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Abstract
Background
Regarding most of FC/PV/Battery based hybrid power generation systems, the photovoltaic (PV) power usually dominates the main power supply and the water electrolyzer is used to produce hydrogen. The energy efficiencies of these hybrid power generation (HPG) systems are usually low due to the low conversion efficiency of PV cell and the extra power consumption to hydrogen production. To reduce the electricity demand by the PV system and improve the energy efficiency of hydrogen production unit, a scenario-based design of the HPG system is necessary.

Result
This paper proposes an EFC/PV/Battery based hybrid power generation system to meet 24-hour power demand. An ethanol-fueled fuel cell (EFC) power generator not only dominates the main power supply, but also a combination of the stand-alone EtOH-to-H2 processor and PEMFC can ensure higher energy efficiency. A PV system is treated as an auxiliary power generator which can reduce the (bio)ethanol consumption. A backup battery not only stores excess power from PV or EFC, but also it can precisely satisfy the power demand gap. Finally, scenario analysis of the hybrid power generation (HPG) system in regard to the hybrid power dispatch and energy efficiency is addressed.

Conclusion
An optimized fuel processing unit using ethanol fuel can produce high-purity hydrogen. The simulation shows that the stand-alone EtOH-to-H2 processor not only guarantee the high energy efficiency, but also it can continuously produce hydrogen if the fuel is enough. According to scenarios for the daily operation of the HPG system, the EFC power dominates the power supply during the night, the PV system dominates the power supply during the day and the backup battery aims to instantly compensate the power gap and store the excess power from PV or EFC. According to the hybrid power dispatch, the distribution of the HPG system efficiency is specified.
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Background
Recently the interest in renewable and sustainable power generation techniques such as photovoltaic, wind, and fuel cell powered systems has grown. The off-grid hybrid power system is increasingly popular for remote area power generations, even though the photovoltaic (PV) or wind system is highly dependent on weather conditions and locations. Muselli et al. [1] developed a stand-alone hybrid power system which was composed of the PV panels, an electrical generator using fossil fuels, and battery storage, and Elhadidy [2] studied the feasibility of using wind/solar/diesel energy conversion systems to meet the power demand of the specific community in Saudi Arabia. Notably, a gasoline or diesel engine is usually treated as the backup power generator.
The PV system generates electricity during daylight hours, but the fuel cell system produces electricity as long as hydrogen is supplied. To address the clean power generation system, Hwang et al. [3] proposed a solar/fuel cell hybrid power system to meet the daily load demand of a typical family in Taiwan, Uzunoglu et al. [4] investigated dynamic models and simulation of this kind of hybrid power generation systems with appropriate control strategies, and Zervas et al. [5] provided an optimal decision framework for managing the hybrid energy systems. Similarly, these hybrid systems all involve the water electrolyzer for producing hydrogen. The electrolyzer is simpler and does not require complex units, but there is no solution to reduce its large electricity consumption. For most of hybrid systems, the PV panel is larger so as to carry out water electrolysis by using the excess power. Therefore, the overall energy efficiency is quite low [6].
The hydrogen fuel cells have been considered the most promising for automotive application, but the guidelines for the hydrogen storage, safer operation and transportation are quite rigorous [7]. The fossil fuel processing unit could produce the high purity of hydrogen [8, 9], but the external energy supply and large carbon emissions are not avoided. If biomass can replace fossil fuels as the feedstock, the net-zero greenhouse gas (GHG) emissions of hydrogen production systems can be achieved. Liquefied ethanol is a popular feedstock because it is easily made by fermentation, no compressed storage is needed, and lower operating temperatures are required for reforming processes [10, 11].
In this paper, an ethanol fueled HPG system is proposed. The modeling, optimization and design of the EtOH-to-H2 processor is achieved by using Aspen Plus. The scenario analysis of the HPG system in regard to the daily load demand of a typical family in Taiwan [3] is investigated in Matlab. Since the EFC power unit cannot rapidly meet the load demand due to complicated chemical reactions in the ethanol reforming process, the lithium-ion battery is considered to meet the power gap when the excess power from PEMFC and PV units have been completely stored in the battery in advance. According to prescribed hybrid power dispatch, it is verified that the energy efficiency of the proposed HPG system is superior to the other renewable hybrid energy system.
Hybrid power generation system
The ethanol-fueled HPG system is shown in Figure 1. Both PV generator and PEMFC stack are treated as power sources. The lithium-ion battery is denoted as an electricity storage/instant supply device. The stand-alone EtOH-to-H2 processor in place of the devices of the hydrogen storage tank and water electrolyzer aims to produce high purity hydrogen. Other devices, including converters/inverters and power management (DC bus), are used to meet the voltage specification.[image: A40508_2013_Article_44_Fig1_HTML.jpg]
Figure 1
                          Hybrid power generation system.
                        




