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a b s t r a c t 

In increasingly energy-dependent world, there is a question mark over the viability of fossil fuel resources. To 

tackle this issue, an integrated poly-generation system based on concentrated solar power is proposed to feed in 

the city grid and produce hydrogen as a clean energy carrier. Concerning the COVID-19 outbreak, all countries 

are in dire need of oxygen. Therefore, the produced oxygen in this system can be considered as an added value. 

The introduced scheme applies solar energy to supply thermal energy to a Brayton cycle. Two bottoming Rankine 

cycles are employed to empower a PEM electrolyzer using the residual heat from the gas turbine. The system 

is modelled using the Engineering Equations Solver for a comprehensive thermo-economic analysis. The exergy 

destruction analysis proved a significant loss of exergy by the solar field, illustrating the necessity to address this 

in future research. Afterwards, six design variables were selected and then optimized for the proposed system 

using the NSGA-II. Based on the TOPSIS approach, exergy efficiency, and capital cost rate, the objective functions 

were 22.2% and 272.6 $/h, respectively. Finally, a case study was performed to investigate the impact of solar 

irradiation and ambient temperature on system outputs. 
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. Introduction 

Acid rain and climate change are only a few possible repercussions

f humans’ overreliance on fossil fuels. Supplying around 80% of global

nergy demand, fossil fuels are still the number one energy source de-

pite their environmental impact [1] . However, due to the continuous

ncrease of both demand for energy and consciousness of fossil fuels’

ffects, recently, the viability of sticking to conventional fuels has been

alled into question [ 2 , 3 ]. That is why the comprehensive studies on al-

ernative energies, including design or exergo-economic analysis of hy-

rid systems or the interlink between water and energy, is experiencing

 booming trend [4–6] . Among various ways to exploit the renewable

nergy sources i.e., geothermal [7] , biomass [8] and oceanic energy [9] ,

he usage of a relatively large number of mirrors to concentrate solar en-

rgy on a central tower is a commercially available yet expensive way

o enable us to feed a cycle with super-heated gas. The so-called con-

entrated solar power has been a topic of interest in recent academic re-

earches, such as the work of Muhammad-Bashir et al. [10] who made
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 detailed comparison between a concentrated and non-concentrated

V-based system. Results reported that a concentrated PV system out-

erforms its counterpart by a factor between 1.5 and 3. Recent im-

rovements on concentrated solar power (CSPs) energy systems with

 special emphasis on hybridization, thermodynamic evaluation, and

conomic analysis were discussed by Aboelmaaref et al. [11] . Boukelia

t al. [12] elaborated the main merits and demerits of using dry cool-

ng for a CSP-based plant. The model showed almost 95% reduction in

ater usage by the system at the cost of a significant fall in exergetic

nd energetic yeild. Anvari et al. [13] assessed a system that combined

iomass with CSP. The system consisted of a Brayton and Steam cycle,

ith a total capacity of 13.4 MW. The results signified that integrat-

ng solar power into the biomass system boosted power production by

5% and realized a 25% cut in CO 2 emission. Furthermore, the solar–

iomass combined cycle was found to emit nearly 49% less CO 2 than the

iomass system. According to the intermittent nature of solar power, the

roduced energy needs to be stored for times when it is needed. There-

ore, this green energy would be converted into another green carrier,

o that it can be easily transported or stored [14–16] . Ghorbani et al.

17] utilized a solar collector with Phase-Change Materials (PCMs) to

upply the heat required in a thermal power station with a total capac-
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Nomenclature 

𝐴 ℎ𝑒𝑙 Collector area, m 

2 

L Collector length, m 

�̇� Cost rate $/h 

F1 Collector efficiency factor 

�̇� 𝑋 Exergy Destruction rate, kW 

�̇� Heat rate, kW 

UL Heat loss coefficient, W/m 

2 -K 

ℎ 𝑓𝑖 Heat transfer coefficient inside the receiver, W/m 

2 -K 

M Mass, kg 

�̇� Mass flow rate, kg ∙s − 1 

�̇� Net power output, kW 

P Pressure, kPa 

RR Recovery ratio 

𝐺 𝑏 Solar irradiance, W/m 

2 

ℎ 𝑥 Specific enthalpy at point x, kJ/kg 

S Specific entropy, kJ/kg.K 

T Temperature, °C 

K Thermal conductivity, W/m ∙K 

V Speed (m ∙s − 1) 

W Width, m 

Subscripts and Superscript 

0 Ambient condition 

avg Average 

Cond Condenser 

CSPT Concentrated solar power tower 

D Destruction 

Eva Evaporator 

pp Evaporator pinch point, °C 

HEX Heat exchanger 

F R Heat removal factor 

in Inlet condition 

s Isentropic 

𝜏𝛼 Optical efficiency 

ORC Organic Rankine cycle 

out Outlet condition 

Q L Overall collector heat loss 

P Pump 

PEM PEM electrolyzer 

SRC Steam Rankine cycle 

Tot Total 

Tur Turbine 

Greek letters 

𝜌 Density, kg/m 

3 

𝜂 Efficiency,% 

𝛾 Intercept factor 

ty of 1063 MW. PCMs stored energy to supply the system during the

ight or in cases that solar energy was unavailable. A substantial portion

f the dissipated energy was channelled into a multi-effect desalination

ystem to prevent energy waste in the condenser. Capitalizing on 2571

W worth of heat dissipated from the power station, the system man-

ged to desalinate 8321 Kg of freshwater per second. The combined sys-

em offered 28.84% as its overall efficiency for electricity and thermal

fficiency proved to be 97.18%. Exergy analysis was also implemented

o investigate integrated energy systems designed based on the second

aw of thermodynamics. An integrated system comprising of steam and

as turbines heated by CSP was scrutinized by Azturk et al. [18] . Given

he character of solar energy and its absence in the nighttime, a piece
2 
f thermal storage equipment was embedded in the design. This stor-

ge was charged by up to 9 MW worth of power over 8 h. The exergy

nd energy performance of the system was evaluated based on several

pecific parametric calculations. According to performance evaluations,

he gas turbine was found to generate approximately 3.87 MW of power,

hereas the steam turbine produced 1.76 MW. The results showed the

xergy and energy efficiency to be around 69.2 and 37.3%, respectively.

