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Abstract- In this paper, a novel integrated system for power generation and freshwater 

production is proposed. The system consists of Proton exchange membrane fuel cell (PEMFC), 

photovoltaic (PV) thermal cells and Proton exchange membrane electrolyzer (PEME) in 

addition to a membrane distillation (MD) system for freshwater production. The proposed 

system is assessed from thermodynamics viewpoints through first and second law analyses and 

the modeling and simulation of the subsystems are conducted in EES software to provide a 

comprehensive assessment concerning thermodynamic criteria. Simulation of each subsystem 

is validated by considering the reported data in the previous works. The proposed system is 

subsequently optimized via a multi-objective optimization method based on genetic algorithm. 

The results showed that PV cell temperature and PV area are the main influential parameters 

that can affect the power output and exergy efficiency. The optimization results show that at a 

well-balanced operating point, power and exergy efficiency would be 30 kW and 11.7%, 

respectively. 
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Nomenclature 
A  Area (m2) 

C  Concentration 

Cm  Membrane distillation coefficient (kg/m2 s pa) 

Cp  Heat capacity (kJ/kg K) 

Cs  Salinity of water (%) 

d  Mean pore diameter (m) 

E  Voltage (V) 

𝐸̇  Exergy rate (kW) 

F  Faraday constant(C/mol) 

G  Solar radiation (W/m2) 

ΔG  Gibbs energy change (kJ/kg) 

H  Enthalpy (kJ) 

h  heat transfer coefficient (W/m2 K) 

Jw  MD mass flux (kg/m2 s) 

J                              Current density (A/m2)  

m  Mass flow rate (kg/s) 

𝑁̇  Molar flow rate (mol/s) 

p  Partial pressure 

P  Power (kW) 

Q  Heat load (kW) 

q  heat load (kJ/kg) 

R  Universal gas constant (J/mol K) 

s  Specific entropy (kJ/kg K) 

S  Mean free path of transferred gas molecule (m) 

T  Temperature (K) 

u  Speed (m/s) 

U  Overall heat transfer coefficient (W/m2 K) 

V  Voltage (V) 

x  Molar fraction  

xm                                          Membrane depth (m) 

Greek letters 
λ  Stoichiometric rate of air or H2O content 

ηth, ηex  Thermal and exergy efficiency 

ηact, ηohm                           Activation and ohmic overpotential (vol) 

ε  Emissivity 

B
k   Boltzmann constant (1.380622×10-23 J/K) 

Subscripts, superscripts and abbreviations 
a  Ambient 

act  Activation 

ch  Chemical 

con  Convection 

conc  Concentration 

D  Destruction 

ex  Exergy 

g  glass 

in  Inlet 

MD  Membrane Distillation 

Ner                          Nernst 

ohm  Ohmic 

out  Outlet 

PEMFC                 Proton exchange membrane fuel cell 

PEME  Proton exchange membrane electrolyzer 

PVT  Photovoltaic/thermal 

rad  Radiation 

sat  Saturation 

sol                           Solar 

th  Thermal 
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1. INTRODUCTION  

Increasing energy demand made the utilization of energy storage systems an important 

issue [1-4]. Although one-third of the earth is covered by water, just 3% of it is drinkable 

water[5]. For 97% unpotable water, the Desalination technic used for continues removing salt 

from salty water and making it to appropriate for drinking [6]. For this purpose, the fuel cell is 

highlighted as a device to convert chemical energy into electricity which can be considered a 

sustainable alternative for fuel-based power plants [7]. Moreover, solar energy can play a 

pivotal role because of its huge potential in heat energy production. Integrating solar energy 

with fuel cells for providing electricity by heating energy of solar radiations in energy systems 

has been scrutinized by researchers and their technical features, challenges and trends extract. 

Proton exchange membrane fuel cell performance based on thermodynamic and exergetic 

standpoints evaluated in some studies [8-10]. Yilanci [11] found that exergy and energy 

productivities of the plant increment with pressure by 15% and 23%. Also, anode stoichiometry 

optimization enhanced mentioned parameters by 14 and 17 percent.  Regarding the huge 

potential of fuel cells for utilization in stationary and mobile energy plants, as well as in 

automotive, marine factories, or aerospace units. some studies established to evaluate PEMFC 

with PV energy systems [12-16]. For improving PV system efficiency, the application of 

nanofluid and PCM were studied [17,18]. PEMFC can be integrated with thermoelectric 

generator [19], PV and thermal plant, gas thermogeneration system [20], Reverse osmosis 

desalination and PV hybrid [12][21-24]. geothermal resources [25] or solar air preheating sub-

system [26]. By integrating kalian generation systems with a desalination unit and solar flat 

plate collector (FPC) in a tri-generation energy system in HYSIS, MATLAB, and TRANSYS, 

1869 kW electricity was achieved at 65194 kW heating load with 83.22 kg/s desalinated water. 

