle. So, higher methane is needed to supply the gas cycle. Accordingly,
the increase of receiver temperature is undesirable from the environ-
mental point of view due to more CO, being emitted into the atmo-
sphere, as depicted in the figure. According to Fig. 7(c), while the
increase in the receiver temperature leads to a higher potable water
generation in Model (b), the performance of the MED unit in Model (a) is
independent of the solar system design parameters. Finally, the figure
demonstrates that a higher sustainability index is achieved for both

10

models by increasing the receiver temperature from 1200 K to 1450 K.

Greater turbine inlet pressure leads to a higher steam enthalpy;
therefore, the exergy round trip efficiency and the net power produced
will increase, as shown in Fig. 8(a) and(b). Fig. 8 also reveals that the
increase in turbine inlet pressure positively affects the product energy
cost despite the increase in turbine purchased cost, which is a function of
turbine capacity. This is justified because the increase in total exergy
produced is more than the total cost rate growth. According to the right-
hand side of Fig. 8(b), the increase in inlet pressure is environmentally
suitable since the levelized carbon dioxide emission of the conventional
and proposed systems falls about 5.2 kg/MWh and 4 kg/MWh,
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respectively. Fig. 8(c) depicts that each system’s sustainability index
increases as the turbine inlet pressure increases because the rate of total
exergy destruction declines for a constant input exergy value. Finally,
Fig. 8 shows that the rate of potable water production is independent of
the variation of turbine pressure. It can be concluded that, like the
previous figures, in all turbine inlet pressure domains, the substitution of
hydrogen with methane fuel (Model (b)) leads to a considerable lower
product energy cost and levelized carbon dioxide emission compared to
the fully methane-fueled system (Model (a)). The figure also shows that,
in Model (b), the higher power production of 130 kW is attained,
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indicating the significance of adding TEG for surplus electricity gener-
ation from waste heat.

The influence of the number of MED effects in the performance of
each model from thermodynamic, economic, and environmental points
of view is demonstrated in Fig. 9. According to the figure, as the number
of effects increases from 3 to 15, the rate of potable water produced for
both models increases by more than 4 kg/s, which is considerable. The
figure also shows that when the number of effects rises, the methane-
based and proposed innovative models’ exergy efficiency increases
from 40.05% and 39.16% to 41.94% and 41.08%, respectively, due to
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Table 6
Detailed information of TOPSIS point.

Optimization parameters

PR () Tec (K) Nyer () Treciever (K) Py (kPa) P34 (kPa)
11.75 1200 400 1100 3807 4000
Objective functions
ERTE (%) Cp ($/G)) Ccoz (kg/MWh)
42.27 20.13 6.7
Important results
Thydrogen (Kg/S) Tipreshwater (K8/S) Whet (kW)
0.0266 3.11 3854

Table 7

The comparison of techno-economic-environmental indicators at TOPSIS point.
System ERTE (%) LCoE ($/kWh) &coz (kg/MWh)
Present model 42.27 72.64 6.7
Bet Sarkis and Zare [37] 36.91 79.34 620
Alirahmi et al. [38] 26.7 35.8 400

600

500

400

300

Rank

200

100

NSGA-II

MOPSO MOGWO

Fig. 11. The ranking of optimum points for each algorithm based on TOP-
SIS criteria.

the increment in potable water generation rate. According to Fig. 9(a),
for both systems, when the number of effects increases from 3 to 9, the
product energy costs increase by about 0.5 $/GJ and then rise consid-
erably (more than 7 $/GJ), which is unfavorable. This is defensible
because the increment of the total cost rate (the numerator of Eq. (46)),
as a function of the number of effects, is higher than the rise of the net
exergy produced (denominator of Eq. (46)). Fig. 9 also indicates that the
net power produced remains constant by varying the number of effects.
More MED effects lead to an upper rate of useful exergy; hence, based on
Eq. (48), a lower levelized CO, emission is achieved, as illustrated in
Fig. 9(b). The simultaneous increase in the product energy cost, which is
unfavorable, and the exergy round trip efficiency, which is favorable,
clarifies the worth of multi-criteria optimization trying to satisfy both
conflictive objectives.