EtOH-to-H2processor
The EtOH-to-H2 processor shown in Figure 2 is considered as a stand-alone hydrogen production system, which is composed of an ethanol steam reforming (ESR) reactor, a low-temperature water-gas-shift (LTWGS) reactor, the pressure swing adsorption (PSA) unit, and a burner. The simple heat integration is adopted to improve the water heat recovery; (i) the waste heat generated from the burner is applied to preheat the mixing feed flow using a heat exchanger (HEX1) and then meets the heat demand of the reforming reactions in the ESR reactor; (ii) the inlet water flow is preheated by a heat exchanger (HEX2) to increase the feed temperature; (iii) the temperature of flue gas discharged from the heating jacket of the ESR reactor is expected to be low.[image: A40508_2013_Article_44_Fig2_HTML.jpg]
Figure 2
                            Stand-alone EtOH-to-H
                            
                              2
                            
                            processor.
                          






ESR reactor
According to the kinetic experiments for the ethanol steam reforming reactions over Co3O4-ZnO catalyst at atmospheric pressure and temperature in the 600-800 K range [12], first the reactions of ESR are shown as:[image: A40508_2013_Article_44_Equ1_HTML.gif]

 (1)

[image: A40508_2013_Article_44_Equ2_HTML.gif]

 (2)

[image: A40508_2013_Article_44_Equ3_HTML.gif]

 (3)

[image: A40508_2013_Article_44_Equ4_HTML.gif]
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Second, the kinetic models of four reactions (r1, …, r4) are expressed by power-law rate expressions [12]:[image: A40508_2013_Article_44_Equ5_HTML.gif]

 (5)

[image: A40508_2013_Article_44_Equ6_HTML.gif]

 (6)

[image: A40508_2013_Article_44_Equ7_HTML.gif]

 (7)
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 (8)


where T
                    ESR
                   is the temperature of the ESR reactor, P
                    i
                   (i = C2H5OH, CO, H2O, …) is corresponding partial pressure, and R is the universal gas constant. Moreover, the one-dimensional, pseudo-homogeneous model is built by the Aspen Plus. The assumptions for the steady-state simulation of the ESR reactor include gas phase reactions, plug-flow reactor, and no pressure drop. The thermodynamic properties of some species are evaluated by using the Peng-Robinson equation of state. Other parameters include the fluid density = 0.02 kmol m-3, catalyst weight = 5 kg, and sizes of the reactor with the diameter and length of the reactor D = 0.5 m and L = 1.5 m.

LTWGS reactor
To reduce CO as well as enhance hydrogen yield, the LTWGS reactor could be directly connected to the ESR reactor, where the reaction scheme is:[image: A40508_2013_Article_44_Equ9_HTML.gif]

 (9)


For a moderately exothermic reaction with Sud-Chemie commercial available catalysts, we assume that the reactor is adiabatic and the operating temperature is between 400 K and 600 K. Moreover, the kinetic model is described by [13],[image: A40508_2013_Article_44_Equ10_HTML.gif]

 (10)


where T
                    WGS
                   is the temperature of the WGS reactor and K
                    WGS
                   is the equilibrium constant of the WGS reaction shown by[image: A40508_2013_Article_44_Equ11_HTML.gif]

 (11)



Burner
Regarding the design of burner, we assume that (i) H2 is completely separated by PSA, (ii) all components of the burner are completely burned, and (iii) its Aspen module is considered as an adiabatic and stoichiometric reactor. The combustion reaction in the burner is shown as follows:[image: A40508_2013_Article_44_Equ12_HTML.gif]

 (12)

[image: A40508_2013_Article_44_Equ13_HTML.gif]