Total exergy and energy efficiencies of mentioned integrated systems are 90.04% and 44.64% 

[27] . 

Proton exchange membrane electrolyzer (PEME) split water molecules into hydrogen and 

oxygen molecule. Hydrogen gas has the highest energy gravimetric and is used in various 

applications. PEME device can integrate with PV cells for H2 production [28,29], PVT and 

absorption chiller [30], PEMFC and CCHP [31], WHR and desalination (exergy and energy 

are 37.9% and 47.7%)  [32]. CCHP unit with exergetic and thermal efficiencies 54.55% and 

81.55% [33], PEMFC and PV cells at 20.4% and 21.8% energy and exergy efficiency [34]. 

From a exergoeconomic point of view, Saving thermal energy from heat generators (like waste 

heat of PV) with PCM or CO2 gas may increase the efficiency of the systems [35-38]. Also, 

waste heat can be used in novel LCLG systems [39]. Results showed integration of PEME unit 

with other energy devices like PEMEFC and PC cells has higher energy and exergy efficiency. 

PEME devices can integrate with wind breakers to reduce the extra heat generated [40]. In 

addition to mentioned devices, it’s found that membrane distillation technology has advantages 
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to RO like lower pressure and temperature, No need for electrical power. MD Device can 

integrate with PVT and PEMEFC cells for required freshwater [37,41]. 

According to the previous studies, the performance of the hybrid energy system coupling 

of MD with PEMFC system and the performance of the hybrid MD system with PV/Thermal 

cells [41] have been studied in separate researches, but So far, no study had been performed on 

the performance of the triple hybrid energy system consisting of MD, PEMFC and PV/Thermal 

cells, So in this study, for the first time, the combination of these three systems has been 

investigated. 

To summarize, the objectives of this paper can be outlined as: 

• To propose a novel configuration consisting of PVT cells, PEMFC, an 

electrolyzer, and an MD system for power and freshwater production 

• To conduct thermodynamic analysis of the proposed system based on first and 

second laws 

• To optimize the proposed configuration using a multi-objective genetic 

algorithm approach 

 

2. EXPERIMENTAL 

2.1. System description 

The schematic of the proposed energy system has been shown in Figure 1. The proposed 

system consists of a PVT, a water electrolyzer(WE), a PEMFC unit, an MD unit, a reservoir 

tank, two electricity distributors (ED), and one tank for storing the salty water.  

 

 

 

Figure 1. Schematic of proposed energy system 

 

The system is designed to supply the electricity and freshwater demand of the residential 

application. In the first step, PVT converts the solar radiation into electricity and then the 

generated electricity is divided into two currents. The first one goes to the WE to generate 
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hydrogen and oxygen in electrolyze process, and the second one is transferred to the second 

ED. On the other hand, in the second ED current is mixed with the PEMFC's generated 

electricity, and goes to the network to respond to the electricity demand of the residential 

application. In the WE the water is split into oxygen and hydrogen by the electric current and 

in the electrolyzing process. Next, the generated hydrogen and oxygen are conducted into 

PEMFC to generate power and heat. Through the PEMFC, electric current and heat are 

produced in the proton exchange process between hydrogen and oxygen molecules. Regarding 

the point that the in the operation process of PEMFC heat is generated, to use the heating 

capacity of this energy, the desalination unit's inlet salty water is preheated by the mentioned 

heat. Next, the preheated salty water exiting from the PEMFC mixes with PVT's hot stream 

and goes to the desalination unit. In the MD sub-system, the required energy is provided by the 

hot stream. Freshwater is generated by the steam of salty water, and consequently, the salinity 

of outlet hot water increases. Finally, three flows exit from this sub-system: the first stream is 

the generated freshwater that goes to the residential application, the second is the brine 

wastewater with high salinity that is discharged to the environment and the third one is salty 

hot water that is returned to the solar collector to be heated again. Therefore, the process is 

completed and the desalinated water and generated electricity are transferred into the 

residential application to respond to the freshwater and energy demands. 

 

2.2. Modeling 

The whole modeling and simulation of the subsystems are conducted in EES software to 

provide a comprehensive assessment concerning thermodynamic criteria. For this purpose, 

energy and exergy balance relations are implemented in each subsystem. Here, we explain each 

employed subsystem briefly to help the readers replicate the results.  

