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A B S T R A C T   

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.   

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, 

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 
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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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 

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 

Nomenclature 

b Width of PVT collector (m) 
c Cost per unit exergy ($/GJ) 
Ċ Cost rate ($/h) 
D Membrane thickness (μm) 
E Reversible potential (V) 
Eact,a The activation energy of anode (kJ/mol) 
Ė Exergy rate (kW) 
f Exergoeconomic factor 
F Faraday constant (C/mol) 
hp1G Penalty factor due to the presence of solar cell material, 

glass, and EVA for glass-to-glass PVT system 
hp2G Penalty factor due to the presence of an interface between 

glass and working fluid through the absorber plate for 
glass-to-glass PVT system 

İ Solar radiation intensity (kW/m2) 
Jref

a Pre-exponential factor of anode (A/m2) 
Jref

c The pre-exponential factor of the cathode (A/m2) 
L Length of PVT collector (m) 
LOCP Levelized overall cost of products 
ṁ Mass flow rate (kg/s) 
N Number of cells in PEM electrolyzer 
P Pressure (kPa) 
rp Pressure ratio 
Q̇ Heat rate (kW) 
T Temperature (K) 
UL Overall heat transfer coefficient from solar cell to ambient 

through top and back surface of insulation (W/m2 K) 
Ẇ Power (kW) 
Ż Investment cost rate ($/h) 
Zk Investment cost of component k ($) 

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 
αb Absorptivity of the black surface 
αc Absorptivity of solar cell 
βc Packing factor of solar cell 
ηis Isentropic efficiency 
σ (x) Local ionic PEM conductivity (S/m) 
σ PEM Proton conductivity in PEM (S/m) 
τg Transmissivity of glass 
λa Water content at anode-membrane interface 
λc 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  
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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 CO2 
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 CO2 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. 

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]. 
∑

ṁin −
∑

ṁout = 0 (1)  

Q̇ − Ẇ =
∑

(ṁh)in −
∑

(ṁh)out (2)  

Ėxheat − Ẇ =
∑

(ṁex)in −
∑

(ṁex)out + Ėxdest (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 + CO2 2CO                                                                                 (4)  

C + H2O CO + H2                                                                          (5)  

C + 2H2 CH4                                                                                  (6)  

CO + H2O CO2 + H2                                                                      (7) 

For methane formation, the equilibrium constant is [46]: 

K1 =
PCH4

(PH2 )
2 (8) 

while that for the shift reaction is [46]: 

K2 =
PCO2 PH2

PCOPH2O
(9) 

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

CXHYOZ + wh2O + m(O2 + 3.76N2) n1H2 + n2CO + n3CO2 + n4H2O +
n5CH4+ n6N2                                                                                (10) 
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The molar amounts of water and oxygen per kmol of biomass are 
denoted by w and m, respectively, in Eq. (10). The primary constituents 
of biomass are carbon, hydrogen, and oxygen. According to Zainal et al. 
[46], wood has a higher heating value (HHV) of 449,568 kJ/kmol and 
composition of CH1.44O0.66, and wood is considered to be the selected 
biomass. MC denotes the moisture content per mole of wood, expressible 
as follows [46]: 

MC=
18w

24 + 18w
(11) 

Therefore, 

w=
24MC

18(1 − MC)
(12) 

Since MC is taken to be constant, w is considered to be fixed. We can 
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. 
(8) and the shift reaction Eq. (9), respectively [46]: 

K1 =
n5

(n1)
2 (13a) 

and 

K2 =
n3n1

n2n4
(14a) 

complete combustion reaction in the CC is as follows [46]: 

Fig. 1. Schematic of BCPVHR system.  

Table 1 
List of key parameters.  

Parameter Value 

Gas turbine 
GTIT 1400 K 
Tg 1073 K 
T6 800 K 
AC rp 10 
ηis,AC 0.87 
ηis,GT 0.89 
SCO2 cycle 
T15 700 K 
T19, T21, and T29 298 K 
P10 11000 kPa 
Maximum CO2 pressure at Bryton cycle 2000 kPa 
Minimum CO2 pressure at Bryton cycle 7400 kPa 
Ɛ HTR & LTR 0.86 
ηis, C1,C2,REC 0.89 
ηis,T,CO2 0.9 
ORC cycle 
T23 500 K 
Maximum R365fmc pressure 5000 kPa 
Minimum R365fmc pressure 101.3 kPa 
ηis,ST 0.9 
ηis,Pu 0.8 
Ɛ Reg 0.86 
RO unit 
Twater in RO unit 298 K 
ηis,FPu,HHPu,BPu 0.767 
ηis,Pelton 0.79  

Table 2 
Input parameters for PVT system [42].  

