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In this article to tackle the main concerns of today’s world as fossil fuel shortage, environmental impacts of fossil
fuels like global warming and atmosphere pollution as well as water scarcity, a novel power plant is designed. In
this regard, the proposed plant comprises of biomass gasification unit, photovoltaic thermal collectors, a proton
exchange membrane hydrogen production unit, as well as a reverse osmosis water purification plant. The plant is
named as (biomass-fired combined cycle with photovoltaic, thermal collectors, hydrogen production, and reverse
osmosis) BCPVHR and to assess its performance, energy, exergy, exergoeconomic, and environmental analyses
are performed. The varying parameters are compressor pressure ratio and gas turbine inlet temperature. These
two parameters’ impact on energy efficiency, exergy efficiency, net generated power, fresh water production,
total unit product cost as well and environmental index are assessed. The results are useful for adjusting the
compressor pressure ratio and gas turbine inlet temperature. Please note that this plant is designed to be used
completely or partially in sports facilities and can be a valuable endeavor for managing sports facilities to use
renewable energy in their construction. Meanwhile, based on the priories of products different values of pa-
rameters can be used. Increasing the compressor pressure ratio raises the total unit product cost and the envi-
ronmental index until 11.5 decreases and later increases. Increasing the gas turbine inlet temperature decreases
the both total unit product cost and environmental index which reach 65 $/GJ and 65 kg/kWh, respectively.

and geothermal power, have emerged as pivotal alternatives to tradi-
tional fossil fuels [4]. The inherent sustainability of renewable sources
stems from their capacity for natural replenishment, offering a perpetual
and environmentally friendly energy solution [4,5]. These sources not

1. Introduction

In contemporary society, the imperative to transition towards sus-
tainable and renewable energy sources has become increasingly pro-
nounced, driven by the urgent need to address environmental concerns
and the detrimental impact of fossil fuels on both human health and the
planet [1]. Renewable energy, characterized by its low environmental
impact and infinite availability, stands as a beacon of hope in mitigating
climate change and fostering a cleaner, healthier future. It is crucial to
be completely aligned with the development of sustainable energy
which empowers vulnerable people, especially in remote areas, offering
them free energy as well as sustainable-based commodities such as clean
water [2,3]. Renewable energy sources, including solar, wind, hydro,
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only reduce greenhouse gas emissions but also diminish dependence on
finite fossil fuel reserves, thereby contributing to a more sustainable and
resilient energy landscape [2]. Further exploration of advanced tech-
nologies, such as energy storage systems and smart grids, ensures the
integration of renewable energy into existing infrastructures [6-8].
Recent developments in materials science, as highlighted by Wang et al.,
present promising avenues for enhancing the efficiency and viability of
solar energy technologies [6,9].

In recent years, the sports industry has embraced the ethos of sus-
tainability, with a growing number of organizations and events adopting
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Nomenclature

b Width of PVT collector (m)

c Cost per unit exergy ($/GJ)

c Cost rate ($/h)

D Membrane thickness (pm)

E Reversible potential (V)

Eucta The activation energy of anode (kJ/mol)

E Exergy rate (kW)

f Exergoeconomic factor

F Faraday constant (C/mol)

hpig Penalty factor due to the presence of solar cell material,
glass, and EVA for glass-to-glass PVT system

hpag Penalty factor due to the presence of an interface between
glass and working fluid through the absorber plate for
glass-to-glass PVT system

I Solar radiation intensity (kW/m?)

Jg Pre-exponential factor of anode (A/m?)

JY The pre-exponential factor of the cathode (A/m?)

L Length of PVT collector (m)

LOCP Levelized overall cost of products

m Mass flow rate (kg/s)

N Number of cells in PEM electrolyzer

P Pressure (kPa)

I, Pressure ratio

Q Heat rate (kW)

T Temperature (K)

UL Overall heat transfer coefficient from solar cell to ambient
through top and back surface of insulation (W/m? K)

w Power (kW)

Z Investment cost rate ($/h)

Zy Investment cost of component k ($)

Abbreviations

AC Air compressor

BCPVHR Plant comprises of biomass gasification unit, photovoltaic
thermal collectors, proton exchange membrane hydrogen
production unit, as well as reverse osmosis water
purification plant

CC Combustion chamber

CRF Capital recovery factor

GT Gas turbine

GTIT Gas turbine inlet temperature
LCOP Levelized overall cost of products
ORC organic Rankine cycle

PEM Proton Exchange Membrane

PVT Thermal photovoltaic

RO Reverse osmosis

Greek letters

ap Absorptivity of the black surface

ac Absorptivity of solar cell

P Packing factor of solar cell

MNis Isentropic efficiency

c (%) Local ionic PEM conductivity (S/m)

G pEM Proton conductivity in PEM (S/m)

Tg Transmissivity of glass

Aa Water content at anode-membrane interface
Ae Water content at the cathode-membrane interface
Subscripts

AC Air compressor

Cond Condenser

g Gasifier

GT Gas turbine

HTR High-temperature recuperator

LTR Low-temperature recuperator

Pu Pump

Reg Regenerator

REC Recuperator

ST Steam turbine

renewable energy solutions [10]. Stadiums and facilities powered by
solar panels, wind turbines, and other green technologies exemplify a
commitment to reducing the environmental footprint of sporting events
[11]. This intersection between sports and renewable energy not only
exemplifies a commitment to environmental stewardship but also serves
as a powerful platform to raise awareness and inspire collective action
[12]. Studies shed light on the positive impact of sustainable practices in
sports on fan engagement and corporate partnerships [13]. The incor-
poration of renewable energy technologies in sports facilities contrib-
utes to creating more sustainable and eco-friendly sporting
environments [10-16]. In this context, examining the integration of
renewable energy in the sports sector becomes not only an environ-
mental imperative, but also a catalyst for promoting sustainable prac-
tices and fostering a global commitment to a cleaner, healthier future
[15,17-19].

Biomass gasification stands as a prominent and versatile technology
in the realm of sustainable energy, offering a pathway to harness
renewable energy from organic sources [3,20,21]. The integration of
biomass gasification into energy systems contributes to the diversifica-
tion of renewable energy sources [22,23], aiding in the reduction of
greenhouse gas emissions and mitigating climate change [24]. Recent
advancements in gasification technologies, such as fluidized bed re-
actors and downdraft gasifiers, have improved efficiency and expanded
the range of biomass feedstock applicable for gasification [23,25,26].
Additionally, the coupling of biomass gasification with other clean en-
ergy technologies, like combined heat and power systems and advanced
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gas cleaning methods, further enhances its viability in sustainable en-
ergy systems [24]. As the global focus intensifies on achieving a tran-
sition to low-carbon energy, biomass gasification emerges as a pivotal
player in shaping a resilient and eco-friendly energy landscape [25].