 

2.2.1. Energy analysis 

2.2.2.1. PEMFC 

The main reactions (Eq. 1-3) occurring in the PEMFCs are [42]: 

 + −→ +
2

Anode side: H 2H 2e  (1) 

 + −+ + →
2 2

Cathode side: 2H 2 0.5O H O+heate  (2) 

 + →
2 2 2

Overall: H 0.5O H O+heat  (3) 

In addition, reversible open-circuit voltage in the PEMFC can be represented by the Nernst 

equation (Eq. 4) [43]: 

 

 
 = −

  
 

2 2

2

0

ln
H OFC

Ner sat
e eH O

p pRT G
E

n F n Fp
 (4) 

where  0G indicates the Gibbs free energy, and ne denotes the electrons contributing to the 

reaction. TFC is the cell temperature and p denotes partial pressure of the constituent.  
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Steam saturation pressure can be written as (Eq. 5) [44]: 

 
2

5 2 7 3

10log ( ) 2.1794 0.02953 9.1837 10 1.4454 10− − −= − + −  + sat

H OP T T T  (5) 

in which, T denotes the operating temperature in °C (Eq. 6): 

 273.15= −FCT T  (6) 

In addition, partial pressure of oxygen and hydrogen respectively at the anode and 

cathode sides are given by (Eq. 7,8): 

 
0.832

2 2 2

0.291

1 e

 
 
 
 

 
 

= − − 
  

FC

I

Tsat channel

O H O NP P x x  (7) 

 ( )
2 2

1.334

2

1.653

1
0.5 1

e

 
 
 
 

 
  

= − 
 
  

FC

sat

H H O I

T sat

H O

P P

x

 (8) 

where (Eq. 8) I denote the current density and 
2

channel

Nx  is the molar fraction of N2. 
2

sat

H Ox is given 

by (Eq. 9): 

 2

2
=

sat

H Osat

H O

P
x

P
 (9) 

The molar fraction of N2 is calculated as (Eq. 10-12): 

 
( )

2 2

2

2

2

ln

−
=

 
 
 
 

in out

N Nchannel

N in

N

out

N

Y Y
x

Y

Y

 (10) 

where  

 
2

2

1

1 0.21
1

0.79





−
=

 −  
+   

  

sat

H Oout

N

air

air

x
Y  (11) 

 ( )
2 2

0.79 1= −in sat

N H OY x  (12) 

In equations 11 and 12, 
2

in

NY  and 
2

out

NY  are the proportion of N2 moles at the entrance and 

outlet. In addition, air
 denotes the stoichiometric rate of air. 

To determine the actual voltage, we may write (Eq. 13): 

 = − − −
FC Ner act conc ohm

V E V V V  (13) 

where Vact, Vconc, and Vohm are activation overpotential, concentration overpotential, and 

ohmic overpotential (Eq. 13). The activation overpotential can be represented by (Eq.14): 

 ( )( ) ( )
2

0.000193 ln 0.000076 ln 0.948= − + − +act FC FC O FCV T T C T I  (14) 

2OC is the concentration of O2 on the cathode side (Eq. 14). is then defined by (Eq. 15): 
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 ( ) ( )
2

0.0002ln 0.000043ln 0.00286 = + +cell HA C  (15) 

in which, Acell is the active surface and 
2HC  is the hydrogen concentration at the anode side at 

equation 15. In addition, these concentrations are defined by (Eq. 16,17): 

 
2 2

77

79.174 10 e

 −
 

−  =  FCT

H HC P  (16) 

 
2 2

498

71.97 10 e

 
 

−  =  FCT

O OC P  (17) 

The ohmic overpotential is given by (Eq. 18): 

 

( )

2

2.5

303
4.18

181.6 1.0 0.03 0.062
303

0.643 3 e

  −
   

  

   
+ +       =  

 
− − 

 

FC

FC

FC

ohm T
cell

T

T
I I

IL
V

A
I

 (18) 

The concentration overpotential is then defined as (Eq. 19): 

 ln
 

=  
− 

FC L
conc

e L

RT I
V

n F I I
 (19) 

These overpotentials can be estimated using the relations provided in the literature. Other 

useful relations of the PEMFC needed for the simulation of this component can be found in the 

literature. Input data required for modeling PEMFC are given in Ref. [45]. 

2.2.1.2. PVT cells 

Table 1 shows the important relations of PVT cells that need to be considered for a reliable 

simulation. Further relations can be found in the literature [46,47]. 

 

Table 1. Governing equations of PV cells [54] 

Energy equations Input variables 

PEME PV PVP Q = 

)aT-insT(+ hA ) aT-gT(= hA conQ 

)]4
SkyT-4

insT( +)4
aT-4

gT[(= σεA radQ 

radQ -conQ -=AGPVQ 

0=TrefT 

15
aT0.0552=SkyT 

Windu3+2.8h=  

0=Tam/s, T2=Windu 

 

2.2.1.3. PEME 

The electrolysis energy is given by (Eq. 20): 
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∆𝐻 = ∆𝐺 + 𝑇∆𝑆 (20) 

𝑇∆𝑆is the energy required for PEME.  