Parameter Value Parameter Value or expression 

βc 0.83 αb 0.90 
τg 0.95 αc 0.85 
UL (W/m2K) 4.71 Tsun (K) 4500 
hP2G 0.1890 İ (kW/m2) 1 
hP1G 0.9782 b L (i.e., b = L)  

Table 3 
Input parameters for PEM electrolyzer [43,44].  

Parameter Value Parameter Value 

TPEM (K) 353 D (μm) 50 
Jref

a ( A/m2) 1.7 × 105 λa 14 

Jref
c ( A/m2) 4.6 × 103 λc 10 

F (C/mol) 96486 Eact,a (kJ/mol) 76 
APEM (m2) 0.0232 N 785  
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n1H2 + n2CO+ n3CO2 + n4H2O+ n5CH4 + n6N2

+ nAir (O2 + 3.76 N2)→ n7CO2 + n8H2O+ n9O2 + (n6 + 3.76nair)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]: 

(ṁys)33 =(ṁy)34 + (ṁys)35 (16a)  

(ṁys)36 =(ṁy)37 + (ṁys)39 (17a)  

(ṁys)38 =(ṁy)38 + (ṁys)34 (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 (To) 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. Ėxdi represents the destruction 
of exergy in the i device [48]. 

Ėxdi =
∑

(

1 −
To

T

)

Q̇i − Ẇ i +
∑

Ėxin −
∑

Ėxout (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]. 

Y∗
k =

ĖxD,k

ĖxD,total
(14b) 

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 (Ċ) 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]. 

Ċq,k +
∑

Ċi,k + Żk = Ċw,k +
∑

Ċe,k (15b)  

Ċ= c • Ėx (16b) 

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

Table 4 
Governing energy equations of the system.  

Component Energy balance equation 

Gas Turbine 
Gas Compressor (GC) ẆGC = ṁ1(h2 − h1)

Gas Turbine (GT) ẆGT = ṁ3(h3 − h4)

Heat exchanger 1 (HE1) Ḣ2 + Ḣ5 = Ḣ3 + Ḣ6 

Combustion chamber (CC) (hair + λhfuel − (1 + λ)hprod = 0 
RO 
Feed pump (Fpu) 

ẆFpu =
V̇31 • ΔP

μFpu 

High-pressure pump (HPpu) 
ẆHPpu =

V̇32 • ΔP
μHPpu 

Boost pump (Bpu) 
ẆBpu =

V̇35 • ΔP
μBpu 

Pelton Turbine (PT) ẆPT = ṁ39(h39 − h40)

R365MFC cycle 
Pump (Pu) ẆPu = ṁ25(h26 − h25)

Condenser (Cond) Q̇Cond = ṁ27(h27 − h25), Q̇Cond = ṁ29(h30 − h29)

Regenerator (Reg) Ḣ24 + Ḣ26 = Ḣ27 + Ḣ28 

S Turbine 2 (ST2) ẆST = ṁ23(h23 − h24)

Heat Exchanger (HE3) Ḣ28 + Ḣ7 = Ḣ23 + Ḣ8 

SCO2 cycle 
HTR h16 − h17 = h14 − h13 

LTR (1 − x)h13 − h12 = h17 − h18 

Pre-cooler 1 (Pre1) Q̇Pre1 = ṁ18(h9 − h18), Q̇pre1 = ṁ20(h20 − h19)

Pre-cooler 2 (Pre2) Q̇Pre2 = ṁ10(h11 − h10), Q̇pre2 = ṁ21(h21 − h22)

Compressor 1 (C1) ẆC1 = ṁ9(h10 − h9)

Compressor 2 (C2) ẆC2 = ṁ11(h12 − h11)

REC ẆREC = ṁ18(h13b − h18)

S Turbine 1 (ST1) ẆST1 = ṁ15(h15 − h16)

Table 5 
Governing exergy equations of the system.  