After performing a complete comparative techno-economic-
environmental assessment, the proposed system equipped with a TEG
unit and an innovative method of greenhouse gas emission reduction is
shown to be the superior option compared to the conventional model,
due to the higher power produced and considerable lower levelized CO4
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emission and lower product energy cost. Below, three optimization al-
gorithms are applied to the proposed system to find the best operating
condition. Then, the feasibility of the proposed system under the opti-
mum design parameters extracted by the best algorithm is examined for
Sevilla.

4.3. Optimization results

Multi-objective optimization based on different algorithms is applied
to the proposed system to investigate two significant aims: to compare
the performance of each optimization algorithm and find the best
competent one and reach the most favorable operating condition. For
this, Fig. 10 illustrates the Pareto frontier diagram of ERTE, product unit
cost, and levelized CO5 emission applying NSGA-II, MOPSO, and
MOGWO algorithms. As shown, the results of the three optimization
algorithms are somewhat analogous to each other. However, the opti-
mum points extracted by the NSGA-II (see Fig. 10(a)) are distributed in a
more limited domain than the other methods. According to Fig. 10, each
curve comprises many optimum points prioritized based on the policy of
decision-makers. Because the ideal point, having the maximum ERTE
and minimum product unit cost and minimum levelized CO, emission
simultaneously, is not on the curve, decision criteria must be imple-
mented to find the best optimization point. Among the different tools,
TOPSIS, as a multiple attribute decision-making technique, would be a
promising option that ranks the optimum points based on their distance
from the ideal solution (shortest distance) and negative-ideal solution
(farthest distance). Fig. 10(d) depicts the Pareto frontier diagrams of
NSGA-II, MOPSO, and MOGWO to compare the optimization results
better. According to the figure, the best TOPSIS point with the highest
ERTE and lowest product cost and CO, emission simultaneously alludes
to the MOGWO algorithm.

Table 6 indicates the detailed Pareto frontier information, containing
the optimum values of objectives and main operational parameters at
the TOPSIS point. According to the table, the optimum values of ERTE,
product energy cost, and levelized CO, emission are 42.27%, 20.13
$/GJ, and 0.0067 kg/kWh, respectively.

Table 7 compares ETRE, product unit cost, and levelized CO3 emis-
sion obtained by the present system at TOPSIS point against two similar
works in the literature. According to Table 7, the proposed multi-
generation system is superior to the reference [37] due to lower
613.3 kg/MWh CO5 emission and 6.7 $/kWh levelized cost of electricity
and simultaneously higher exergy efficiency of 5.36%. Table 7 further
indicates that despite a higher electricity cost, the present model is su-
perior to the system studied in the reference [38] because of lower CO,
emission and higher exergy efficiency of 393.3 kg/MWh and 15.57%,
which are considerable. However, there are a couple of limitations in
such systems that prevent exergy efficiency increment while reducing
the cost and CO5 emission to the desired values obtained by optimiza-
tion. The first limit is solar availability and the high rate of heat loss — the
low energy conversion rate — in the solar system. Next is the domain of
decision parameters that cannot be increased/decreased up to a certain
value. For instance, the increment of combustion chamber temperature
is restricted due to material limitations, or at high turbine inlet pressure
values, the superheat fluid cannot be produced.

The contribution of each algorithm from the optimum points based
on the TOPSIS criteria is demonstrated in Fig. 11 to more effectively
compare the performance of optimization methods. According to the
figure, MOGWO presents the best performance because it has a broader
surface for lower-ranking points. The thin surface of NSGA-II reveals
that it does not work well compared to MOPSO and MOGWO approaches
despite wide-ranging applications in optimizing energy systems.

The last but not least significant optimization result is the scatter
distribution of main operational parameters to illustrate the distribution
of optimum points across the population size, as shown in Fig. 12. Ac-
cording to Fig. 12(a) and 12(c), the compressor pressure ratio and the
number of heliostat fields are insensitive parameters because their
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field, d) receiver temperature, e) Turbine 1 inlet pressure, and f) Turbine 2 inlet pressure.
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Fig. 15. Hourly variation of ambient temperature for Sevilla.

optimum points are scattered in the entire domain. Moreover, Fig. 12(b)
shows that the combustion temperature should be kept at less than 1300
K in order to reach the best techno-economic-environmental condition.
Fig. 12(d) and Fig. 12(e) indicate that since the majority of optimum
points are adjacent to the lowest and highest domains, the receiver
temperature and Steam Turbine 1 inlet pressure are effective parame-
ters, and their variation will change the system’s performance. Finally,
Fig. 12(f) demonstrates that the optimum points of Steam Turbine 2 inlet
pressure are dispersed between 3000 kPa and 4000 kPa, while most are
close to the upper bound.