Proton Exchange Membrane (PEM) electrolyzers have gained
prominence as efficient and environmentally friendly devices for
hydrogen production through water electrolysis [27,28]. This technol-
ogy holds promise for scalable and clean hydrogen generation, playing a
vital role in the advancement of the hydrogen economy [29]. Recent
research has focused on enhancing PEM electrolyzer performance
through advancements in catalyst materials, membrane technologies,
and system integration. Studies delve into novel catalyst designs, while
advancements in membrane technology [30]. Additionally, studies
highlight the integration of PEM electrolyzers with renewable energy
sources, emphasizing the potential for sustainable hydrogen production
[27,28,31].

Thermal photovoltaic (PVT) systems represent an innovative
approach to solar energy harvesting, combining traditional photovoltaic
technology with thermal energy capture to enhance overall efficiency
[32,33]. These systems utilize the absorbed sunlight not only for elec-
tricity generation but also for the extraction of thermal energy, offering
a dual-purpose solution [34]. The integration of thermal components
aids in cooling the photovoltaic cells, improving their performance and
longevity [35]. Recent research in this field has explored advanced
materials and designs to optimize the synergistic relationship between
photovoltaics and thermal elements [34]. Studies investigate novel
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materials for enhanced thermal management, while some studies delve
into innovative system designs and configurations [36].

Reverse osmosis (RO) stands as a pivotal technology in the realm of
desalination and water purification, offering an energy-efficient and
widely adopted solution for producing fresh water from saline or
contaminated water sources [37-39] This process relies on a
semi-permeable membrane to selectively allow water molecules to pass
through while blocking impurities and salts [38]. Recent advancements
in reverse osmosis technology have focused on improving membrane
materials, system efficiency, and sustainability [40]. Studies discuss the
development of high-performance membranes with enhanced rejection
capabilities [37]. Additionally, some studies explore innovative ap-
proaches to improve the energy efficiency of reverse osmosis systems.
The integration of advanced materials, such as graphene oxide, has
enhanced the durability and performance of RO membranes, show-
casing the continuous evolution of reverse osmosis as a crucial tech-
nology for sustainable water management [41].

Based on research data on the realm of renewable energies and
freshwater production it is evident that still there is much room for a
scientist to pursue their studies. To this end, we proposed a cycle that
uses biomass and solar energy as renewable energies. Further, we will
produce hydrogen and fresh water in this novel power plant. This plant
can be used for many purposes, especially in sports facilities, and can
pave the way for sustainable and clean sports facilities. Preheating
gasification agent, by a PVT system, having a flexible energy generation
because of the utilization of both solar and biomass energy with green
hydrogen production, as well as double staged desalination unit make
this system viable and unique. Furthermore, this system can provide
clean water (which the shortage is alarming in some areas) and
hydrogen to be used as a medical commodity (like hydrogen water or for
recovery purposes of athletes) as well as an emergency storable fuel.
Moreover, to simulate this system, we have analyzed it thermodynam-
ically and exergoeconomically to assess its viability and applicability.
Certainly, this will be useful and a great advancement for a better,
abundant, and cleaner future.

2. System description and assumptions
2.1. System description

The six sub-cycles that comprise this proposed system are a water
desalination RO unit, a PEM electrolyzer, a PVT system, and three
power-generating layouts. The other two power-generating bottoming
cycles run on the products of the gas Brayton cycle, which is regarded as
the primary cycle. Preheated air from the PVT system gets injected into
the gasifier in which biomass is converted into syngas and then burned
in the combustion chamber (CC) to power the system. For optimal heat
recovery, product gases also heat R365MFC by HE3 in the ORC and CO»
by HE2 in the intercooling Bryton cycle. The numerous pumps in the
double-staged RO unit get twenty percent of the power produced by the
bottoming cycles. Furthermore, the RO unit uses the power produced by
the Pelton turbine. The PVT system not only heats the air that is injected
into the gasifier but also produces electricity that is exclusively used by
the PEM electrolyzer to produce green hydrogen.

The first bottoming cycle is a supercritical CO, recompression with
an intercooler which benefits from two heat recovery units. This power
cycle is an efficient and practical layout that works in a suitable tem-
perature range of exiting hot gases from HE1. The second bottoming
cycle is regenerative ORC for the maximum heat recovery from exhaust
gases. RO unit is comprised of two desalination filters and three pumps.
These pumps increase the water pressure to the required amount for the
filters to reach the desired level of desalination, the purpose of the
booster pump (bp) is to repressurize the discharged saline to the
required amount for the second stage of desalination. After the second
stage water has a notable pressure which is utilized to run a Pelton
turbine for maximum efficiency.
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To save solar energy, we have allocated all the generated energy by
the PVT unit to the PEM electrolyzer for green hydrogen generation.
Furthermore, this solar-based unit preheats the gasification agent and
increases the gasifier’s exergy efficiency by around 2%. The general
schematic of the suggested system is shown in Fig. 1.

2.2. Assumptions and key parameters

The thermodynamic simulation of the system takes certain pre-
sumptions into account. A few of the power system’s crucial and sig-
nificant parameters are included in Table 1. Tables 2 and 3 also
represent key parameters of the PVT and PEM electrolyzer, respectively.
The ambient temperature and pressure are taken to be 298 K and 101.3
kPa, respectively, and the system operates at a steady state. Further-
more, recuperators, condensers, and heat exchanger heat losses are
disregarded.

3. System modeling
3.1. Thermodynamic modeling and analysis

This section aims to do a thermodynamic analysis by thermody-
namically characterizing the system and its constituent parts. We model
the current system under steady-state conditions, taking into account
the pressure drop across the board and disregarding the potential and
kinetic energy of individual streams. The equilibrium values for mass,
energy, and exergy are expressed in Eq. (1) through (3) [45].

D i — D M =0 m
Q- W=7 (ih), — Y (hh),, 2
EXpoar — W= Z (rhex),, — Z (thex),, + EXgost 3

3.1.1. Gasifire

This thermochemical process of gasification involves the conversion
of biomass into a gaseous mixture, known as syngas, through controlled
partial oxidation. Syngas, primarily composed of carbon monoxide,
hydrogen, and methane, serves as a valuable energy carrier with ap-
plications spanning electricity generation, heat production, and biofuel
synthesis. The equilibrium model states that thermodynamic equilib-
rium should be reached by all gasifier reactions. The pyrolysis products
are meant to burn and reach equilibrium in the reduction zone before
they leave the gasifier. In the reduction zone, the following reactions
occur [46]:

C + CO, 2CO “4)
C + H0 CO + H, (5)
C + 2H, CH, (6)
CO + H,0 CO, + Hy 7
For methane formation, the equilibrium constant is [46]:
P
1= CH42 (8)
(PHz)
while that for the shift reaction is [46]:
Pco,Ph,
K, =2t 9
> PcoPro )

According to Zainal et al. [46], the overall gasification reaction for
the downdraft gasifiers can be written as:

CxHyOz + why;0 + m(O; + 3.76N5) njH, + n,CO + n3CO; + ngH,0 +
nsCHy+ ngN> (10)
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Fig. 1. Schematic of BCPVHR system.

Table 1 Table 3
List of key parameters. Input parameters for PEM electrolyzer [43,44].