The hydrogen flow rate leaving the PEME is mentioned in equation 21 [48]: 

𝑁̇𝐻2,𝑜𝑢𝑡 =
𝐽

2𝐹
= 𝑁̇𝐻2𝑂,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 

(21) 

J denotes current density and 𝑁̇𝐻2𝑂,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 refer to the amount of water contributed to the 

reaction (Eq. 21). The total required energy for PEME is calculated by (Eq. 22): 

𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 𝐽𝑉 
(22) 

The actual voltage of the PEME can be written as (Eq. 23)    

𝑉 = 𝑉0 + 𝜂𝑎𝑐𝑡,𝑎 + 𝜂𝑎𝑐𝑡,𝑐 + 𝜂𝑜ℎ𝑚 (23) 

𝑉0 denotes the reversible potential (Eq. 24): 

𝑉0 = 1.229 − 8.5 × 10−4(𝑇𝑃𝐸𝑀 − 298) (24) 

Also, In combination formula [43]: 

𝜎(𝜆(𝑥𝑚)) = [0.5139𝜆(𝑥𝑚) − 0.326]𝑒𝑥𝑝 [1268 (
1

303
−

1

𝑇
)]                                                 (25) 

where 𝑥𝑚and 𝜆(𝑥𝑚) represent the membrane depth and the H2O content at the position of xm in 

equation 25. Also, 𝜆𝑥𝑚 calculated by (Eq. 26): 

 

 

 

 

𝜆(𝑥𝑚) =
𝜆𝑎 − 𝜆𝑐

𝐿
𝑥𝑚 + 𝜆𝑐 

(26) 

 

𝑅𝑃𝐸𝑀 = ∫
𝑑𝑥𝑚

𝜎[𝜆(𝑥𝑚)]

𝐿

0

 (25) 

The ohmic overpotential is then defined by (Eq.28): 

𝜂𝑜ℎ𝑚 = 𝐽𝑅𝑃𝐸𝑀 (26) 

 

The activation overpotential for the anode and the cathode electrode is explained in 

equation 29 [44]: 

𝜂𝑎𝑐𝑡,𝑖 =
𝑅𝑇

𝐹
𝑠𝑖𝑛ℎ−1 (

𝐽

2𝐽0,𝑖
) =

𝑅𝑇

𝐹
𝑙𝑛 [

𝐽

2𝐽0,𝑖
+√(

𝐽

2𝐽0,𝑖
)

2

+ 1] 
(27) 

PEME exchange current density is then given by (Eq. 30) [44]: 

𝐽0,𝑖 = 𝐽𝑖
𝑟𝑒𝑓

𝑒𝑥𝑝 (−
𝐸𝑖
𝑎𝑐𝑡

𝑅𝑇
) (28) 

Where𝐸𝑖
𝑎𝑐𝑡 is the activation energy for the anode and cathode also 𝐽𝑖

𝑟𝑒𝑓
is the pre-exponential 

factor in equation 30. Input values required for the modeling of PEMEs have been given in 

Ref. [44]. 
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2.2.1.4. Direct Contact Membrane Distillation 

The temperature gradient between the feed and permeate interface creates the steam 

pressure difference. The difference is the driving force to transfer steam through the membrane 

pores to condense on the cold side. For the simulation of the Direct Contact Membrane 

Distillation (DCMD) system, the mass flux should be considered. Mass flux inside the MD 

system could be written as follows (Eq. 31) [49]: 

 = −
1 2

( )
w m

J C P P  (29) 

where Cm indicates membrane coefficient. P1 and P2 denote the vapor pressures of steam at the 

membrane layers with a temperature of Thm and Tcm (Eq. 31). The vapor pressure (in Pa) is 

defined by (Eq. 31,32):  

 ( )( )
3841

23.238
45 2

1 e 1 1 0.5 10

 
− 

− = − − −hmT

s s sP C C C  (30) 

 

3841
23.238

45

2 e

 
− 

− = cmT
P  (31) 

in equation 32 Cs and Cm are the salinity of water entering the membrane in percentage and the 

permeability of the membrane respectively and can be calculated according to three different 

regions[50]. Knudson flow mechanism (Eq. 34):  

 

1

282

3



 

 
=  

 

k w
m

Mr
C

RT
 (32) 

Molecular diffusion mechanism (Eq. 35): 

 



=d w

m

a

M PD
C

P RT
 (33) 

Knudson-molecular diffusion transition mechanism (Eq. 36): 

 

1
1

21.5

8

  



−

 
  = +  
 

  

m a
c

w w

PRT RT
C

r M r PD M
 (34) 

where T is the average membrane temperature (T=(Thm+Tcm)/2). 