he effectiveness of nexus approaches in pursuit of a greener future has

ncouraged researchers to investigate renewable energies in the frame-

ork of nexus approaches [19] . Mehrjerdi, for example, modeled and

ptimized a stand-alone water-energy supply system in the contex of wa-

er and energy nexus empowered. The proposed system was fed by solar

nd wind power and it was backed up with a diesel motor to achieve

igher system reliabilities [20] . Hydrogen production is also investi-

ated in the framework of water-energy nexus by Mehrjerdi [20] and

aldinelli et al. [21] . 

Hydrogen storage is an emerging method to deal with fluctuating na-

ure of clean resources as hydrogen is capable of being applied in fossil

uel-based applications or as a chemical agent in industries [22] . There

re various ways to produce green hydrogen, some of which need high

emperatures, like coupling high-temperature hybrid systems with Cu-

l cycle [ 23 , 24 ], and some others demand lower temperature to gener-

te hydrogen-like using proton exchange membrane (PEM) electrolyzer

25] . Usage of PEM electrolyzer would allow us to use the waste heat

o produce hydrogen and oxygen and improve system efficiency. By the

ay, relying on hydrogen not only enables us to deal with solar inter-

ittency but also aids waste-to-energy nexus, helping in resolving grave

ssues like global warming [26] . Alirahmi et al. [27] proposed a novel

SP-derived hybrid system for hydrogen and electricity generation. The

ystem was thoroughly analyzed and presented exergetic efficiency of

0.4% and cost rate of 117.5 $/GJ. In imperfect processes, the waste was

igh in the amount [28] . Therefore, to address this problem, the appli-

ation of organic Rankine cycles (ORC) was studied because they were

pt to exploit low-exergy input so they can be rated as viable options

o recover waste-heat and generate power at high- and low-temperature

eat sources like biogas and solar ponds. Their functionality and per-

ormance have been explored through various studies [29–31] . Moradi

afchi et al. [32] tried the production of hydrogen by integration of a

eliostat-based CSP, PEM electrolyzer, and thermal energy storage sys-

ems. They proved that the implementation of a thermal energy storage

ystem reduced the overall energetic and exergetic efficiencies to 23.1%

nd 45%, respectively. Salehi et al. [33] evaluated a multi-generation

ower plant using biomass with a heat recovery steam generator, Stir-

ing engine, and an ORC then performed a thermodynamic analysis. En-

rgy, exergy, and environmental evaluations were carried out for the

roposed systems. According to the results, the fuel cell and biomass

ontributed significantly to the destruction of exergy. It was also demon-

trated that the maximum exergy efficiency was 50.18% for a 0.289

on/MWh carbon dioxide emission. 

Along with all problems caused by the recent COVID-19 pandemic,

nvestigation of energy consumption data during the lockdown could

rovide us with an asset to estimate energy consumption in the future.

s illustrated by Rouleau and Gosselin [34] , the consumption pattern

urned to be more distributed during the day rather than concentrated.

his change was good for renewables, especially solar-based ones, which

ere more available during the day as it reduced the need for storage,

aking them more economically viable. 

Based on the literature, while a plethora of studies have explored

he thermodynamic and economic analysis of co-generations, multi-

bjective optimization of a system consists of 2 bottoming cycles namely

 steam Rankine cycle (SRC) and an organic Rankine cycle (ORC), has

ot been yet fully investigated. The proposed system is comprised of

 Brayton cycle, powered by CSP, and a PEM electrolyzer empowered
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Table 1 

Input parameters for system modeling [35–38] . 

Parameters Value Unit 

Heliostat field; 

ηℎ𝑒𝑙 0.71 –

A hel 121 m 

2 

N hel 320 –

DNI 850 W/m 

2 

A r 60 m 

2 

𝜀 0.88 –

V 5 m/s 

Brayton cycle; 

T 0 25 °C 

P 0 101.3 kPa 

T 3 850 °C 

R p 9.67 –

ηGas Turbine 0.85 -- 

ηcomprsor 0.85 –

Steam & organic Rankine cycles; 

P 7 3151.38 

P 9 101.88 kPa 

η Turbine 2 , 3 0.85 kPa 

ηPump 0.8 –

Pinch Point Evaporator 5.22 –

Pinch Point Condenser 5 °C 

T 11 86.26 °C 

T 13 35 °C 

°C 

°C 

PEM electrolysis; 

P o2 101.325 kPa 

P H2 101.325 kPa 

T PEM 80 °C 

E act, a 76 kJ/mol 

E act, c 18 kJ/mol 

λa 14 –

λc 10 –

D 100 Mm 

𝐽 
𝑟𝑒𝑓 
𝑎 1.7 × 10 5 A/m 

2 

𝐽 
𝑟𝑒𝑓 
𝑐 4.6 × 10 3 A/m 

2 

F 96.486 C/mol 

𝑄  
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y an SRC and ORC. One novelty of this study lies in the application

f CSP as the combustion chamber for the gas turbine. Due to the pre-

entioned expectations that the consumption pattern will change and

ost of the electricity need would happen to be during the daytime, the

ystem mainly aimed to back up the grid during the daytime. The sys-

em’s elements are deeply analyzed from energy, exergy, and economic

3E) points of view in the framework of the energy nexus approach. To

itigate problems regarding intermittency of solar energy, hydrogen,

s the energy career, is produced through water electrolysis. Along with

tabilizing the grid, hydrogen is also produced through a water electrol-

sis process, using waste heat energy. This hydrogen would be stored for

urther uses to mitigate the problems regarding intermittency of solar

rradiation. Hydrogen production processes from renewables are consid-

red globally hot topics; yet, studies on optimizing them are insufficient.