Parameter Value Parameter Value Parameter Value

Gas turbine Tpem (K) 353 D (pm) 50

GTIT 1400 K T ( A/m?) 1.7 x 10° a 14

?g 1073KK J9( A/m?) 4.6 x 10° e 10

v 800 F (C/mol) 96486 Eqera (kJ/mol) 76

Crp 10 Ay (M) 0.0232 N 785

nis,AC 0.87

1is,GT 0.89

SCO; cycle .

Trs 700 K The molar amounts of water and oxygen per kmol of biomass are

Tyo, Ta1, and Tao 208 K denoted by w and m, respectively, in Eq. (10). The primary constituents

P1o 11000 kPa of biomass are carbon, hydrogen, and oxygen. According to Zainal et al.

Maximum CO, pressure at Bryton cycle 2000 kPa [46], wood has a higher heating value (HHV) of 449,568 kJ/kmol and

ghmm“m CO» pressure at Bryton cycle (7)‘;060 kPa composition of CHj 4400 66, and wood is considered to be the selected

ni:, ﬂélngLETREC 0.89 biomass. MC denotes the moisture content per mole of wood, expressible

nis,T,CO2 0.9 as follows [46]:

ORC cycle 18

Tas 500 K - an

Maximum R365fmc pressure 5000 kPa 24 + 18w

Minimum R365fmc pressure 101.3 kPa Theref

nis, ST 0.9 erefore,

nis,Pu 0.8 24MC

€ Reg 0.86 W= 12)

RO unit 18(1 — MC)

Twater in RO unit 298 K . . . . .

1iS.FPu,HHPu,BPU 0767 Slnc.e MCis takf31'1 tc.) be constant, w is considered to be fixed. We can

nis,Pelton 0.79 determine the equilibrium constant values for methane generation and
water-gas shift reactions by getting the values of the biofuel coefficient.
The following equilibrium constants apply to methane generation Eq.

Table 2 (8) and the shift reaction Eq. (9), respectively [46]:

Input parameters for PVT system [42].

Parameter Value Parameter Value or expression
Be 0.83 oy 0.90

T 0.95 o 0.85

UL, (W/m?K) 4.71 Toun (K) 4500

hpag 0.1890 I (kW/m?) 1

hpig 0.9782 b L(.e,b=L)

1510

Ky =—2, (13a)
(m)
and
K, =22 (14a)
Nnony

complete combustion reaction in the CC is as follows [46]:
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n; Hz + IlzCO + 113C02 + 1'14H20 + I15CH4 + 1'16N2
+ Najr (02 +3.76 Nz) d 1'17C02 + l’lgHzO + 1'1902 + (nﬁ + 3.76nai,.)N2
(15a)

Extra information about the gasification process can be found in
studies done by Zainal et al. [46] and Soltani et al. [47].

3.1.2. Reverse osmosis unit

The reverse osmosis module increases the pressure in the FPP and
High-Pressure Pump (HPP) to convert saltwater into freshwater.
Furthermore, a Pelton turbine provides a portion of the energy needed
for the BPP. Using this energy, the pressure of the saline water that RO-1
releases is increased, allowing RO-2 to repeat the desalination process.
The related equations of mass balance rate are [28]:

(r'nys)33 = (rhy)34 + (m)’.v)ss (16a)
(1y; )36 = ()37 + ()59 (172)
(1, )55 = (1hy) 55 + (1Y), (18a)

Energy balance equations of the power generation system plus RO
desalination unit are brought in Table 4.

3.2. Exergy equations

Exergy analysis is based on combining the equations controlling
mass and energy balances with the concepts of the second law of ther-
modynamics. The formula for the exergy balance equation that is given
emphasizes the importance of the boundary temperature (T) and the
dead state temperature (T,) in figuring out how quickly available energy
dissipates inside a device. Furthermore, the rate of exergy linked with
inflow or outflow from the device is represented by > Ex, highlighting
the comprehensive nature of the analysis. Exy; represents the destruction
of exergy in the i device [48].

Table 4
Governing energy equations of the system.

Component Energy balance equation

Gas Turbine

International Journal of Hydrogen Energy 59 (2024) 1507-1517

Exg = Z(l - %) Qi — W+ ZExin - ZExoul (13b)

Dissipation of accessible energy in a system is closely related to en-
tropy formation, where measurement of chemical and physical exergies
at the component level becomes critical. As some components—like
air—have constant compositions and so require little chemical energy,
Reverse Osmosis cycles with their changing compositions require
particular formulas (see Table 5). Equation (14) provides more infor-
mation about how each component contributes to the total amount of
energy that is wasted [48].

EXD.k

v (14b)

ExD,lolal
Exergy balance equations of the power generation system plus RO
desalination unit are brought in Table 5.

3.3. Exergoeconomic analysis

The texts offered explore how exergetic and economic principles
might be combined for system assessment, leading to the development of
the exergoeconomic concept—which aims to minimize total cost as well
as exergy loss. Using Eq. (15), which states that the cost rate of input
exergy plus the component’s investment cost rate equals the cost rate of
output exergy, the evaluation’s first section presents the cost equilib-
rium for the kth component. The approach calculates the cost rate of
each stream (C) by using a correlation constant called the average cost
per unit of exergy (c). Table 6 provides comprehensive information
about the auxiliary equations and cost balances required for each
component of the system [48].

Cq.k + Z Cix+7Zi = Cw,k + Z Ce,k (15b)
C=ceEx (16b)

Here, Z k is the summation of capital investments and maintenance

Table 5
Governing exergy equations of the system.

Component Exergy balance equation

Gas Turbine

Gas Compressor (GC)

Gas Turbine (GT)

Heat exchanger 1 (HE1)
Combustion chamber (CC)
RO

Feed pump (Fpu)

High-pressure pump (HPpu)

Boost pump (Bpu)

Pelton Turbine (PT)
R365MFC cycle
Pump (Pu)
Condenser (Cond)
Regenerator (Reg)
S Turbine 2 (ST2)
Heat Exchanger (HE3)
SCO2 cycle

HTR

LTR

Pre-cooler 1 (Prel)
Pre-cooler 2 (Pre2)
Compressor 1 (C1)
Compressor 2 (C2)
REC

S Turbine 1 (ST1)

Woe = niy (hy — hy)
War = ms(hs — hq)
Hy+ Hs = H3 + He
(hair + Efuel - (1 + 71)hpmd =0

; V31 ® AP

Wiy =222
Hrpu

. Vsz @ AP

Weppu = Y2087
Huppu

) Vss AP

W = Vss ¢ AL
ﬂBpu

WPT = m39 (h39 - h40)

Wy = itgs (has — has)

Qcond = 27 (M27 — has ), Qoong = Titzo (3o — hzo)

Haq + Ha = Hy7 + Hag
Wsr = titoz (has — haa)
Has + Hy = Has + Hg

hig — hi7 = his — his
(1= x)h13 — h12 = hi7 — hig

Qprer = Mg (hy — ig), Qprer = Mo (hoo — h1g)
Qprez = Mo (h11 — h10), Qprea = M1 (ho1 — h22)