Component Exergy balance equation 

Gas Turbine 
Gas Compressor (GC) Ė1 + ẆGC = Ė2 + ĖD,GC 

Gas Turbine (GT) Ė3 + ẆGT = Ė4 + ĖD,GT 

Heat exchanger 1 (HE1) Ė2 + Ė5 = Ė3 + Ė6 + ĖD,HE1 

Combustion chamber (CC) Ė43 + Ė4 = Ė5 + ĖD,CC 

RO 
Feed pump (Fpu) Ė31 + ẆFpu = Ė32 + ĖD,Fpu 

High-pressure pump (HPpu) Ė32 + ẆHPpu = Ė33 + ĖD,HPpu 

Boost pump (Bpu) Ė35 + ẆBpu = Ė36 + ĖD,Bpu 

Pelton Turbine (PT) Ė39 = Ė40 + ẆPT + ĖD,PT 

RO – 1 Ė33 = Ė34 + Ė35 + ĖD,RO− 1 

RO – 2 Ė36 = Ė37 + Ė39 + ĖD,RO− 2 

R365fmc cycle 
Pump (Pu) Ė25 + ẆPu = Ė26 + ĖD,Pu 

Condunsor (Cond) Ė27 + Ė29 = Ė25 + Ė30 + ĖD,Cond 

Regenerator (Reg) Ė24 + Ė26 = Ė27 + Ė28 + ĖD,HE3 

S Turbine 2 (ST2) Ė23 = Ė24 + ẆST2 + ĖD,ST2 

Heat Exchanger (HE3) Ė28 + Ė7 = Ė23 + Ė8 + ĖD,HE3 

SCO2 cycle 
HTR Ė16 + Ė13 = Ė14 + Ė17 + ĖD,HTR 

LTR Ė13 + Ė18 = Ė17 + Ė12 + ĖD,LTR 

Pre-cooler 1 (Pre1) Ė18 + Ė20 = Ė9 + Ė19 + ĖD,Pre1 

Pre-cooler 2 (Pre2) Ė10 + Ė21 = Ė11 + Ė22 + ĖD,Pre2 

Compressor 1 (C1) Ė9 + ẆC1 = Ė10 + ĖD,C1 

Compressor 2 (C2) Ė11 + ẆC2 = Ė12 + ĖD,C2 

REC Ė18 + ẆREC = Ė13b + ĖD,REC 

S Turbine 1 (ST1) Ė23 = Ė24 + ẆST2 + ĖD,ST2  
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cost rates as follows [48]: 

Żk = ŻCI
k + ŻOM

k =∅r ×

(
CRF

N × 3600

)

Zk (17b) 

Here, Zk is the cost of purchased equipment related to the kth 
component, ∅r 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]: 

CRF=
i(1 + i)n

(1 + i)n − 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): 

Original cost= cost at refrence year ×
cost index for the original year
cost index for the refrence year

(19) 

Additionally, the exergoeconomic factor (fk) is used to evaluate the 
components in detail. The exergoeconomic factor shows how important 
each component’s non-exergy-related costs (Żk) and costs associated 
with exergy loss and destruction (ĊD,k + ĊL,k) are concerning each other. 

fk =
Żk

Żk + ḊD,k + ĊL,k
(20)  

rk =
cp,k − cF,k

cF,k
(21) 

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 

that make up a PEM electrolyzer. Through the use of electricity, these 
units oxidize the injected water, producing protons and oxygen at the 
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 (ηc), packing factor (βc), and 
transmissivity (τg) of the PVT glass are indicated in this table. The solar 
collector area (A) is measured in square meters. The overall heat transfer 

Table 6 
Exergoeconomic equations of the components in the system.  

Component Cost balance equation Auxiliary equation  

Gas Turbine  
Gas Compressor (GC) Ċ1 + ŻAC = Ċ2 + Ċw,AC c1 = 0 
Gas Turbine (GT) Ċ3 + ŻGT = Ċ4 + Ċw,GT c3 = c4 

Heat exchanger 1 (HE1) Ċ2 + Ċ5 + ŻHE1 = Ċ3 + Ċ6 c5 = c6 

Combustion chamber (CC) Ċ42 + Ċfuel + ŻCC = Ċ43 cfuel = 2  
RO  

Feed pump (Fpu) Ċ31 + Ċw,FPu + ŻFPu = Ċ32 c31 = 0 
High-pressure pump (HPpu) Ċ32 + Ċw,HPPu + ŻHPPu = Ċ33 – 
Boost pump (Bpu) Ċ35 + Ċw,BPu + ŻBPu = Ċ36 – 
Pelton Turbine (PT) Ċ39 = Ċ40 + Ċw,PT + ŻPT – 
RO – 1 Ċ33 + ŻRO 1 = Ċ34 + Ċ35 c34 = c35 