oreover, according to the huge shortage of pure oxygen for healthcare

eeds as a result of the COVID-19 outbreak, oxygen is also produced

nd stored. Following the thermo-economic analysis, the design param-

ters are optimized for the very first time for the presented system by

pplying NASGA-II. An exergy destruction analysis is also provided to

inpoint the components whose improvement needs to be prioritized.

fter a detailed cost analysis, a case study is performed to study the

ffect of ambient temperature and solar irradiation on the system per-

ormance. In short, the primary objectives and innovations of this study

re: 

• An innovative configuration is introduced for power and hydrogen

generation, using a double-stage Rankine cycle comprising an elec-

trolyzer and a solar energy system; 
• Thermo-economic analysis of the proposed system 

• Multi-objective optimization to define the optimum for objective

functions; 
• Exergy destruction analysis to specify the primary sources of exergy

destruction 
• Oxygen production to supply health care system 

• A case study to assess the effect of solar irradiation and ambient

temperature 

. System description 

The schematic diagram of the proposed energy cogeneration system

nd its components are shown in Fig. 1 . The system consists of several

ubsystems, including a CSP, a Brayton cycle, an SRC, an ORC, and a

EM electrolyzer. The goal for implementing two bottoming ORC is to

aximize the use of residual heat from the gas turbine. First, ambient air

s compressed (stage 1) and delivered to the CSP tower. The compressed

ir receives heat from heliostats that concentrate the solar radiation on

he tower. The compressed high-temperature gas flows through the gas

urbine in the Brayton cycle and expands to generate work. Afterwards,

he gas passes through a heat exchanger (HEX) (stage 4) to heat the

orking fluid in a SRC for more power production. Moreover, to exploit

he remaining heat, an ORC turbine is employed after the SRC. Finally,

owered by turbines 2 and 3, the electrolyzer produces oxygen and hy-

rogen and stores them for later use. As it was stated in the literature,

he power consumption tends to be more distributed during the day, and

he proposed system can perform at its maximum efficiency. Therefore,

he system can be used either for industries where the working hour is

imited to the daytime or feeding the grid during the daytime. 

. Thermodynamic analysis 

For the recommended multi-generation system, the laws of conser-

ation of mass and energy are employed to analyze the system thermo-

ynamically. Considering each system component as a control volume,

he conservation of mass and energy are: 

�̇� 𝑖𝑛 = 

∑
�̇� 𝑜𝑢𝑡 (1)
3 
̇
 − �̇� = 

∑
( ̇𝑚 ℎ ) 𝑜𝑢𝑡 − 

∑
( ̇𝑚 ℎ ) 𝑖𝑛 (2)

The assumptions for energy analysis are as below: 

• The system performs under steady-state conditions. 
• Isentropic efficiencies are assumed for turbines and pumps. 
• The pressure drops are negligible in pipelines and heat exchangers. 
• The condenser outlet is assumed to be a saturated liquid; on the other

hand, the evaporator outlet is saturated steam ( x = 1). 
• Potential and kinetic energies were ignored. 

EES was used to solve all equations for the different cycle compo-

ents. The initial input parameters are represented in Table 1 and are

urther used for optimization purposes. Note that, although the illus-

rated temperatures are in Celsius scale, in formulas and codes they are

onverted in 𝐾elvin scale. 

.1. Solar thermal power plant with a central receiver 

Solar intensity is an important parameter to evaluate solar energy

ystems. This parameter is denoted by direct of normal irradiance ( DNI )

n the present study and is measured in W ∙m 

− 2 . The variations of this

actor are sinusoidal during the day, reaching a peak during the day.

eat transfer from the heliostat to the solar collector is obtained as fol-

ows [39] : 

̇
 ℎ = 𝜂ℎ × 𝐴 ℎ𝑒𝑙 ×𝑁 ℎ𝑒𝑙 ×𝐷𝑁𝐼 (3)

here 𝜂ℎ is the solar efficiency of the heliostat, 𝐴 ℎ𝑒𝑙 , 𝑁 ℎ𝑒𝑙 and DNI are

he surface area of one heliostat, the number of reflectors, and the solar
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Fig. 1. Schematic of the proposed configuration system. 

Table 2 

Equations for energy and exergy balance for components of the suggested system 

[49–52] . 