Wear = ritg(hao — ho)
Wez = (hiz — hax)
Were = tug(hasy — his)
Wsn = mus(his — hie)

Gas Compressor (GC)
Gas Turbine (GT)

Heat exchanger 1 (HE1)
Combustion chamber (CC)
RO

Feed pump (Fpu)
High-pressure pump (HPpu)
Boost pump (Bpu)
Pelton Turbine (PT)
RO-1

RO -2

R365fmc cycle

Pump (Pu)

Condunsor (Cond)
Regenerator (Reg)

S Turbine 2 (ST2)

Heat Exchanger (HE3)
SCO; cycle

HTR

LTR

Pre-cooler 1 (Prel)
Pre-cooler 2 (Pre2)
Compressor 1 (C1)
Compressor 2 (C2)

REC

S Turbine 1 (ST1)

Ey + Woe =Bz + Epge
B3+ Weor = Eq+ Epgr

By + Es =B+ E6 + Eppm
B4+ Eq = Es+ Epce

E3 + WFpu =Es + ED.Fpu
Ess + WHPpu =Eg3 + ED.Ha;u
Ess + WBpu = Ess + ED.Bpu
Eso = Eso + Wpr+ Eppr
Es3 = Eas + E3s + Epro-1
Ess = B3y + Eso + Epro-2

Eas + Wpy = Ege + Eppy

Ez7 + Eze = Eas + Eso + Epcona
E24 + Eze = E27 + Ezs + ED.HEs
Ezs = Eaq+ Wsrz + Epsre

Eos + E; = Fps + Bg + ED,HEB

Eig + E13 = Bia+ E17 + Epure
Eis+ Eig = By + Ena+ Epym
Eis + Ezo = Eo + E1o + Epprer
Eio + E21 = E11 + Exo + Epprez
Eo + We1 = Eqo + Epci

En + Weo = Eip + Epca

Eig + Wrec = Exb + Epric
Ezs = Ezq + Werz + Epsr2
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Table 6 Table 7
Exergoeconomic equations of the components in the system. Capital cost equations of the components in the system.

Component Cost balance equation Auxiliary equation Component cost rate

Gas Turbine Turbine 1 479.34eins Ps

R . . . Zn =————Lnl—)(1 0.036Ts — 54.4
Gas Compressor (GC) Ci 4+ Zac = Co+ Cuac ¢ =0 T =092 = 2Tl H<P6 (1 + exp( 5 )
Gas Turbine (GT) Cs+ Zer = Ca+ Cuer C3 =cC4 Compressor 1 Zer = 71.1eriy (&)Ln (12)
Heat exchanger 1 (HE1) Co+ Cs+ Zyp = C3 + Ce cs = Ce 0.9 — 9283 \P; P
Combustion chamber (CC) Caz+ Cpua + Zec = Caz Cpuel =2 Compressor 2 Zeo = % (%) In <f73>

-2 —nl2 \rg 8

RO

. . . . HTR, LTR, Pre- = 0.59
Feed pump (Fpu) Cs1 + Cwrpu + Zppy = C32 ¢z =0 cooler Zimprpre = 2681 AR 118 pre
High-pressure pump (HPpW)  Cs; + Gy pippu + Zuppu = Ca3 - Compressor . ( 75 et \ (Pou) ;- (Pou
Boost pump (Bpu) Css + Cuspu + Zopu = Cas - ¢ =09 10/ \Pu )\ P
Pelton Turbine (PT) C39 = Cao+ Cwpr + Zpr - Combustion )
RO-1 Cs3+ Zro.1 = Csa+ Css C34 = Ca5 chamber Zcc = 48.64 @ Myir(ges) ® (1 + exp(0.018Tyy — 26.4)) ®
RO-2 Cs6 + Zro_2 = Ca7+ Cao €37 = C39

R365MFC cycle 1
Pump (Pu) Cas + Cuwpu+ Zpu = Cas - 0.995 — Pout
Condenser (Cond) Co7 4 Cog + Zcong = Cos + C39 €25 = C27, N . 3Pin

_ Gas Turbi 536 o1 P,

) ) ' ) ) 29 =0 as turblne Zop = 220 @ Mgas. (ﬂ) (1 + exp(0.036Tin — Cs4))
Regenerator (Reg) Ca4 + Co6 + Zpeg = Ca7 + Cas C2q = C27 0.92 — i 6r \ Pin
S Turbine 2 (ST2) Cos + Zsto = Coa + Cust2 Co3 = C24 HEj 23 Zyp = 4122 0 A®>®
Heat Exchanger 3 (HE3) Cag + C7+ Zyps = Coz + Cs ¢ =cg U = 0.018 kw/(m?K)

Gasifier . kgl 067

5C0, cycle o Zyasire = 1600.(mdry biomass h])
Heat exchanger 2 (HE2) Co + Cr4+ Zupz = C7 + Cis c7 =¢p . )

- ; ; ; : — PEM Zpgm = 1000 Wpgy ($)°
HIR Cie+ Cis+Zpyr = Cia+ Ciz C16 = Q17 "
LTR R R . . . cn —c 1PVT Zpyt = 310n,nybL,

c;13 + CIS + ZLTR = ¢17 + Clz 18 = C17 2system (ny — 6 and n, — 6)
Pre-cooler 1 (Prel) Cig + C20 + Zpre1 = Co + C19 Co =C1
Pre-cooler 2 (Pre2) Cio+ Co1 + Zprez =Ci1 + Caz €10 =C11 =C21 @ Costs of the heat exchanger and O, separator are included.
Compressor 1 (C1) Co+ Cuwer + Za1 = Cro - > n,and ny are the number of cells in the width (b) and length (L) of the PVT.
Compressor 2 (C2) Ci1+ Cuca+ Zco = Cra -
REC Cis + Cwrec + Zrec = Cuap - that make up a PEM electrolyzer. Through the use of electricity, these
§ Turbine 1 (ST1) Cis+ Zst1 = Cio+ Cusni 16 =Cs units oxidize the injected water, producing protons and oxygen at the

cost rates as follows [48]:

CRF

N x 3600) Z (17b)

2=7" 472" — g, x (

Here, Zy is the cost of purchased equipment related to the kth
component, &, is the operation and maintenance factor, and CRF is the
capital recovery factor. The expected life cycle (n) and interest rate (i)
are used in the CRF computation in the following ways [48]:

i(1+4)"

CRF =———7—
A+ —1

(18b)

Emphasizing that component costs should be normalized by applying
Eq. (19) to modify them from the reference year to the base year (2023):

cost index for the original year

Original cost = cost at refrence year x

19)

cost index for the refrence year

Additionally, the exergoeconomic factor (fi) is used to evaluate the
components in detail. The exergoeconomic factor shows how important

each component’s non-exergy-related costs (Z;) and costs associated
with exergy loss and destruction (C"D,k + CL7k) are concerning each other.

Z
fi=——— (20)
Zy+Dpy + Cry
= Cpk — CFk @1
CFrk

Exergy balance equations of the power generation system plus RO
desalination unit are brought in Table 6.