 (13)
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Sensitivity analysis
Regarding the effect of fuel utilization, the ratio of hydrogen to ethanol (H2/C2H5OH) is specified by adjusting ethanol flow or water flow in the feed.I.The profiles of H2/C2H5OH vs. [image: A40508_2013_Article_44_IEq1_HTML.gif] at different TESR,in is depicted in Figure  3(a). It shows that the maximum hydrogen yield can be achieved by adjusting the water flow at constant ethanol flow. The profiles of H2/C2H5OH vs. (S/C)|EtOH at different TESR,in is depicted in Figure  3(b). Similarly, it shows that the maximum hydrogen yield is obtained by adjusting the ethanol flow at constant water flow. The corresponding operating ranges are bounded by [image: A40508_2013_Article_44_IEq2_HTML.gif] and 600K ≤ TESR,in ≤ 800K. Notably, the manipulation of ethanol flow can ensure the larger hydrogen yield than the water flow at the same TESR,in, and the increase of TESR,in cannot induce the high hydrogen yield. According the heat recovery design, the waste gas temperature at the outlet of heating jacket decreases when the preheated temperature of ESR increases. The low reactor temperature would reduce the conversion of ethanol reforming reactions.

 

II.According to the sensitivity analysis by adjusting one variable (S/C)|EtOH, the optimization tool of Aspen Plus is employed to determine the optimal operating conditions, [image: A40508_2013_Article_44_IEq3_HTML.gif] = 2.14 at TESR,in =600 K. The steady-state simulation of the system at optimal conditions is shown in Figure  4, where the flowrate of hydrogen product can achieve 55.62 kgmol/hr, i.e. H2/C2H5OH =4.38 and the ethanol conversion can achieve 95%.

 


[image: A40508_2013_Article_44_Fig3_HTML.jpg]
Figure 3
                          Fuel utilization ratio of ethanol-to hydrogen processor at different
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[image: A40508_2013_Article_44_Fig4_HTML.jpg]
Figure 4
                          Optimization and simulation of EtOH-to-hydrogen processor.
                        




PEM fuel cell system
A Ballard 5 kW PEMFC stack system consists of 30 cells connected in series to provide output current up to 100 A, which is directly connected to an ethanol-to-hydrogen processor. The high purity of hydrogen produced from the processor is fed to the anode and the excess hydrogen needs to be recirculated. Referring to an empirical fuel cell stack model by [14, 15], the output voltage of a single fuel cell (V
                      fc
                    ) is expressed by[image: A40508_2013_Article_44_Equ16_HTML.gif]

 (16)


(i) The open circuit cell potential E via the Nernst equation is described by [image: A40508_2013_Article_44_Equ17_HTML.gif]

 (17)


(ii) The activation overvoltage V 
                      act
                     is described by a first-order dynamic with the effects of double layer capacitance charging at the electrode-electrolyte interfaces [image: A40508_2013_Article_44_Equ18_HTML.gif]

 (18)


where the activation drop E
                      act
                     is defined by[image: A40508_2013_Article_44_Equ19_HTML.gif]

 (19)


and the parametric coefficients β1, …, β4 are expressed by[image: A40508_2013_Article_44_Equ20_HTML.gif]

 (20)


and[image: A40508_2013_Article_44_Equ21_HTML.gif]

 (21)


(iii) The ohmic overvoltage is given by: [image: A40508_2013_Article_44_Equ22_HTML.gif]

 (22)


where the membrane resistivity r
                      M
                     is described by[image: A40508_2013_Article_44_Equ23_HTML.gif]

 (23)


Above of all parameters for modeling the PEMFC system have been defined in the nomenclature section. Based on the ideal gas law and the principle of mole conservation, the partial pressures of hydrogen ([image: A40508_2013_Article_44_IEq5_HTML.gif]) and oxygen ([image: A40508_2013_Article_44_IEq6_HTML.gif]) associated with reactant flow rates at the anode and cathode along with the cell current are modeled as.[image: A40508_2013_Article_44_Equ24_HTML.gif]

 (24)

[image: A40508_2013_Article_44_Equ25_HTML.gif]

 (25)


Notably, two pressure regulators with fixed parameters (k
                      an
                    , k
                      ca
                    ) are added to manipulate the outlet hydrogen flow at the anode and the outlet oxygen flow at the cathode. The above model equations show that the fuel cell performance is affected by current density (i
                      fc
                    ), fuel cell temperature (T
                      fc
                    ), hydrogen and oxygen partial pressure. Referring parameter values of the fuel cell model in Table 1, Figure 5 shows that the maximum cell power output appears when the current is operated around 250A and the cell temperature is fixed at T
                      fc
                     = 75°C. Moreover, the voltage and power of the stack is given by V
                      stack
                     = 30V
                      fc
                    ; P
                      fc
                     = V
                      stack
                    i
                      fc
                    A
                      fc
                    .Table 1
                            PEMFC Parameters
                          