Component Energy balance equations Exergy destruction rate equations 

Compressor �̇� 𝑐𝑜𝑚𝑝 = �̇� 1 ( ℎ 2 − ℎ 1 ) �̇� 𝑥 𝑐𝑜𝑚𝑝 = �̇� 𝑥 1 + �̇� 𝑐𝑜𝑚𝑝 − �̇� 𝑥 2 
Gas turbine �̇� 𝑔𝑎𝑠 − 𝑡𝑢𝑟 = �̇� 3 ( ℎ 3 − ℎ 4 ) �̇� 𝑥 𝑔𝑎𝑠 − 𝑡𝑢𝑟 = �̇� 𝑥 3 − �̇� 𝑥 4 − �̇� 𝑔𝑎𝑠 − 𝑡𝑢𝑟 
Steam turbine �̇� 𝑠𝑡𝑒𝑎𝑚 − 𝑡𝑢𝑟 = �̇� 7 ( ℎ 7 − ℎ 8 ) �̇� 𝑥 𝑠𝑡𝑒𝑎𝑚 − 𝑡𝑢𝑟 = �̇� 𝑥 7 − �̇� 𝑥 8 − �̇� 𝑠𝑡𝑒𝑎𝑚 − 𝑡𝑢𝑟 
ORC turbine �̇� 𝑂𝑅𝐶 = �̇� 11 ( ℎ 11 − ℎ 12 ) �̇� 𝑥 𝑂𝑅𝐶− 𝑡𝑢𝑟 = �̇� 𝑥 11 − �̇� 𝑥 12 − �̇� 𝑂𝑅𝐶− 𝑡𝑢𝑟 
Pump 1 �̇� 𝑃−1 = �̇� 9 ( ℎ 10 − ℎ 9 ) �̇� 𝑃𝑢𝑚𝑝 −1 = �̇� 𝑥 9 + �̇� 𝑃𝑢𝑚𝑝 −1 − �̇� 𝑥 10 
Pump 2 �̇� 𝑃−2 = �̇� 13 ( ℎ 14 − ℎ 13 ) �̇� 𝑥 𝑃𝑢𝑚𝑝 −2 = �̇� 𝑥 13 + �̇� 𝑃𝑢𝑝𝑚 −2 − �̇� 𝑥 14 
HEX 1 �̇� 𝐻𝐸 𝑋 −1 = �̇� 10 ( ℎ 7 − ℎ 10 ) �̇� 𝑥 𝐸𝑉 𝐴 −1 = �̇� 𝑥 4 + �̇� 𝑥 10 − �̇� 𝑥 7 − �̇� 𝑥 5 
HEX 2 �̇� 𝐻𝐸 𝑋 −2 = �̇� 15 ( ℎ 11 − ℎ 15 ) �̇� 𝑥 𝐸𝑉 𝐴 −2 = �̇� 𝑥 15 + �̇� 𝑥 8 − �̇� 𝑥 9 − �̇� 𝑥 11 
HEX 3 �̇� 𝐻𝐸 𝑋 −1 = �̇� 14 ( ℎ 15 − ℎ 14 ) �̇� 𝑥 𝐻𝐸𝑋 = �̇� 𝑥 14 + �̇� 𝑥 5 − �̇� 𝑥 6 − �̇� 𝑥 15 
Condenser �̇� 𝑐𝑜𝑛𝑑 = �̇� 12 ( ℎ 13 − ℎ 12 ) �̇� 𝑥 𝐶𝑜𝑛𝑑 = �̇� 𝑥 12 + �̇� 𝑥 16 − �̇� 𝑥 13 − �̇� 𝑥 17 

Table 3 

The function of cost rate components in the present research system. 

Component Purchased cost ($) 

Gas-turbine 𝑍 𝐺𝑎𝑠 − 𝑡𝑢𝑟 = ( 
1536∗ ̇𝑚 1 

0 . 92− 𝜂𝐺𝑎𝑠 − 𝑡𝑢𝑟 
) × ln ( 𝑃 3 

𝑃 4 
) × ( 1 + exp ( 0 . 36 × 𝑇 3 − 54 . 4 ) ) 

Steam-turbine 𝑍 𝑆𝑡𝑒𝑎𝑚 − 𝑡𝑢𝑟 = 4750 × ( ̇𝑤 𝑆𝑡𝑒𝑎𝑚 − 𝑡𝑢𝑟 ) 0 . 75 

ORC-turbine 𝑍 𝑂𝑅𝐶− 𝑡𝑢𝑟 = 4750 × ( 
·
𝑤 𝑂𝑅𝐶− 𝑡𝑢𝑟 ) 0 . 75 

HEX 𝑍 𝐻𝐸𝑋 = 276 × ( 𝐴 𝐻𝐸𝑋 ) 0 . 88 

Pump 𝑍 𝑃𝑢𝑚𝑝 = 3500 × ( ̇𝑤 𝑃𝑢𝑚𝑝 ) 0 . 41 

Compressor 𝑍 𝐶𝑜𝑚𝑝 = ( 
(71 . 1 ×�̇� 1 
0 . 9− 𝜂𝐶𝑜𝑚𝑝 

) × ( 𝑃 2 
𝑃 1 
) × ( ln 𝑃 2 

𝑃 1 
) 

Condenser 𝑍 𝐶𝑜𝑛𝑑 = 1773 × �̇� 12 
Heliostat 𝑍 𝐻𝑒𝑙𝑖𝑜𝑠𝑡𝑎𝑡 = 150 × 𝐴 𝐻𝑒𝑙 ×𝑁 𝐻𝑒𝑙 

i  

a  

Table 4 

Design variables and their variations. 

Upper bound Lower bound Parameter 

15 5 r p 
500 250 N hel 

4000 1000 p 7 
120 80 p 8 
90 70 T 11 

10 3 PP HEX,1 

i

𝑄  

ℎ  

i  

ℎ

ℎ  

W  

r

𝑄  

𝑄

3

 

p  
ntensity, respectively. Given the losses due to conduction, convection,

nd radiation at the collector, not all the thermal energy is transferred
4 
nto the system. The heat transfer losses are calculated by [40] : 

̇
 𝑙𝑜𝑠𝑠 = ℎ 𝑎 𝐴 𝑟 

(
𝑇 𝑟 − 𝑇 0 

)
+ 𝜎𝜀 𝐴 𝑟 

(
𝑇 4 
𝑟 
− 𝑇 4 0 

)
(4)

 𝑎 in this equation states the convection heat transfer coefficient of air, 𝜀

s the absorber emissivity, and 𝜎 denotes the Stefan–Boltzmann constant.

 𝑎 can be obtained from the following empirical relation [39] : 

 𝑎 = 10 . 45 − 𝑣 𝑤𝑖𝑛𝑑 + 10 
√
𝑣 𝑤𝑖𝑛𝑑 (5)

here V wind denotes the wind speed in "m ∙s − 1 ″ . Finally, the heat transfer

ate from the solar collector to the compressed air is [40] : 

̇
 𝑟 = �̇� ℎ − �̇� 𝑙𝑜𝑠𝑠 (6)

̇
 𝑟 = �̇� 2 ×

(
ℎ 3 − ℎ 2 

)
(7) 

.1. PEM electrolyzer 

Several researchers have studied and optimized various hydrogen

roduction methods like thermochemical hydrogen production, hybrid
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Fig. 2. Comparison of the current model of PEM electrolyzer with 

experimental data. 