Also, the capital cost of each component (Z) is described as follows in
Table 7 [49]:

3.4. PEM electrolyzer

The anode, electrolyte, and cathode are the three main components
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anode and electrons and hydrogen at the cathode. The created hydrogen
is retained in the reservoir and oxygen is discharged [50]. Table 8
contains a collection of equations needed to represent and simulate
these systems. Additional clarifications and broad details regarding PEM
electrolyzers can be found in the research conducted by Ahmadi et al.
[44].

3.5. Thermal photovoltaic system

Hydrogen production is powered by electricity from the PVT system.
Additionally, the PVT system heats the air needed for the gasification of
biomass. Modeling and simulating equations for the TPV system are
shown in Table 9. The solar cell efficiency (1), packing factor (f.), and
transmissivity (tg) of the PVT glass are indicated in this table. The solar
collector area (A) is measured in square meters. The overall heat transfer

Table 8
Modeling equations for PEM electrolyzers [44].

Total obtained energy AH = AG+ TAS

Hydrogen mass flowrate J .
55 = NH20 reacted

2F

Eelectric = JV

V = Vo + Vacta + Vactcath + Vohm

Vo =1.229— 8.5 x 10~*(Tpem — 298)
opem [A(x)] = [0.51394(x) —

NHZ.oul =
Input electricity

Overall losses

The reversible potential
Local ionic conductivity

0.326]exp [1268(% - %)]

Membrane-electrode water
content
Total Ohmic resistance

Ohmic overpotential
Activation overpotential

Exchange current density

M — A
Ax) = %er Ao

D

dx
Reen = O/GPEMWX)]

Vohmpem = JRpEm

RT. ., ( J .
Vacti = ?smh 1 (Fm)tl = a,cath

E .
Joi = Jief exp( - ;{'—f;’) ,i = a,cath
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Table 9
Thermodynamic analysis expressions for PVT system [42].

Description Parameters

Power production by PVT Wy = 516,75 A

system
Heat rate of glass-to-glass - MairCpair ;
PVT system Qutar = " U(ho6Z0)-Us (TarinTo) x [1-
ox ( —bU, L )
P Mair CPair
Z = aptg® (1-B)+ hpiotef. (ac — 1)
The outlet temperature of —bULL
. : 1 —exp ( -
the air T —(Ty + hp2GzI) - MairCPair ]
air,output =40 U, *bULL
MairCPair
—bULL
1 —exp ( L )
[ Turs Mair CPair
A A
MairCPair
Energy efficiency of PVT Q+ Woyr
system feviT = 5 U,

coefficient (Up) from the solar cell to the atmosphere through the top
and back surfaces of the insulation is calculated. The absorptivities of a
black surface and the solar cell are ap, and a, respectively. The penalty
factors hpyg and hp;g are caused by the presence of the interface be-
tween the glass and the working fluid through the absorber plate and the
presence of glass and ethylene-vinyl acetate for the glass-to-glass PVT
system [42].

3.6. Overadll performance and validation

The equations for energy and exergy efficiency of the BCPVHR are in
Eq. (34) and Eq. (35). Meanwhile, the environmental index is shown in
Eq. (36) [51].

Wncl‘cyclc + m46LHVH2

Energy efficiency =— : (€D)]
mbiomassLHVbiumas> + qun
.. Wnel.c cle + E46
Exergy efficiency = ——2= 2 35
& Y Ebiomass + Esun ( )
C;: (mCOZ / Wnel ) x 3600 (kWh) (36

To simulate and adjust the individual parts as well as the system as a
whole, we have employed Engineering Equation Slover (EES). As pre-
viously stated, the suggested downdraft gasifier operates in an equilib-
rium constant, similar to the research done by Zainal et al. [46]. In order
to assess the validation process, we simulated a gasifier using wood as
the biomass. Table 10 shows the outcomes of the validated model
compared to Zainal’s study [46].

The CO; intercooling cycle is validated and utilized by a study done
by Lou et al. [52]. Fig. 2 demonstrates the minor differences between the
current study and the mentioned reference. The maximum amount of
error between the elicited result and the reference is 3% which occurs at
multiple points.

The electrolyzer’s J-V characteristics for the model under evaluation
and the results of the experimental investigation conducted by Ioroi

Table 10
Wood constituent breakdown comparison (in%).

Constituent Present study model Zainal equilibrium model [46]
Hydrogen 18.01 21.06

Carbon monoxide 18.77 19.61

Methane 0.68 0.64

Carbon dioxide 13.84 12.01

Nitrogen 48.7 46.68

Oxygen 0.00 0.00
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Fig. 2. Comparison of thermal efficiency of CO; intercooling cycle vs maximum
cycle temperature in current study and the reference.
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Fig. 3. Comparison between J-V characteristics of experimental study and
current model.

et al. [53] are shown in Fig. 3.

The examined ORC has a regenerative layout which is thoroughly
analyzed by Braimakis and Karellas [54]. Fig. 4 depicts the viability of
the validated data using the mentioned reference.

30 T T T T T
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Fluid > Toluene
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—aA—Reference
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0 I L I 1 I

10 15 20 25 30

Evaperator pressure, [bar]

Fig. 4. Comparison between evaporator pressure vs energic efficiency of the
reference study and current model.
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Fig. 5. Overall guide chart of the system.

Fig. 5 represents a guide chart for validation purposes and is shown
below.

4. Results and discussion
4.1. Parametric study

The proposed system undergoes a parametric study to monitor the
performance of the system based on some of its key parameters.

Variations of BCPVHR energy and exergy efficiencies, overall
generated power, produced freshwater, environmental index, and lev-
elized overall cost of products (LOCP) with compressor pressure ratio
are shown in Fig. 6. As is evident in the figure, by increasing r;, there are
optimum points for energy and exergy efficiencies. Optimum points are
around r, = 11.5. The reason for this pattern is due to the impact of r, on
the amount of power production in the cycle in which the power pro-
duction rate is changed similar to the changes in energy and exergy
efficiency. Hence, the energy and exergy efficiencies are influenced in
this particular way.

Increasing the r, with constant fuel consumption creates the opti-
mum point for net generated power. The optimum point for generated
power equals around r, = 11.5. On the other hand, increasing the
compressor pressure ratio first decreases the freshwater production until
rp = 11.5. Then fresh water production increases. Therefore, r, after
11.5 has a favorable effect on water production. However, for net
generated power that is not favorable. So, thorough decisions should be
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Fig. 6. Variations of BCPVHR energy and exergy efficiencies, overall generated
power, produced freshwater, environmental index, and levelized overall cost of
productions with r,.

made based on the priority of production material. The reason for these
changes is based on the equations which are mentioned in the analysis
section.

Raising the compressor pressure ratio raises the plant LOCP and for
the environmental index, there is an optimum point around 11.5, which
is coincident with optimum points for energy and exergy efficiencies. All
in all, the r;, increase is not useful as far as the economic perspective is
concerned and regarding the environmental index till r, = 11.5, that is
efficient but after that value, it is detrimental to the environment.