After conducting a throughout optimization, the detailed results of
exergy evaluation in the form of the Sankey diagram are demonstrated
at the TOPSIS point, as shown in Fig. 13. According to the second law of
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thermodynamics, chemical reaction, mixing, and higher temperature
differences between the hot/cold streams lead to a higher exergy
destruction rate (irreversibility). The figure indicates that the solar
system with an exergy destruction rate of 5941 kW (around 60% of
destructions) is the main component of irreversibility due to the high-
temperature difference between the sun and working fluid. After that,
the highest destruction rate corresponds to evaporator 1 with 1703 kW.
The figure further reveals that the combustion chamber is another
deficient device from the quality of energy conversion facet, with the
third-highest destruction rate of 231 kW. This is rational due to the
mixing inlet fluids and the high-temperature difference between the
combustion products and reactants. According to the figure, the high
exergy value of the gas turbine outlet stream (1639 kW) shows that the
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Fig. 16. Calculated values of monthly (a) produced hydrogen mass flow rate
and (b) levelized CO, emissions for Sevilla, Spain.

flue gas condensation process, as a passive performance enhancement
approach, is of great significance for exploiting the waste energy for
other uses. It can also be observed that the pump with zero exergy
destruction is the highest quality component from the irreversibility
point of view since there is no chemical reaction and mixing of the fluids.
In this component, the only source of irreversibility is the negligible
temperature difference between outlet and inlet fluids. Finally, the
figure reveals that by adding Rankine Cycle 2 and the MED unit in the
bottom cycle, the value of exergy loss decreases more than 53.2%, which
is considerable.

5. Case study

After detecting the superiority of the proposed innovative system, its
practicability was examined considering the case of Sevilla, Spain, based
on the real ambient data and optimum values attained in the previous
section. The hourly and monthly variation of direct normal irradiance
(DNI), as a required input data to fulfill the simulation, is depicted in
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Fig. 14. According to the figure, the highest solar radiation can be ob-
tained in July, where the maximum DNI reaches up to 919.8 W/m? at
2p.m. However, the minimum radiation corresponds to December due to
the lowest solar availability. Moreover, the hourly variation of ambient
temperature, which is another prerequisite data, is demonstrated in
Fig. 15. Based on the figure, the local temperature increases from winter
to summer and then falls. In this regard, while the maximum ambient
temperature is 316.31 K at the 4841st hour of the year, the minimum
temperature of 274.43 is obtained at the 345th hour.

Fig. 16 illustrates the monthly variation of the produced hydrogen
mass rate, along with the levelized carbon dioxide emitted to the at-
mosphere, to better indicate the influence of ambient conditions on the
performance of the proposed system. By increasing the solar radiation
from winter to summer, higher heat is received by the collector’s
working fluid. Thus, the rate of energy transferred to the VCl cycle and
then the hydrogen production rate will increase, as shown in Fig. 16.
According to the figure, the highest and lowest monthly hydrogen pro-
ductions are 78.19 kg/h and 12.83 kg/h in July and December. Higher
solar availability leads to a lower natural gas required to provide the gas
turbine power demand; therefore, the monthly CO, emission reduces
from winter to summer. What stands out from the figure is that the
minimum CO, emission of 0.026 kg/kWh and 0.028 kg/kWh is obtained
in July and June, respectively. In contrast, the levelized emission rises to
0.129 kg/kWh and 0.122 kg/kWh in December and January. Comparing
monthly levelized CO, emitted by the present model against the similar
work in the literature [39] indicates that the present study is a promising
system from an environmental standpoint. According to the results ob-
tained by Farrokhi et al. [39], the lowest and highest monthly emissions
are 0.085 kg/kWh and 0.17 kg/kWh, respectively, which are 0.059 kg/
kWh and 0.041 kg/kWh higher than the corresponding values of the
present model.