Fig. 3. Influence of compressor pressure ratio on exergy efficiency and capital 

cost rate. 

Fig. 4. Influence of compressor pressure ratio on output power, and hydrogen 

production. 

Fig. 5. Impact of ORC turbine inlet temperature on exergy efficiency and capital 

cost rate. 

Fig. 6. Effect of ORC inlet temperature on output power, and hydrogen produc- 

tion rate. 

c  

t  

s  

e  

i  

m  

5 
ycles, and algae methods [ 24 , 41 ]. Hydrogen, in this study, is produced

hrough a process called water electrolysis, which enables the system to

tore the energy for the time that solar energy is unavailable. This water

lectrolysis is polymer electrolyte membrane (PEM) electrolysis, which

s the decomposition of water in a cell comprised of solid polysulfonated

embranes. On the left-hand side of Fig. 1 , the schematic diagram of an
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Fig. 7. Impact of the evaporator 1 pinch point on exergy efficiency and capital 

cost rate. 

Fig. 8. Effect of the evaporator 1 pinch point on output power by SRC and ORC, 

and hydrogen production rate. 

Fig. 9. Influence of solar intensity on the exergy efficiency and capital cost rate. 
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Fig. 10. Influence of solar intensity on the output power and hydrogen produc- 

tion rate. 

Fig. 11. Effect of the number of heliostats on the exergy efficiency and cost 

ratio. 

Fig. 12. Effect of the number of heliostats on the output power and PEM prod- 

ucts. 
lectrolyzer is presented. In this stage, electricity is provided to the elec-

rolyzer to pose electrochemical reactions. Energy required to perform

he electrolysis process can be obtained from: 

𝐻 = Δ𝐺 + 𝑇 Δ𝑆 (8)

The values of oxygen, water, and hydrogen properties are available

n thermodynamic tables [42] . The mass flow rate of output hydrogen

s assessed by [43] : 

̇
 𝐻2∶ 𝑜𝑢𝑡 = 

𝐽 = �̇� 𝐻2∶ 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 (9)

2 𝐹 

6 
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Fig. 13. Effect of SRC turbine inlet and outlet pressure on system performance. 
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̇
 𝑂2∶ 𝑜𝑢𝑡 = 

𝐽 

4 𝐹 

In the above equations, J and F denote current density and the Fara-

ay constant, respectively. The electrical energy enters into the elec-

rolyzer at the rate of [36] : 

 𝑥 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 𝐸 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 𝐽𝑣 (10)

Due to Ref. [43] V is defined as: 

 = 𝑉 0 + 𝑉 𝑎𝑐𝑡,𝑎 + 𝑉 𝑜ℎ𝑚 (11)

V 0 is obtainable using the Nernst equation [44] : 

 0 = 1 . 229 − 8 . 5 × 10 −4 
(
𝑇 𝑃𝐸𝑀 

− 298 
)

(12)

As depicted in Table. 1 , the temperature for PEM is 353 ◦𝐾. The up-

hot of transportation of hydrogen ions along the membrane is ohmic

verpotential in the proton exchange membrane. Membrane tempera-

ure, thickness, and degree of humidification are determining factors of

he ionic resistance of the membrane. The local ionic conductivity would
7 
e defined as bellow [43] : 

𝑃𝐸𝑀 

[ 𝜆( 𝑥 ) ] = [ 0 . 5139 𝜆( 𝑥 ) − 0 . 326 ] exp 
[
1268 

( 1 
303 

− 

1 
𝑇 

)
(13) 

( 𝑥 ) = 

𝜆𝑎 − 𝜆𝑐 

𝐷 

𝑥 + 𝜆𝑐 (14)

o, the ohmic resistance can be achieved by [43] : 

 𝑃𝐸𝑀 

= 

𝐷 

∫
0 

𝑑𝑥 

𝜎[ 𝜆( 𝑥 ) ] 
(15) 

Besides, to obtain 𝑉 𝑜ℎ𝑚 use: 

 𝑜ℎ𝑚 = 𝐽 𝑅 𝑃𝐸𝑀 

(16)

When net current deviates from the equilibrium state, an activation

verpotential appears. The equations for the electrode’s activation over-

otential and exchange current density are [ 36 , 43 ]: 

 𝑎𝑐𝑡,𝑡 = 

𝑅𝑇 

𝐹 
sinh −1 

( 

𝐽 

2 𝐽 0 ,𝑖 

) 

, 𝑖 = 𝑎, 𝑐 (17)

 0 ,𝑖 = 𝐽 
𝑟𝑒𝑓 

𝑖 
exp 

( 

− 

𝐸 𝑎𝑐𝑡,𝑖 

𝑅𝑇 

) 

, 𝑖 = 𝑎, 𝑐 (18)
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Fig. 14. Effect of ORC turbine inlet and outlet pressure on system performance. 
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Complementary information can be found in ref. [ 22 , 27 ] 

.3. Energy, exergy, and economic analysis 

.3.1. Energy analysis 

The first law of thermodynamics, which only accounts for the quan-

ity of energy, states [45] : 

̇
 − �̇� = 

∑
( ̇𝑚 ℎ ) 𝑜𝑢𝑡 − 

∑
( ̇𝑚 ℎ ) 𝑖𝑛 (19)

In the above formula, �̇� states the heat transfer rate, the work rate,

nd enthalpy are represented by �̇� and h, respectively. The first law of

hermodynamics ignores variations in the potential and kinetic energy

nder steady-state conditions. 