RO – 2 Ċ36 + ŻRO 2 = Ċ37 + Ċ39 c37 = c39  

R365MFC cycle  
Pump (Pu) Ċ25 + Ċw,Pu + ŻPu = Ċ26 – 
Condenser (Cond) Ċ27 + Ċ29 + ŻCond = Ċ25 + Ċ30 c25 = c27 , 

c29 = 0 
Regenerator (Reg) Ċ24 + Ċ26 + ŻReg = Ċ27 + Ċ28 c24 = c27 

S Turbine 2 (ST2) Ċ23 + ŻST2 = Ċ24 + Ċw,ST2 c23 = c24 

Heat Exchanger 3 (HE3) Ċ28 + Ċ7 + ŻHE3 = Ċ23 + Ċ8 c7 = c8  

SCO2 cycle  
Heat exchanger 2 (HE2) Ċ6 + Ċ14 + ŻHE2 = Ċ7 + Ċ15 c7 = c6 

HTR Ċ16 + Ċ13 + ŻHTR = Ċ14 + Ċ17 c16 = c17 

LTR Ċ13 + Ċ18 + ŻLTR = Ċ17 + Ċ12 c18 = c17 

Pre-cooler 1 (Pre1) Ċ18 + Ċ20 + ŻPre1 = Ċ9 + Ċ19 c9 = c18 

Pre-cooler 2 (Pre2) Ċ10 + Ċ21 + ŻPre2 = Ċ11 + Ċ22 c10 = c11 = c21 

Compressor 1 (C1) Ċ9 + Ċw,C1 + ŻC1 = Ċ10 – 
Compressor 2 (C2) Ċ11 + Ċw,C2 + ŻC2 = Ċ12 – 
REC Ċ18 + Ċw,REC + ŻREC = Ċ13b – 
S Turbine 1 (ST1) Ċ15 + ŻST1 = Ċ16 + Ċw,ST1 c16 = c5  

Table 7 
Capital cost equations of the components in the system.  

Component cost rate 

Turbine 1 
ZT1 =

479.34 ˙•m5

0.92 − ηT1
Ln

(
P5

P6

)

(1 + exp(0.036T5 − 54.4))

Compressor 1 
ZC1 =

71.1•ṁ1

0.9 − η283

(
P2

P1

)

Ln
(

P2

P1

)

Compressor 2 
ZC2 =

71.1 ˙•m8b

0.9 − ηC2

(
P3

P8

)

Ln
(

P3

P8

)

HTR, LTR, Pre- 
cooler 

ZHTR,LTR,pre = 2681AHTR,LTR,pre
0.59 

Compressor 
ZC =

( 75 • ṁair

0.9 − ηis,C

)(
Pout

Pin

)

Ln
(

Pout

Pin

)

Combustion 
chamber ZCC = 48.64 • ṁair(gas) • (1 + exp(0.018Tout − 26.4)) •

(
1

0.995 −
Pout

Pin

)

Gas Turbine 
ZGT =

1536 • ṁgas

0.92 − ηis,GT

(
Pout

Pin

)(

1 + exp(0.036Tin − C34))

HE1,2,3 ZHE = 4122 • AHE
0.59 

U = 0.018 kw/(m2K)
Gasifier 

Zgasifire = 1600•
(

ṁdry− biomass

[kg
h

])0.67 

PEM ZPEM = 1000 ẆPEM ($)a 

1PVT ZPVT = 310nxnybLb 

2system (nx = 6 and ny = 6)  

a Costs of the heat exchanger and O2 separator are included. 
b nx and ny are the number of cells in the width (b) and length (L) of the PVT. 

Table 8 
Modeling equations for PEM electrolyzers [44].  