6. Conclusion

The present study introduced an innovative green and cost-effective
multi-generation system consisting of the CRCS, VCl thermochemical
cycle, TEG, and the MED unit to obtain a lower emission and higher
power production. The performance of the suggested system was studied
and compared against the configuration driven by the natural gas and
equipped with a condenser from thermodynamic, exergoeconomic,
sustainability, and environmental points of view. The comparison was
conducted through a parametric study that evaluated the effect of the
main operational variables on power produced, ERTE, product energy
cost, sustainability index, and levelized CO2 emission. Next, multi-
objective optimization based on three algorithms — NSGA-II, MOPSO,
and MOGWO - was implemented to the superior model to determine the
most competent method and attain the best operating condition ac-
cording to the TOPSIS criteria. Finally, the performance of the superior
model under the optimum decision parameters was investigated
considering the case of Sevilla. The significant findings of the techno-
economic-environmental parametric comparison are as follows:

e The suggested model equipped with a novel greenhouse gas emission
reduction technique is superior to the methane-driven system in
terms of economic and environmental aspects due to the lower
product unit cost and lower levelized carbon dioxide emission.

e Higher power production reveals that, in addition to the cost-
effectiveness and environmental friendliness, integrating the pro-
posed novel configuration with the thermoelectric generator is a
promising option from a performance standpoint.

o A higher compressor pressure ratio and lower combustion tempera-
ture lead to a considerably higher sustainability index. However,
unfavorable economic conditions are achieved due to the increased
product energy cost.

The main optimization results are summarized as follows:
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Based on the TOPSIS, the MOGWO algorithm is the most competent
multi-objective optimization approach with the highest ERTE and
lowest product cost and CO; emission simultaneously. Despite
widespread application, the worst option is NSGA-II because of the
lowest share in high-ranking points.

Multi-objective optimization of the proposed model based on the
grey wolf algorithm results in 2.5% higher ERTE, 1 $/GJ lower
product energy cost, and 0.12 kg/kWh lower levelized CO, emission
compared to the operating condition.

According to the scatter distribution of main operational parameters,
pressure ratio and the number of heliostats are not sensitive pa-
rameters. However, the receiver temperature and steam turbine inlet
pressure should be kept at their lowest and highest ranges,
respectively.

From the Sankey diagram, it can be observed that the CRCS system is
the worst component from an irreversibility viewpoint because of the
highest exergy destruction rate of 5941 kW, which is equal to 60% of
destructions.

The main findings of transient analysis could be outlined as follows:

The proposed innovative system is a feasible green solution, espe-
cially in warmer climates, to make a large jump toward decarbon-
ization and higher penetration of renewable energy in the global
energy matrix.

By rising the solar radiation from cold to hot months, the rate of
hydrogen produced increases dramatically (more than 500 %
increment). Also, the levelized CO2 emission reduces from 0.129 kg/
kWh to 0.026 kg/kWh due to lower methane consumption.

Finally, some recommendations for future extensions of the current

study are as follows:

To carry out the advanced exergy or exergo-environmental assess-
ments to compare each model’s from the quality of energy conver-
sion in further detail.

To introduce/develop a novel/modified algorithm, like the drag-
onfly, to improve optimization performance and overcome the
shortcomings of existing approaches.

To apply four-objective optimization to the proposed system to find
the best operational condition considering more than three conflic-
tive objectives simultaneously.

To compare the proposed system’s performance with other possible
renewable-driven scenarios, for instance, a wind turbine integrated
with a proton exchange membrane unit for electricity and hydrogen
production.
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Appendix A

The equipment’s purchased cost is tabulated in Table A1 to accom-

plish the economic assessment.

Table Al

The

purchased cost correlation for each component [6,18,28].

Component

Purchased cost ($)

Air compressor

Gas turbine
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Pump Zom = 3540Wpy" "

Evaporator

Heat exchanger

Solar receiver
Solar heliostat

Q 08
Zn =2 _XE
5 =276 ( 4.39AT1")
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i
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Appendix B

The standard chemical exergy of gas components used in the present

study are listed in Table B1.

Table B1
Standard chemical exergy of gaseous components
[40].
Component ¢ (kJ/mol)
[0} 3.97
N2 0.72
H, 236.09
CH4 831.2
H;0 9.5
Cl, 123.6
HCl 84.5
CO» 19.48
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