Fig. 7 shows the variations of BCPVHR energy and exergy effi-
ciencies, overall generated power, produced freshwater, environmental
index, and LOCP with gas turbine inlet temperature. The trend for en-
ergy and exergy efficiency by GTIT is in an ascending way. With
increasing the GTIT from 1000 K to 1400 K, energy efficiency increases
from 29% to 40%. Meanwhile, by increasing the GTIT from 1000 K to
1400 K, the exergy efficiency of the plant increases in the range of 25%
and 37%. The reason for this change is due to the higher power output of
the gas turbine by higher GTIT.

As GTIT goes up, the net generated power gets higher and freshwater
production decreases. Because the temperature in state 6 is constant,
increasing GTIT lowers the mass flow rate of air therefore less com-
bustion gas is available for the bottoming cycles. As mentioned earlier
desalination unit utilizes a portion of the generated power by the bot-
toming cycles and it decreases freshwater production. Again, to adjust
the required net generated power and fresh water the exact GTIT can be
set.

As that is inferred from the plot, there are straightforward impacts on
LOCP and environmental index as far as GTIT is concerned. Increasing
the GTIT decreases the LOCP and environmental index. Increasing the
gas temperature in the turbine is advantageous in both aspects and so

424 38+ = Exergy efficiency
= Energy efficiency
L ——Zeta

) = Freshwater production|
40 4 Y

r28 4000 035

—=— Generated power
= LOCP.

“ gk 3s00
e 2 F 0.30
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I 3000
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F0.25
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0.8 I- 2500
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Fig. 7. Variations of BCPVHR energy and exergy efficiencies, overall generated
power, produced freshwater, environmental index, and levelized overall cost of
productions with gas turbine inlet temperature.
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should be considered by engineers.

Fig. 8 depicts the variations of BCPVHR energy and exergy effi-
ciencies, overall generated power, produced freshwater, environmental
index, and LOCP with SCO2 Brayton cycle turbine inlet temperature
(STIT). As shown in this figure, increasing the STIT has a positive effect
on energy and exergy efficiencies. By increasing the STIT, the turbine
generates extra power and overshadows the extra consumed power by
compressors in this cycle which results in rising the both efficiencies.

Net generated power and produced freshwater are crucial com-
modities of the presented system, therefore, with the rising trend of
energy and exergy, it is expected that the amount of generated power
and freshwater will increase as the STIT gets higher. According to the
system’s layout, the more power is generated, the more freshwater will
be produced.

With increasing STIT both the total unit product cost and environ-
mental index start to decrease which is a positive aspect for the system.
This trend is predictable based on Fig. 7 as it shows that for a fixed
amount of consumed fuel, the rising amount of net generated power
results in economic and environmental efficiency.

Fig. 9 illustrates the changes gasification temperature causes to the
system’s efficiency, both from energy and exergy perspectives. It also
shows how LOCP and environmental index react to this factor. As shown
in this figure, low temperatures seem more beneficial in all aspects but
these changes are not that significant. However, in most studies, this
temperature is set to 800 °C (1073 K) because of its practicality [46].

Fig. 10 demonstrates the effect of the isentropic efficiency of air
compressor on overall energy and exergy efficiencies, environmental
index, and LOCP. It is evident that increasing the isentropic efficiency of
this component (which is the top power consumer) drastically increases
the overall efficiency of the system. However, it is clear that LOCP is
minimum at around 0.87 which can be determined as an optimum point
for isentropic efficiency. In many cases, the selected component has a
predefined isentropic efficiency which is stated in Table 1 accordingly.

Fig. 11 illustrates the effect of GT isentropic efficiency on energy and
exergy efficiencies, environmental index, and LOCP. As GT is the most
productive component in terms of power generation, changes in isen-
tropic efficiency have a dramatic effect on the system’s efficiency. With
raising the value of isentropic efficiency both efficiencies increase and
the environmental index decreases which are positive effects. However,
in terms of LOCP, there is an optimal point around 0.87 which minimizes
the price of products.

4.2. Case study

Utilizing the preferred and optimal parameters of the present system,
we can monitor the thermodynamic characteristics of each state in the
system as well as the exergy efficiency of each component. Tables 11a
and 11b show the thermodynamic properties of both the power
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generation system and the RO desalination system, respectively. The
exergy efficiency of each component in the system is depicted in Fig. 12a
and b.

SCO, cycle turbine inlet temperature

. - L 5. Conclusion
Fig. 8. Variations of BCPVHR energy and exergy efficiencies, overall generated
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Table 11a

Thermodynamic characteristics of given states (power generation layout).
State T (K) P Molar Molar E Mass flow

(kPa) enthalpy (kJ/ entropy (kJ/ (kW) rate (kg/
kmol) kmol K) s)

1 298 101.3 —4.366 194.3 0 9.219
2 633.6 1165 10012 196.4 2998 9.219
3 1400 1165 35330 222.4 8615 9.219
4 833.5 101.3 16300 225.4 2253 9.219
5 1456 101.3 317.4 245.2 8330 10
6 800 101.3 —22803 224.2 2429 10
7 605.9 101.3 —29106 215.1 1163 10
8 408.4 101.3 —35241 202.9 292.8 10
9 305.2 7630 —8600 —60.54 2421 11.25
10 310.9 9156 —8473 —60.49 2451 11.25
11 305.2 9156 —9839 —64.92 2439 11.25
12 308.7 10987 —-9715 —64.88 2467 11.25
13 337.3 10987 —3829 —46.64 3228 14.06
14 565.9 10987 10163 -13.92 4584 14.06
15 700 10987 17065 —2.982 5748 14.06
16 659.9 7630 15220 —2.67 5128 14.06
17 382.5 7630 1228 —30.25 3283 14.06
18 319.1 7630 —3224 —43.1 3084 14.06
19 298.2 101.3 1890 6.615 0 32.88
20 308.2 101.3 2643 9.099 23.23 32.88
21 298.2 101.3 1890 6.615 0 8.352
22 308.2 101.3 2643 9.099 5.9 8.352
23 500 5000 89185 299 807 8.079
24 395.6 101.3 79083 302.8 193.1 8.079
25 313.3 101.3 37725 175.7 2.957 8.079
26 315.5 5000 38462 176.2 35.59 8.079
27 326.7 101.3 67700 271.3 35.59 8.079
28 368.4 5000 49845 209.5 114.9 8.079
29 298.2 101.3 1890 6.615 0 39.13
30 308.2 101.3 2643 9.099 27.64 39.13

Table 11b

Thermodynamic characteristics of given states (RO desalination unit).