.3.2. Exergy analysis 

Exergy is the measure of the energy’s quality and a useful asset op-

imizing a system. In other words, exergy refers to the maximum work

hat can be derived from a system. Contrary to energy, which can be

either created nor destroyed, the more entropy is produced, the more
8 
xergy would be destroyed [38] . In the thermodynamic analysis, exergy

s discussed in physical, chemical, potential, and kinetic varieties. The

resent study considers only physical and chemical exergy. Therefore,

he exergy rate balance is expressed as follows: 

̇
 𝑥 = �̇� 𝑥 𝑝ℎ + �̇� 𝑥 𝑐ℎ (20)

The physical exergy is calculated from [46] : 

̇
 𝑥 𝑝ℎ = �̇� 

[(
ℎ − ℎ 0 

)
− 𝑇 0 

(
𝑠 − 𝑠 0 

)
(21) 

Given the chemical reaction in the electrolyzer, chemical exergy was

lso taken into account. Chemical exergy is expressed as follows [47] . 

̇
 𝑥 𝑐ℎ = �̇� 

[ ( ∑
𝑖 

𝑦 𝑖 𝑒𝑥 
𝑐ℎ. 0 
𝑖 

+ 𝑅 𝑇 0 
∑
𝑖 

𝑦 𝑖 ln 
(
𝑦 𝑖 
)) ] 

(22) 

Where 𝑒𝑥 
𝑐ℎ. 0 
𝑖 

denotes standard chemical exergy. 

Further, the exergy balance, with D representing the exergy destruc-

ion, for a single component is as follows [48] : 

̇
 𝑥 𝑄 + 

∑
𝑖𝑛 

�̇� 𝑥 𝑖𝑛 = �̇� 𝑥 𝑤 + �̇� 𝑥 𝐷 + 

∑
𝑜𝑢𝑡 

�̇� 𝑥 𝑜𝑢𝑡 (23)
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Fig. 15. Rate of exergy destruction in the proposed systems’ components (kW). 

Fig. 16. Pareto frontier obtained from the optimal solutions of the proposed 

system. 
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Table 2 presents the energy and exergy balance for all pieces of

quipment in the proposed system. 
9 
.3.3. Economic analysis 

The integrated system introduced here consists of several subsys-

ems; the cost function of each is presented in Table 3 . 

.4. Validation 

Considering that there is no precedent for the proposed system, its

omponents are validated individually. For this purpose, validation is

erformed by comparing the fundamental components with the exper-

mental data in the literature. For verification, the PEM electrolyzer

odel in this study is compared with that of Ioroi [53] . Although few

eviations do exist, as illustrated in Fig. 2 , the results from the present

tudy agrees well with the experimental data. This comparison results

ndicate that the presented model is highly reliable. 

. Results and discussion 

The following subsections elaborate on the results of modeling the

resented system via EES software. The following parametric study

eeply investigates the effects of various design variables on the system

erformance. 

.1. Effect of compressor pressure ratio 

Figs. 3 and 4 show the effects of the compressor pressure ratio on the

xergy efficiency, capital cost rate, power output and hydrogen gener-

tion. As shown in Fig. 3 , the overall exergy efficiency holds a positive

orrelation with the compressor pressure ratio. Concerning the existence

f the term related to the power output in the exergy efficiency equa-

ion’s numerator, both exergy efficiency and the generated power of the
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Fig. 17. Scatter distribution of decision variables. 
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ystem display similar behavior. Moreover, the capital cost of the sys-

em fluctuates along with changes in pressure ratio. For a pressure ratio

f 8, the system cost reaches a minimum of 267 $/h, which goes up by

levating the pressure ratio. This parabolic behavior relates to the posi-

ive correlation between the generated power and cost ratio. In fact, by

etting the inlet and outlet pressure of SRC turbine constant (our design

ariables), the compressor pressure ratio makes its most effective on

he Brayton cycle since by increasing it, contrary to the Brayton cycle,

hose mass flow rate significantly increases, little change in mass flow

ate of bottoming cycles takes place. To elaborate, concerning Fig. 4 ,

hile the generated power in the ORC and SRC sees a decrease by ele-

ating the compressor pressure ratio, the Brayton cycle generated power

xperiences an incremental trend. As it was mentioned earlier, at lower

ressure ratios, the effect of reduction in generated power and cost ratio

s dominant; yet, at greater pressure ratio values, the generated power

nd cost ratio are mostly under influence of the Brayton cycle due to its

reater mass flow rate. 

Fig. 4 also examines how the amount of produced power, hydrogen

nd oxygen are under the influence of the pressure ratio of the compres-

or, it is clear that increasing this ratio from 5 to 15 results in a reduction

n PEM electrolyzer products. 

.2. Effect of the inlet temperature of orc turbine 

Figs. 5 and 6 show how capital cost rate, exergy efficiency, output

ower, and hydrogen production are influenced by the inlet tempera-

ure of turbine 3. Based on these two figures, an increase in the input

emperature of the fluid to the ORC leads to enthalpy to rise as well.

herefore, the output power of turbine 3 is enhanced from 760.6 to

293 kW. Enthalpy in the SRC remains relatively stable in various tem-

eratures. As a result, its power output remains unchanged. As the ORC

utput power increases and more power is generated, hydrogen produc-

ion experiences a rise from 26.5 to 32 kg/h. The appearance of the term

elated to output work in the numerator of the equation for total exergy
10 
eans that by increasing the inlet temperature of turbine 3, the power

utput and costs rise. 

.3. Effect of the evaporator 1 pinch point 

Figs. 7 and 8 illustrate the influence of the pinch point of evapora-

or 1 on system performance. The increase in the pinch point of evap-

rator 1 from 3 to 10 slightly decreases its heat transfer. Reduction in

eat transfer from evaporator 1 to the working fluid reduces SRC output

ower from 1187 to 1177 kW. Owing to the reduced heat delivered to

he SRC, the ORC will also receive less amount of heat, causing a decline

n its PEM products. The reduction in both generated power and PEM

lectrolyzer products reduces the system costs from 268 $/h to 266$/h.