The flow mechanisms through the pores of the membrane can then be given using the Knudsen 

number: 
0.01 Molecular diffusion

0.01 1 Knudsen-Molecular diffusion transition mechanism

1 Knudsen mechanism



 



kn

kn

kn

 

The kn can be calculated by (Eq. 37) [49]: 

 =
S

kn
d

 (35) 

where d is the mean pore diameter of the membrane and S denotes the mean free path of the 

transferred gas molecule. Also, S is defined as (Eq. 38) [49]: 
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

=
22

B

e

k T
S

Pd
 (36) 

considering the heat transfer from feed toward membrane surface, feed heat flux is defined by 

(Eq. 39):  

 ( )= −f f h hmq h T T  (37) 

heat flux through the membrane is (Eq. 40):  

 ( )= + −m w v m hm cmq J H h T T  (38) 

according to equation 40, Hv(T)denotes the enthalpy of vaporization of water at mean 

temperature T: 

 3 2( ) 1.6 10 2.8273 1850.7−= −  + +vH T T T  (39) 

furthermore, the conduction heat loss of the membrane can be obtained by (Eq. 42): 

 


= m
m

m

k
h  (40) 

heat transfer from the permeate side to the water through the convection is given by (Eq. 43): 

 ( )= −p p cm cq h T T  (41) 

considering the steady-state condition in equation 44, we have: 

 = =f m pq q q  (42) 

the overall coefficient of heat transfer is defined as (Eq. 45):  

 
1

1 1 1
=

+ +

+
−

w vp f
m

hm cm

U

J Hh h
h

T T

 (43) 

so, the overall heat transfer via the membrane is given by (Eq. 46): 

 ( )= −t h cq U T T  (44) 

taking into account the macroscopic scale of membrane distillation, the energy balance gives 

the following equation (Eq. 47): 

 ( ) ( ), ,− = −
ch c c P c out c inUA T T m C T T  (45) 

cpC  is the heat capacity and mc denotes the mass of cold water in equation 47. Similarly, the 

heat balance for the hot side can be written as (Eq. 48): 

 ( ) ( ), ,− = −
hh c hin P h in h outUA T T m C T T  (46) 

also mh,out  obtianed from the following mass balance (Eq. 49): 

 
, ,− =h in h out wm m m  (47) 

mw is calculated by using the mass flux (Jw). Modeling flowcharts of the whole system and the 

MD system are provided in Figures 2 and 3. 
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Figure 2. Modeling flowchart of the whole system 

 

It should be noted that multiplying Jw by effective surface area of the membrane concludes 

the mass flow rate of the distilled water. MD system can be simulated using some input values 

that can be found in the literature [49]. The input values applied for the simulation are provided 

in Table 2. 

 

2.2.2. Exergy analysis 

Following the second law definition, exergy analysis is helpful to determine the 

irreversibilities within the system. The exergy of stream material is divided into two parts as 

defined in (Eq. 50): 

𝐸̇𝑥 = 𝐸̇𝑥𝑝ℎ + 𝐸̇𝑥𝑐ℎ (48) 

physical and chemical exergies can be written by (Eq. 51,52) [51]: 

𝐸̇𝑥𝑝ℎ =∑𝑛̇𝑖[(ℎ𝑖 − ℎ0) − 𝑇0(𝑠𝑖 − 𝑠0)]

𝑖

 
(49) 
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𝐸̇𝑥𝑐ℎ =∑𝑛̇𝑖
𝑖

∑(𝑥𝑖𝑒𝑥𝑐ℎ,𝑖 + 𝑅̅𝑇0𝑥𝑖 . 𝑙𝑛𝑥𝑖)

𝑖

 (50) 

the irreversibility caused by each component is then given by (Eq. 53): 

𝐸̇𝑥𝐷 =∑𝐸̇𝑥𝑖𝑛 −∑𝐸̇𝑥𝑜𝑢𝑡 (51) 

the rate of input solar energy into the proposed system is calculated by (Eq. 54)[52]: 

𝐸̇𝑠 = 𝐴𝑟𝐹𝑅(𝑆 −
𝐴𝑟
𝐴𝑎

𝑈𝐿(𝑇𝑖𝑛 − 𝑇0)) (54) 

here, Ar is the collector's receiver area, FR is considered as removal factor, Aa is the aperture 

area, UL illustrates the overall heat loss coefficient related to the solar collector and S indicates 

the absorbed heat by the receiver (Eq. 54). Moreover, the input exergy that is reached by the 

solar collector is measured by (Eq. 55) [52]: 

𝐸𝑥̇𝑠 = 𝐴𝑐𝑜𝑙𝑙𝐺𝑡[1 +
1

3
(
𝑇0
𝑇𝑠
)
4

−
4

3
(
𝑇0
𝑇𝑠
)] 

(55) 

where, 𝐴𝑐𝑜𝑙𝑙is the collector's area,𝐺𝑡is the instantaneous solar radiation, and 𝑇𝑠is the 

temperature of the sun's surface (Eq. 55). 