State T P Enthalpy Entropy (kJ/ E Mass flow
(9] (kPa) (kJ/kg) kg K) (kW) rate (kg/s)

31 15 101 59.74 0 20.62 26.72

32 15 320 59.94 0.1819 26.32 26.72

33 15 6230 65.34 5.091 180.1 26.72

34 15 110 63.06 1.917 50.33 14.7

35 15 5940 62.8 3.174 83.31 12.02

36 15 7050 63.79 3.581 96.26 12.02

37 15 110 63.05 1.078 22.37 6.613

38 15 110 59.75 2.995 72.65 21.31

39 15 6850 65.91 2.503 51.94 5.018

40 15 150 59.79 0.9308 19.31 5.018

facilities is proposed. This plant uses a biomass gasification unit to
provide the required fuel in the plant. Meanwhile, solar energy is har-
nessed in this plant via PVT unit and hydrogen is produced as a valuable
energy carrier by PEM. Furthermore, fresh water is produced by reverse
osmosis water purification unit. It is imperative to modify and improve
conventional power plants for a more sustainable layout. The products
can be used in sports facilities. The main varying parameters are
compressor pressure ratio and gas turbine inlet temperature. The pro-
posed BCPVHR plant is analyzed based on energy, exergy, and exer-
goeconomic analyses, and environmental index. The main findings are:

v Increasing the r, leads to the optimum point for energy efficiency,
exergy efficiency, and, environmental index at around r, = 11.5.
Power generation is at maximum while freshwater production is at
its lowest amount for this value.

v Increasing the GTIT, increases the energy and exergy efficiencies and
decreases the both total unit product cost and the environmental
index. Also, it increases the net generated power and decreases the
freshwater production.
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Preheating gasification agent by PVT unit increases the energy effi-
ciency of the system by around 2%. It is obvious that increasing the scale
of the PVT unit improves the preheating process but with economical
drawbacks. It is notable that with 0.5 kmol/s biomass injection and
other constant parameters mentioned in the tables, we were able to
achieve energy and exergy efficiencies, hydrogen and freshwater pro-
duction, power generation, total product cost, and, the environmental
index of 40.6, 36.7, 7.54 kmol/h, 21.3 kg/s, 3675 kW, 64.6 $/GJ, and
0.78 kg/kWh, respectively.

Based on the findings reported in this work the BCPVHR is a valuable
power plant and its features are measured and these findings can be used
by engineers for the construction of sports facilities.



S. Sharafi Laleh et al.

Declaration of competing interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1]
[2]
[3]

[4]
[5]
[6]

[7]

[8]

[91
[10]
[11]
[12]

[13]

[14]

[15]
[16]
[17]
[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Wang Z, et al. Thermal evolution of chemical structure and mechanism of oil sands
bitumen. Energy 2022;244:123190.

Renewables 1. Analysis and forecast to 2026. Paris, France: International Energy
Agency; 2021.

Hu G, et al. Design, analysis and optimization of a hybrid fluid flow
magnetorheological damper based on multiphysics coupling model. Mech Syst
Signal Process 2023;205:110877.

Liu L, Tang Y, Liu D. Investigation of future low-carbon and zero-carbon fuels for
marine engines from the view of thermal efficiency. Energy Rep 2022;8:6150-60.
Yang C, et al. Degradation mechanism and modeling study on reversible solid oxide
cell in dual-mode—a review. Int J Hydrogen Energy 2022;47(89):37895-928.

Li H-M, et al. Combustion characteristics and concentration measurement of ADN-
based liquid propellant with electrical ignition method in a combustion chamber.
Fuel 2023;344:128142.

Tian H, et al. Bi-objective optimization and environmental assessment of SOFC-
based cogeneration system: performance evaluation with various organic fluids.
Process Saf Environ Protect 2023;178:311-30.

Ding J, Somani A. A long-term investment planning model for mixed energy
infrastructure integrated with renewable energy. In: 2010 IEEE green technologies
conference. IEEE; 2010.

Wang X, et al. High performance and stable perovskite solar cells using vanadic
oxide as a dopant for spiro-OMeTAD. J Mater Chem A 2019;7(21):13256-64.
Lyu SO. Unveiling willingness to pay for green stadiums: insights from a choice
experiment. J Clean Prod 2024;434:139985.

Moran-Gamez G, et al. Measuring green practices in sport: development and
validation of a scale. Sustainability 2024;16(2):494.

Sfintes R. Football stadium: an energy-efficient building and a source of renewable
energy for the community. Energy Efficient Building Design; 2020. p. 171-84.
Rachmat B, et al. Concept of computational fluid dynamics and its application in
sport science: bibliometric analysis of modelling thermal comfort in sport Hall.
CFD Lett 2024;16(1):1-21.

Mallen C, Chard C, Sime I. Web communications of environmental sustainability
initiatives at sport facilities hosting major league soccer. J. Mgmt. & Sustainability
2013;3:115.

Widdop P, Anagnostopoulos C, Parnell D. The business of the FIFA world cup.
Routledge, Taylor & Francis Group; 2022.

Chard C, Mallen C. Renewable energy initiatives at Canadian sport stadiums: a
content analysis of web-site communications. Sustainability 2013;5(12):5119-34.
Wanless L, Seifried C, Kellison T. Renewable energy source diffusion in professional
sport facilities. J Sport Manag 2023;1(aop):1-13.

Trendafilova S, et al. Environmental sustainability in sport: current state and future
trends. Global Journal on Advances Pure and Applied Sciences 2014;3(1):9-14.
Artuso P, Santiangeli A. Energy solutions for sports facilities. Int J Hydrogen
Energy 2008;33(12):3182-7.

Abouemara K, et al. The review of power generation from integrated biomass
gasification and solid oxide fuel cells: current status and future directions. Fuel
2024;360:130511.

Chen X, et al. Performance analysis of a novel biomass gasification system coupled
to a coal-fired power plant based on heat and water recovery. Energy Convers
Manag 2024;299:117822.

Perea-Moreno M-A, Samerén-Manzano E, Perea-Moreno A-J. Biomass as renewable
energy: worldwide research trends. Sustainability 2019;11(3):863.

Fu C, et al. Determining the optimal biomass-gasification-based fuel cell
trigeneration system in exergy-based cost and carbon footprint method considering
energy level. Energy Convers Manag 2024;299:117802.

Amjith L, Bavanish B. A review on biomass and wind as renewable energy for
sustainable environment. Chemosphere 2022;293:133579.

Nagqvi SAA, et al. Environmental sustainability and biomass energy consumption
through the lens of pollution Haven hypothesis and renewable energy-
environmental kuznets curve. Renew Energy 2023;212:621-31.

Tahir F, Saeed MA, Ali U. Biomass energy perspective in Pakistan based on
chemical looping gasification for hydrogen production and power generation. Int J
Hydrogen Energy 2023;48(48):18211-32.

1517

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[371

[38]

[39]
[40]
[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

International Journal of Hydrogen Energy 59 (2024) 1507-1517

Baroutaji A., et al. Additive manufacturing for Proton Exchange Membrane (PEM)
hydrogen technologies: merits, challenges, and prospects. Int J Hydrogen Energy
2023; 52 (part A): 561-584.

Wang Y, et al. The multi-scenario projection of cost reduction in hydrogen
production by proton exchange membrane (PEM) water electrolysis in the near
future (2020-2060) of China. Fuel 2023;354:129409.

Folgado FJ, Gonzalez I, Calderén AJ. PEM Electrolyzer Digital Replica based on
internal resistance determination applied to hydrogen energy storage. J Energy
Storage 2024;75:109694.