.4. Effect of solar intensity 

Solar intensity is another significant parameter that affects system

erformance. Figs. 9 and 10 demonstrate the solar intensity’s influence

n the capital cost rate, exergy efficiency, output power, hydrogen, and

xygen production. Overall, the solar intensity improves the system effi-

iency and output power. An increase in solar intensity boosts the mass

ow rate into the solar energy system and the gas turbine, thereby en-

ancing the SRC and ORC output power throughout the system along

ith increasing the system losses. The rise in overall power output leads

o exergy efficiency enhancement by almost 10%. Similarly, the increase

n the power output results in a spike in the capital costs from almost

70 to 305 $/h. Given that the PEM electrolyzer is powered by the SC

nd ORC output, an increase in their output power boosts hydrogen and

xygen production. 

.5. Effect of the number of heliostats 

Figs. 11 and 12 show the effect of the number of heliostats on the

ystem performance. Adding more heliostats can step up the energy rate
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Fig. 18. Cost rate for each component. 
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hrough the system and improve the net power output. However, be-

ng an expensive component, heliostats exact a considerable toll on in-

estors. Therefore, exergy efficiency improvement caused by increasing

he number of heliostats comes at the expense of a substantial amount

f money. Looking at Fig. 11 , evidently, the rate of exergy efficiency im-

rovement reduces when the number of heliostats gets high. The reason

or this lies in the assumption of taking the temperature of output fluid

rom the solar tower (T 3 ) constant. In fact, by increasing the number

f heliostats, the mass flow rate increases to keep T 3 constant, which

esults in more losses and a reduction in exergy efficiency improvement

ate. 

.6. Effect of inlet and outlet pressure of SRC turbine 

In this section, several contours are represented to assess the impact

f SRC turbine inlet and outlet pressure on the system performance si-

ultaneously. As shown in Fig. 13 , having the pressure ratios around

0 with an inlet pressure of 3000 results in the highest system perfor-

ance. It is worth mentioning that, according to Fig. 13 a and c, at the

ame pressure ratios, those with the least numerator (inlet pressure) and

enominator (outlet pressure) perform at higher exergy efficiency and
11 
roduce more power. However, this slightly higher exergy efficiency

nd power output are achieved at the expense of a higher cost ratio. 

.7. Effect of the ORC turbine inlet and outlet pressure on system 

erformance 

According to Fig. 14 , contrary to the SRC turbine whose best exergy

erformance happened to be at the least amount of the inlet and output

ressures for similar pressure ratios, the ORC turbine best performance

akes place at the highest inlet and outlet pressures. On the other hand,

lthough like SRC turbine, in the ORC turbine, the impact of inlet and

utlet pressures on exergy efficiency is negligible, this improvement ex-

cts higher costs to the investor. 

.8. Exergy destruction 

The proportion of each component accounting for a specific amount

f exergy destruction is shown in Fig. 15 . Looking at the pie chart, it

an be comprehended that the Brayton cycle is by far the most exergy-

estructive element with destroying 88% of the total exergy destruc-

ion of the proposed system. The solar-related components, including

eceivers and heliostats, are responsible for most of the exergy destruc-
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Fig. 19. Location of studied cities. 
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Table 5 

The value of objective functions 

at optimum point. 

22.2% Exergy efficiency 

272.6 $/h Total cost rate 

Table 6 

The value of design parameters at op- 

timum point. 

Optimum value Design parameter 

9.67 r p 
315 N hel 

2783.9 P 7 
99.5 P 8 
86.2 T 11 

5.07 PP Eva 

a  

v

 

f  

s  

f  

b  

p  

h  

t  

c  

T

 

b  

v  
ion in the gas cycle. The PEM electrolyzer is ranked the second most

xergy destructor, followed by the waste sections. For the sake of clar-

ty, the specific amounts of exergy destruction in other components are

lso provided. 

. Optimization 

Optimization has always been of crucial importance in improving ef-

ciency and reducing costs. Recent progress made in numerical methods

as led to several newly emerged optimization methods. While there are

ifferent types of optimizations, for instance, single-objective or multi-

bjective, they both follow almost the same procedure, distinguished in

hat multi-objective optimizations deal with more variables and objec-

ive functions. Several individual and often conflicting objectives ought

o be fulfilled simultaneously to carry out a multi-objective optimiza-

ion problem. These methods are used to find a set of optimum solutions

r the Pareto frontier. Such an accurate method the NSGA-II that it is

idely applied in multi-objective optimization algorithms. Aside from

he numerous applications of NSGA-II, this method can be regarded as

 standard that laid the groundwork for several other multi-objective

ptimization algorithms to be developed. This algorithm’s unique ap-

roach to the multi-objective optimization process has been repeatedly

xploited to develop new optimization algorithms. This algorithm is

sed in the present study to optimize a set of parameters and objec-

ive functions. The optimization enhances the efficiency of exergy and

educes the capital cost rate. A code is developed to couple the EES soft-

are with MATLAB through the Dynamic Data Exchange (DDE) proto-

ol [5] . After a deep investigation of the effect of changes in various

arameters on system performance, 6 design variables are selected to

e optimized. Design variables considered in the optimization include

he compressor pressure ratio (r p ), number of heliostat mirrors (N hel ) in-

et pressure of turbine 2 (P 7 ), outlet pressure of SRC turbine (P 8 ), inlet

emperature of ORC turbine (T ), and evaporator pinch point temper-
11 

12 
ture difference (PP Eva ). Table 4 presents the parameter range for each

ariable. 