 

 

Figure 3. Modeling flowchart of the MD system 
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Table 2. Input data for the simulation 

 
Variable  Value Variable  Value 

PEME PEMFC 

PEMET 80 °C stackT 70 °C 

𝐸𝑎
𝑎𝑐𝑡 76 kJ/mol PEMFCA 2232 cm 

𝐸𝑐
𝑎𝑐𝑡 18 kJ/mol airλ 2 

aλ 14 H2λ 1.2 

cλ 10 H2HHV 285.55 kJ/mol 

J 2500 mA/cm I 2100 mA/cm 

𝐽𝑎
𝑟𝑒𝑓

 
2A/m 31.7×10 en 2 

𝐽𝑐
𝑟𝑒𝑓

 
2A/m54.6×10 MD unit 

PVT 
ε 0.85 

δ m5-4.5×10 

β 1-C 0.004  r m6-0.22×10 

windu 2 m/s hd 4 mm 

0T 25 °C A 20.0572 m 

G 2800 W/m h,inT 70 °C 

PVT 70 °C c,inT 20 C 

 

2.2.3. Multi-objective optimization 

Some objective functions that are usually in direct competition are considered the target 

functions –also called objective functions. Objective functions are optimized at the same time 

to extract a set of solutions with respect to optimum points. Optimization can be conducted 

using various algorithms while the genetic algorithm has always been a good choice because 

of its noteworthy advantages for the energy systems [53]. The Matlab toolbox of genetic 

algorithm is used to conduct the optimization. The genetic algorithm is used to optimize the 

system and a similar approach is taken into account as described in Ref. [42]. The population 

size of 100 beside 10 generations, probability of crossover and mutation of 85% and 1% are 

respectively considered. The values of inputs and target functions will be given with respect to 

different optimum solutions. 

2.2.4. Performance criteria 

Some performance criteria are considered to examine the proposed system from various 

aspects. The first law of the system efficiencies is defined as (Eq. 56): 

 
+ 

= 2 2tot H H

th

sol

P m LHV

Q
 (56) 

where 
2H

m the excessive hydrogen is produced and sol
Q is the received heat by the solar 

collector. In addition, the freshwater mass flow rate and exergy efficiency of the proposed 

system is given by (Eq. 57): 

 = 
freshwater W MD

m J A  (57) 



Anal. Bioanal. Electrochem., Vol. 14, No. 5, 2022, 486-509                                                 499 

 

 
 + +

= 2 2

ch

H H tot freshwater

ex

sol

m e P E

E
 (58) 

where MD
A  is the effective surface area of the membrane and

W
J  is the mass flux of the 

freshwater, 
2

ch
H

e  is the hydrogen chemical exergy and freshwater
E is the exergy of freshwater, and 

sol
E is the exergy of the solar energy received by the collector. Net power output is obtained as 

follows (Eq. 59): 

 = − +
tot PVT PEME PEMFC

P P P P  (59) 

energy utilization factor can also be written as (Eq. 60): 

 
 + + 

= 2 2,w tot v tot H H

sol

m H P m LHV

Q
 (60) 

where ,w tot
m is the mass flow rate of the produced fresh water, v

H  is the vaporization 

enthalpy and LHV denotes to the lower heating value.  

 

3. RESULTS AND DISCUSSION 

3.1.Validation 

Firstly, simulation of each subsystem is validated by considering the reported data in the 

previous works. The validation of the electrolyzer, PEMFC, PVT cells, and MD system are 

provided in Figure 4, Table 3 to Table 5, respectively. A maximum error of 9% is seen in the 

simulation of MD.  

 

Figure 4. Validation of PEME [56] 
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Table 3. Validation of PEMFC 

Inlet gas temperature (K) Cell voltage (V) Cell voltage (V) [55] Deviation (V) 

348 0.675 0.656 0.019 

353 0.684 0.678 0.006 

358 0.692 0.691 0.001 

 

Table 4. Validation of PVT system 
Concentration ratio Present study Power 

(kW) 

Ref. [54]; Power (kW) Deviation (kW) 

2 0.128 0.127 0.001 

5 0.321 0.318 0.003 

10 0.643 0.635 0.008 

15 0.964 0.953 0.011 

20 1.285 1.272 0.013 

40 2.570 2.598 -0.028 

60 3.856 3.898 -0.042 

100 6.426 6.498 -0.072 

 

Table 5. Validation of MD system considering different inlet temperature of warm water 

C)o( hinT s))(modeling)2(kg/(mwJ [50]s))2(kg/(mwJ Deviation (%) 

80 0.0023 0.0024 4.1 

70 0.0016 0.0017 5.8 

60 0.0010 0.0011 9.0 

50 0.00065 0.0007 7.1 

40 0.00034 0.00037 8.1 

 

3.2. Sensitivity analysis 

The parametric study provides a helpful method to evaluate the suggested system 

performance when the inlet parameters are changed. Input parameters are altered, and the 

influence of them are investigated on the net power generation of the system, the mass flow 

rate of the distilled water, and exergy and energy efficiencies of the proposed system. The 

exergy destruction of each component is provided in Figure 5.  