Total obtained energy ΔH = ΔG+ TΔS 

Hydrogen mass flowrate ṄH2,out =
J

2F
= ṄH2O,reacted 

Input electricity Eelectric = JV 
Overall losses V = V0 + Vact,a + Vact,cath + Vohm 

The reversible potential V0 = 1.229 − 8.5× 10− 4(TPEM − 298)
Local ionic conductivity σPEM[λ(x)] = [0.5139λ(x) −

0.326]exp
[
1268

( 1
303

−
1
T

)]

Membrane-electrode water 
content 

λ(x) =
λa − λc

D
x+ λc 

Total Ohmic resistance 
RPEM =

∫D

0

dx
σPEM[λ(x)]

Ohmic overpotential Vohm,PEM = JRPEM 

Activation overpotential 
Vact,i =

RT
F

sinh− 1
(

J
2J0,i

)

, i = a,cath 

Exchange current density 
J0,i = Jref

i exp
(
−

Eact,i

RT

)

, i = a,cath   
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coefficient (UL) 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 αb and αc, respectively. The penalty 
factors hP2G and hP1G 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. Overall 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]. 

Energy efficiency=
Ẇnet,cycle + ṁ46LHVH2

ṁbiomassLHVbiomass + Q̇sun
(34)  

Exergy efficiency=
Ẇnet,cycle + Ė46

Ėbiomass + Ėsun
(35)  

ζ=(ṁCO2 / Ẇnet ) × 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 CO2 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 

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. 

Table 9 
Thermodynamic analysis expressions for PVT system [42].  

Description Parameters 

Power production by PVT 
system 

WPV/T = ηc İβcτg A 

Heat rate of glass-to-glass 
PVT system 

Q̇solar =
ṁairCpair

UL 
[(hP2GZİ)-UL (Tair,in-T0)×

[
1 −

exp
( − bULL

ṁairCpair

)

] 

Z = αbτg
2 (1-βc)+ hP1Gτgβc (αc − ηc) 

The outlet temperature of 
the air 

Tair,output =(T0 +
hP2GZİ

UL
) [1-

1 − exp
( − bULL

ṁairCpair

)

− bULL
ṁairCpair

] 

[ Tair,in

1 − exp
( − bULL

ṁairCpair

)

− bULL
ṁairCpair

⎤

⎦

Energy efficiency of PVT 
system ηPV/T =

Q̇ + ẆPV/T

İbUL   

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  

Fig. 2. Comparison of thermal efficiency of CO2 intercooling cycle vs maximum 
cycle temperature in current study and the reference. 

Fig. 3. Comparison between J-V characteristics of experimental study and 
current model. 

Fig. 4. Comparison between evaporator pressure vs energic efficiency of the 
reference study and current model. 
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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 rp there are 
optimum points for energy and exergy efficiencies. Optimum points are 
around rp = 11.5. The reason for this pattern is due to the impact of rp 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 rp with constant fuel consumption creates the opti
mum point for net generated power. The optimum point for generated 
power equals around rp = 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, rp after 
11.5 has a favorable effect on water production. However, for net 
generated power that is not favorable. So, thorough decisions should be 

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 rp increase is not useful as far as the economic perspective is 
concerned and regarding the environmental index till rp = 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 

Fig. 5. Overall guide chart of the system.  

Fig. 6. Variations of BCPVHR energy and exergy efficiencies, overall generated 
power, produced freshwater, environmental index, and levelized overall cost of 
productions with rp. 

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 

generation system and the RO desalination system, respectively. The 
exergy efficiency of each component in the system is depicted in Fig. 12a 
and b. 

5. Conclusion 

The new power plant for being used partially or completely in sports 

Fig. 8. Variations of BCPVHR energy and exergy efficiencies, overall generated 
power, produced freshwater, environmental index, and levelized overall cost of 
productions with SCO2 cycle turbine inlet temperature. 

Fig. 9. Variation of energy and exergy efficiencies, environmental index, and 
LOCP with gasification temperature. 

Fig. 10. Variation of energy and exergy efficiencies, environmental index, and 
LOCP with air compressor isentropic efficiency. 

Fig. 11. Variation of energy and exergy efficiency with gas turbine and 
compressor isentropic efficiency. 
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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:  

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

✓ 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. 

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. 

Table 11a 
Thermodynamic characteristics of given states (power generation layout).  

State T (K) P 
(kPa) 

Molar 
enthalpy (kJ/ 
kmol) 

Molar 
entropy (kJ/ 
kmol K) 

Ė 
(kW) 

Mass flow 
rate (kg/ 
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 
(C) 

P 
(kPa) 

Enthalpy 
(kJ/kg) 

Entropy (kJ/ 
kg K) 

Ė 
(kW) 

Mass flow 
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  

Fig. 12a. Exergy efficiency of components (main cycle, PVT, PEM, and 
RO unit). 

Fig. 12b. Exergy efficiency of components (bottomin cycles).  
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