Wang K, et al. Operando analysis of in-plane heterogeneity for the PEM
electrolyzer cell: mappings of temperature and current density. J Clean Prod 2024:
140586.

Marshall A, et al. Hydrogen production by advanced proton exchange membrane
(PEM) water electrolysers—reduced energy consumption by improved
electrocatalysis. Energy 2007;32(4):431-6.

Al-Waeli AH, et al. A review of photovoltaic thermal systems: achievements and
applications. Int J Energy Res 2021;45(2):1269-308.

Al-Waeli AH, et al. Photovoltaic/Thermal (PV/T) systems: status and future
prospects. Renew Sustain Energy Rev 2017;77:109-30.

Melaibari AA, et al. New design for PVT system with elliptic cooling duct involving
nanofluid in existence of MHD and utilizing TEG. Case Stud Therm Eng 2024;53:
103815.

Gao Y, et al. A comprehensive review of the current status, developments, and
outlooks of heat pipe photovoltaic and photovoltaic/thermal systems. Renewable
Energy; 2023.

Joshi SS, Dhoble AS. Photovoltaic-Thermal systems (PVT): technology review and
future trends. Renew Sustain Energy Rev 2018;92:848-82.

Namin AS, Rostamzadeh H, Nourani P. Thermodynamic and thermoeconomic
analysis of three cascade power plants coupled with RO desalination unit, driven
by a salinity-gradient solar pond. Therm Sci Eng Prog 2020;18:100562.

Xiao T, et al. Integration of desalination and energy conversion in a thermo-
osmotic system using low-grade heat: performance analysis and techno-economic
evaluation. Appl Therm Eng 2023;223:120039.

Greenlee LF, et al. Reverse osmosis desalination: water sources, technology, and
today’s challenges. Water Res 2009;43(9):2317-48.

Chen K, et al. Hydrophilic-hydrophobic bilayer interlayer for high performance
thin-film composite reverse osmosis membranes. J Membr Sci 2024;689:122177.
Beni AN, et al. Membrane properties overview in integrated forward osmosis/
osmotically assisted reverse osmosis systems. Desalination 2024;569:117008.
Moharramian A, et al. Modified exergy and modified exergoeconomic analyses of a
solar based biomass co-fired cycle with hydrogen production. Energy 2019;167:
715-29.

Nami H, Akrami E, Ranjbar F. Hydrogen production using the waste heat of
Benchmark pressurized Molten carbonate fuel cell system via combination of
organic Rankine cycle and proton exchange membrane (PEM) electrolysis. Appl
Therm Eng 2017;114:631-8.

Ahmadi P, Dincer I, Rosen MA. Energy and exergy analyses of hydrogen production
via solar-boosted ocean thermal energy conversion and PEM electrolysis. Int J
Hydrogen Energy 2013;38(4):1795-805.

Dincer I, Rosen MA. Exergy and energy analyses. Exergy; 2013. p. 21-30.

Zainal Z, et al. Prediction of performance of a downdraft gasifier using equilibrium
modeling for different biomass materials. Energy Convers Manag 2001;42(12):
1499-515.

Soltani S, et al. Thermodynamic analyses of an externally fired gas turbine
combined cycle integrated with a biomass gasification plant. Energy Convers
Manag 2013;70:107-15.

Bejan A, Tsatsaronis G, Moran MJ. Thermal design and optimization. John Wiley &
Sons; 1995.

Moharramian A, et al. Conventional and enhanced thermodynamic and
exergoeconomic analyses of a photovoltaic combined cycle with biomass post
firing and hydrogen production. Appl Therm Eng 2019;160:113996.

Falcao D, Pinto A. A review on PEM electrolyzer modelling: guidelines for
beginners. J Clean Prod 2020;261:121184.

Gharamaleki FP, et al. A novel sustainable biomass-fueled cogeneration cycle
integrated with carbon dioxide capture utilizing LNG regasification and green
hydrogen production via PEM electrolysis: thermodynamic assessment. J Clean
Prod 2023;421:138529.

Luo D, Huang D. Thermodynamic and exergoeconomic investigation of various
SCO2 Brayton cycles for next generation nuclear reactors. Energy Convers Manag
2020;209:112649.

Toroi T, et al. Thin film electrocatalyst layer for unitized regenerative polymer
electrolyte fuel cells. J Power Sources 2002;112(2):583-7.

Braimakis K, Karellas S. Energetic optimization of regenerative organic rankine
cycle (ORC) configurations. Energy Convers Manag 2018;159:353-70.


http://refhub.elsevier.com/S0360-3199(24)00561-5/sref1
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref1
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref2
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref2
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref3
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref3
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref3
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref4
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref4
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref5
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref5
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref6
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref6
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref6
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref7
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref7
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref7
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref8
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref8
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref8
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref9
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref9
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref10
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref10
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref11
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref11
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref12
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref12
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref13
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref13
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref13
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref14
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref14
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref14
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref15
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref15
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref16
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref16
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref17
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref17
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref18
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref18
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref19
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref19
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref20
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref20
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref20
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref21
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref21
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref21
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref22
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref22
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref23
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref23
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref23
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref24
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref24
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref25
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref25
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref25
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref26
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref26
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref26
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref28
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref28
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref28
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref29
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref29
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref29
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref30
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref30
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref30
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref31
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref31
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref31
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref32
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref32
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref33
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref33
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref34
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref34
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref34
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref35
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref35
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref35
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref36
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref36
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref37
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref37
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref37
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref38
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref38
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref38
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref39
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref39
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref40
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref40
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref41
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref41
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref42
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref42
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref42
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref43
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref43
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref43
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref43
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref44
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref44
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref44
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref45
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref46
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref46
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref46
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref47
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref47
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref47
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref48
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref48
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref49
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref49
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref49
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref50
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref50
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref51
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref51
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref51
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref51
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref52
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref52
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref52
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref53
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref53
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref54
http://refhub.elsevier.com/S0360-3199(24)00561-5/sref54

	Thermodynamic and exergoeconomic analyses of a novel biomass-fired combined cycle with solar energy and hydrogen and freshw ...
	1 Introduction
	2 System description and assumptions
	2.1 System description
	2.2 Assumptions and key parameters

	3 System modeling
	3.1 Thermodynamic modeling and analysis
	3.1.1 Gasifire
	3.1.2 Reverse osmosis unit

	3.2 Exergy equations
	3.3 Exergoeconomic analysis
	3.4 PEM electrolyzer
	3.5 Thermal photovoltaic system
	3.6 Overall performance and validation

	4 Results and discussion
	4.1 Parametric study
	4.2 Case study

	5 Conclusion
	Declaration of competing interest
	References