3.2.1.The inlet temperature of the MD unit (Th,in) 

As demonstrated in Figure 6, the impact of the inlet temperature of the MD unit (Th,in) on 

the functionality of the system is assessed. As shown in the mentioned figure, changes in Thin 

do not have any impact on the total generated power because of the point that this component 

does not have a contribution to the process of electricity generation. Moreover, by making a 

change in Thin, the rate of freshwater generation increases.  
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Figure 5. The share of exergy destruction for each component 

 

 

 

Figure 6. The impact of the hot inlet temperature of the membrane distillation (Thin)on the 

performance criteria of the proposed cycle 

 

The reason for the mentioned improvement is that desalination is contingent on the 

temperature of the inlet stream and also by increasing the temperature of input salty water, 

input thermal energy enhances and the rate of the desalinated water improves. The reason is 

that with increasing the hot water temperature entering the MD unit, the vapor pressure at the 

feed hot side increases so the pressure difference between the two sides of the membrane 

increases; consequently, the driven force on vapor from the hot side to the cold side increases, 
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so higher vapor is turned into freshwater at the cold side. On the other hand, enhancing the 

production of the system (rate of the desalinated water) has a close relationship with the 

exergetic efficiency of the system as shown in the related curve, this factor has been improved. 

Also, the thermal efficiency of the system has not been influenced by Thin due to this parameter 

does not have any relation to the thermal efficiency of the system. With increasing the inlet 

temperature, the energy utilization factor increases due to the increased freshwater production. 

 

 

 

Figure 7. The impact of the area of photovoltaic solar collector (APV)on the functionality of the 

cycle 

 

3.2.2. The area of photovoltaic solar collector (APV) 

As shown in Figure 7, the impact of the area of photovoltaic solar collector (APV) on the 

functionality of the hybrid system is evaluated. With raising the APV, the energy and the exergy 

efficiencies, the total power generation, and the mass flow rate of the distilled water increased. 

because of this point, by enhancing the APV the input heat flux of the system improve and the 

power generation of the system is enhanced. On the other hand, improving the power 

generation causes a positive impact on the efficiencies of the plant and as it is crystal clear, all 

of the curves that are related to efficiencies of the system experience an improvement. In a 

nutshell, all of the objective functions of the system improve by increasing the APV factor. 

Energy utilization factor, similarly to other efficiencies, increases due to the higher freshwater 

production and power output. 
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3.2.3. The solar radiation intensity (G) 

Alteration of performance metrics of the system influenced by changing the solar radiation 

intensity has been illustrated in Figure 8. As it is vivid, with raising the G value, the energy and 

the exergy efficiencies of the system increase exponentially by the descent gradients. Also, the 

rate of water desalination, and power generation increase with linear gradients. The reason that 

can be highlighted here for mentioned behaviors is that the improvement in solar radiation 

means an increase in input thermal energy of the proposed system. Consequently, the power 

and the water generations improved and these enhancements cause an improvement in the 

efficiencies of the plant. The energy utilization factor is closely related to the other systems' 

efficiencies. It means higher solar radiation leads to higher power generation and freshwater 

production. 

 

Figure 8. The influence of the solar radiation intensity (G)on the performance criteria of the 

proposed cycle 

 

3.2.4. The current density of the electrolyzer(JPEME) 

The impact of the electrolyzer current density (JPEME) on the functionality of the system 

was demonstrated in Figure 9. From the behaviors of the power generation curve of the hybrid 

system, it can be concluded that by enhancing the J factor, the mentioned parameter decreases 

remarkably. This behavior is because of the point that J has a direct relation with the consumed 

power of the unit and overly the net power generation of the system decreases. Besides, 

decreasing in the power generation make a decrement in plant efficiency and it is vivid in the 

figure, mentioned indicators decrease significantly. Furthermore, higher current densities 
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would lead to higher H2 consumption, so that higher heat from the PEMFC can be provided for 

the MD unit, so freshwater production increased. 

 

 

Figure 9. The influenceof the electrolyzer current density (JPEME) on the functionality of the 

system 

 

3.2.5. The electric current density of the PEMFC (JPEMFC) 

As shown in Figure 10, the influence of alteration of the electric current density of the fuel 

cell on the performance criteria of the suggested plant is studied. From the figure, it can be 

found that, power generation, and efficiencies of the plant decrease when the JPEMFC factor 

improves. The reason that should be emphasized here is that the energy consumption of the 

electrolyzer has a direct relationship with the JPEMFC factor and it makes a negative impact on 

the overall power generation of the unit. This negative impact can be found in the related curve 

and as it is clear it decreases with a decent gradient. On the other hand, by decreasing the total 

generation power, the exergetic and thermal efficiencies of the plant decrease. These 

decrements can be seen in the behaviors of related curves in Figure 10. Besides, changings in 

the JPEMFC factor increase the freshwater production rate, as higher current densities lead to a 

higher heat rate available for the MD unit. 