The illustrated Pareto frontier in Fig. 16 represents the optimal points

or objective functions, exergy efficiency and cost rate. A rage of optimal

olutions are provided by Fig. 16 . While some points are better options

rom an economic point of view, they cannot be the final best possi-

le option as exergy efficiency is at its lowest amount. Similarly, some

oints with high exergy efficiency cannot be a perfect answer since their

igh exergy efficiency have been achieved at a high value. Eventually,

he ideal point is selected as the ultimate optimum point by TOPSIS de-

ision making approach. The results from optimization are presented in

ables 5 and 6 . 

To provide a deeper intuition into optimum values, the scatter distri-

ution of decision variables is represented in Fig. 17 . While the optimum

alues for N hel , P 7 , P 8 , PP EVA are steadily distributed between the upper
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Fig. 20. Variations of ambient temperature and solar radiation during a year. 

13 
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Fig. 21. Effect of variations of solar intensity during a year on exergy efficiency for studied areas. 

Fig. 22. Effect of variations of ambient temperature during a year on exergy efficiency for studied areas. 
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nd lower bounds, the optimum values for r p and T 11 are mostly around

ne specific amount. 

Lastly, a cost analysis is presented in Fig. 18 to show the share of each

omponent on the total system costs (272.6027 $/h) at optimum condi-

ions. According to the figure, the Brayton cycle and PEM electrolyzer

ccount for up to 83% of system costs. 

. Case study (Khuzestan province, Iran) 

The effect of solar radiation and ambient temperature in these cities

n the system performance is evaluated in this section. Khuzestan

rovince in the southwest of Iran holds a striking solar potential due to

he abundance of solar radiation all year round. For this reason, three

ajor cities located in this area – namely Abadan, Ahvaz, and Dezful

 are considered to explore the best option for implementation of the

tudied system. Fig. 19 shows the location of these mentioned cities.

he meteorological data for these cities is used to evaluate the system

erformance at its optimal design condition. 

Fig. 20 illustrates the variation of solar radiation and ambient tem-

erature throughout the year in 3 studied cities. 

Figs. 21 and 22 demonstrate how solar irradiation and ambient tem-

erature affect the exergy efficiency. According to Fig. 21 , the highest

xergy efficiency takes place in June and July – the hottest months of the

ear, when the sun shines intensely- because based on Fig. 9 the higher
14 
olar irradiation is, the more exergy efficiency would be. Contrary to

he solar intensity which positively affects exergy efficiency, based on

ig. 22 , ambient temperature diminishes exergy efficiency. Therefore,

ts least value occurs during June and July. 

The reason for the system’s weaker performance at high ambient

emperatures is the compressor. Fig. 23 proves that the exergy efficiency

oes down for constant pressure ratios when the temperature increases.

n fact, at high ambient temperatures the specific volume of the working

uid increases; consequently, more power is consumed by the compres-

or to maintain the same discharge pressure. This increase in consump-

ion of gas turbine work significantly reduces the net generated work

nd exergy efficiency. 

According to Fig. 24 , due to the positive correlation between power

roduction and solar irradiation, the system generated power and work

eak is during June and July. As mentioned before, at high ambient

emperatures, the compressor consumes more work so that the system’s

et power output behavior is so similar to the exergy efficiency, and this

ssue is demonstrated in Fig. 25 . 

The impact of the solar irradiation and ambient temperature on hy-

rogen production are shown in Figs. 26 and 27 . Contrary to exergy

fficiency and power generation, hydrogen production shows similar

ehavior under the influence of solar irradiation and ambient temper-

ture. While the power generation is at its lowest amount during June
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Fig. 23. Effect of compressor pressure ratio and ambient temper- 

ature on the exergy efficiency. 

Fig. 24. Effect of variations of solar intensity during a year on net work output for studied areas. 
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n

nd July, the PEM electrolyzer performance is enhanced during these

wo months. The reason for this rather unexpected behavior is the per-

ormance of SRC and ORC, which are responsible for providing PEM

lectrolyzer with energy. Their better performance during June and July

esults in higher hydrogen (and oxygen) production during the summer

ime. However, the Brayton cycle still delivers a lower amount of elec-

ricity during these two months. 

Overall, implementation of such green concept hybrid energy sys-

ems has opened up a window involving water-sunlight-energy to prop-

rly use waste energies for efficiency improvement and pollution reduc-

ion. However, to stimulate the installation of integrated systems, they

hould be comprehensively explored. This study aimed to investigate

echnical aspects of a novel cogeneration system to enable higher pene-

ration of clean-based energy systems. 
15 
. Conclusion 

In this study, a unique integrated energy-generating system hinged

n CSP was introduced with the upshot of producing power, hydrogen,

nd oxygen. EES, an engineering software, is utilized in an attempt to

onduct the modeling and thermo-economic analysis of the proposed

ystem. Concerning the significant share of a solar field in destroying

he exergy, the urge to address this issue in the future is evident. After

valuating the impact of various parameters, the results were optimized

n an unprecedented approach using the multi-objective NSGA-II. The

se of the TOPSIS approach selected the best-operating condition on

 Pareto frontier. Lastly, the impact of ambient temperature and solar

rradiation on the system performance were investigated. In short, the

otable results are summed up as below: 
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Fig. 25. Effect of changes in ambient temperature during a year on net work output for studied areas. 

Fig. 26. Effect of variations of solar intensity during a year on hydrogen production for studied areas. 

Fig. 27. Effect of changes in ambient temperature during a year on net power output for studied areas. 

16 
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• A higher solar intensity can significantly increase the overall output

power as well as the costs. 
• Based on the results, the solar field accounted for the highest exergy

destruction. 
• At the optimum point picked by TOPSIS method, the system offers

an exergy efficiency of 22.2% and a capital cost rate of 272.6 $/h. 
• Brayton cycle and solar field is responsible for the majority of the

system’s costs. 
• Between the ambient temperature and solar irradiation, the latter

has the dominant effect. 
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