3.2.6. The stack temperature of the PEMFC (Tstack) 

Figure 11 depicts the impact of altering the stack temperature of the fuel cell (Tstack) on the 

functionality of the suggested plant. By enhancing Tstack factor, the exergetic and thermal 

efficiencies, and the generation power of the fuel cell unit increase. Furthermore, with 

increasing the stack temperature, higher heat would be provided for the MD unit, so higher 

freshwater production is expected. 
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Figure 10. The influence of the PEMF Current density (JPEMFC) on the functionality of the 

system 

 

 

Figure 11. The impact of the PEMFC stack temperature (Tstack) on the functionality of the 

system 

 

3.3. Optimization 

The Pareto front consisting of optimum points is demonstrated in Figure 12. As illustrated 

in the figure, the two conflicting objectives would increase with increasing either of them. 

Some points are extracted and can be considered for designing the systems depending on the 

perspective of engineers and stakeholders. However, the desired operating points should be 

60 80 100 120 140 160

21.8

22.0

22.2

22.4

22.6

22.8

23.0

23.2

P
to

t 
(k

W
)

JPEMFC (W/m2)

 Ptot

 mw,tot

 II

 I

 

16.0

16.5

17.0

17.5

18.0

m
w

,t
o
t 
(k

g
/s

)

11.15

11.20

11.25

11.30

11.35

11.40

11.45

11.50

11.55


II
 (

%
)

5.65

5.70

5.75

5.80

5.85

5.90

5.95

6.00


I 
(%

)

8.3

8.4

8.5

8.6

8.7


 (

%
)

50 60 70 80 90 100

22.5

22.6

22.7

 Ptot

 mw,tot

 II

 I

 

P
to

t 
(k

W
)

Tstack,PEMFC (°C)

17.0

17.5

18.0

18.5

19.0

m
w

,t
o
t 
(k

g
/s

)

11.32

11.34

11.36

11.38

11.40


II
 (

%
)

5.83

5.84

5.85

5.86

5.87

5.88


I 
(%

)

8.48

8.49

8.50

8.51

8.52

8.53

8.54

8.55

8.56

8.57

8.58


 (

%
)



Anal. Bioanal. Electrochem., Vol. 14, No. 5, 2022, 486-509                                                 506 

 

compared to the ideal solution point shown in the figure. Three different operating points are 

selected having different efficiency and power. The values of the decision variables that 

corresponded to these points along with the value of the objective functions are given in Table 

6. Point B shows a well-balanced condition between the power and exergy efficiency. 

 

Table 6. Values of decision variables and objective functions at different selected points 

 

Point 

Parameters Objective functions 

(°C)FCT  PEMEJ

)2(A/m 
FCI 

)2(mA/cm 

 *
hinT

(°C) 

(%)ex η P (kW) 𝑚̇𝑤,𝑡𝑜𝑡(kg/h) 

A 90 5500 60 70 10.8 40 25.9 

B 90 7200 60 75 11.7 30 20.2 

C 90 6400 60 78 13 22.5 17.1 
is the hot stream inlet of MD  hinT* 

 

Figure 12. Pareto frontier consisting of optimal solutions 

 

4. CONCLUSIONS 

In this study, a novel system is proposed for power and freshwater production consisting 

of a PVT cell, PEMFC and electrolyzer, and MD system. The required heat of the MD system 

is provided by PVT cells and PEMFC which also meet the required power of the electrolyzer. 

The hydrogen produced is transferred to PEMFC for power generation. The proposed system 

is comprehensively analyzed from a thermodynamics viewpoint and also optimized using 

multi-objective optimization. The main results of this study are: 

• A higher area of PVT cells can increase the power output and freshwater production as 

the required energy for the MD system improves 

• The current density of the electrolyzer and fuel cell is very influential and the fuel cell 

current density should be kept at lower values to support satisfactory performance 
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• The inlet temperature of the MD system should be higher to conclude higher freshwater 

production 

• The highest exergy degradation rate belongs to thermal photovoltaic cell (PVT) with 

309.3 kW and the lowest exergy degradation rate belongs to the membrane desalination 

system with 0.11 kW. 

• After thermal photovoltaic cell, the highest rate of exergy degradation belongs to the 

electrolyzer with a value of 4.4 kW, followed by the proton exchange membrane fuel 

cell with a value of 2.26 kW. 

• Increasing the temperature of the fuel cell stack both increases the power production in 

the fuel cell and also increases the temperature of the water entering the desalination 

plant and, naturally, increases the fresh water production. 

• Changes in the cross section of the solar cell can affect up to 80% and changes in the 

intensity of solar radiation can affect up to 230% of the fresh water produced.The 

optimal condition results from multi-objective optimization show efficiency of 11.7%, 

and 30 kW power. 

• The freshwater production rate, following the optimal points determined on the Pareto 

frontier, will be about 17.1–25.9kg/h. 

• The energy utilization factor of the system ranges from 5.5–to 9.5% depending on the 

operating condition. 
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