	Parameter
	Value

	
                                V
                                
                                  an
                                
                              
	0.005 m3

	
                                k
                                
                                  an
                                
                              
	0.065 mol s− 1atm− 1

	
                                P
                                
                                  BPR
                                
                              
	1 atm

	
                                V
                                
                                  ca
                                
                              
	0.01 m3

	
                                k
                                
                                  ca
                                
                              
	0.065 mol s− 1atm− 1

	F
	96485 Cmol-1

	
                                A
                                
                                  fc
                                
                              
	232 cm2

	
                                l
                                
                                  m
                                
                              
	178 × 10− 4 cm

	R
	8.314 Jmol− 1K− 1

	
                                C
                                
                                  dl
                                
                              
	0.035 × 232 F

	
                                [image: A40508_2013_Article_44_IEq7_HTML.gif]
                              
	2



[image: A40508_2013_Article_44_Fig5_HTML.jpg]
Figure 5
                            PEMFC power versus current at different T
                            
                              fc
                            
                            .
                          




Remark 1: To address the feasible manipulation of the fuel cell stack, two pressure regulators for manipulating the outlet flow rates of hydrogen and oxygen at the anode and cathode, respectively, are required. In addition, the oxygen starvation phenomenon should be avoided, i.e., the following inequality for oxygen excess ratio ([image: A40508_2013_Article_44_IEq8_HTML.gif]),[image: A40508_2013_Article_44_Equ26_HTML.gif]

 (26)


should be satisfied by increasing the inlet flow rate of oxygen ([image: A40508_2013_Article_44_IEq9_HTML.gif]) or air flow [15].
Remark 2: The stack requires a circulating water system to keep the relative humidity of membrane as well as regulate the stack temperature. It is assumed that the stack system is isothermal, the relative humidity is kept at a desired level, and the hydrogen flow in the inlet of fuel cell ([image: A40508_2013_Article_44_IEq10_HTML.gif]). In fact, the fuel processing delays, including reaction time and transportation delay exist such that the power gap between supply and demand is inevitable.

Photovoltaic generator
A photovoltaic (PV) generator is composed of numbers of solar cells connected in series and parallel to provide the desired output terminal voltage and current. Using the Kirchoff’s current law the terminal current I
                      s
                     through the solar cell is expressed by [3].[image: A40508_2013_Article_44_Equ27_HTML.gif]

 (27)


(i) The photocurrent I 
                      ph
                     is described as [image: A40508_2013_Article_44_Equ28_HTML.gif]

 (28)


(ii) The diode loss current I 
                      d
                     is described as [image: A40508_2013_Article_44_Equ29_HTML.gif]

 (29)


(iii) The shunt current I 
                      sh
                     is shown by [image: A40508_2013_Article_44_Equ30_HTML.gif]

 (30)


where the cell junction temperature T
                      j
                     is expressed by[image: A40508_2013_Article_44_Equ31_HTML.gif]

 (31)


where P1, P2, and P3 are empirical constants. E0 and T0 are reference solar radiation and reference junction temperature, respectively. The P4 is an empirical constant, a
                      f
                     is the ideality factor of the PV array, E
                      g
                     is the gap energy voltage of silicon, κ is Boltzmann’s constant, V
                      s
                     is the terminal voltage, N
                      s
                     and R
                      s
                     are the number of cells in series and series resistance, and R
                      sh
                     is the parallel resistance. All the above parameter values for the PV system are shown in Table 2. Figure 6 shows that the maximum power output of the PV system exists at different T
                      a
                     and E
                      s
                    .Table 2
                            PV Parameters
                          


	Symbol
	Value

	
                                T
                                0
                              
	298 K

	
                                T
                                
                                  NOTC
                                
                              
	316 K

	
                                E
                                0
                              
	1000 W m− 2

	
                                κ
                              
	1.3854 × 10− 23 J K− 1

	
                                E
                                
                                  g
                                
                              
	1.12 eV

	
                                p
                                1
                              
	2.96  Am2W− 1

	
                                p
                                2
                              
	− 8.6 × 10− 4  m2W− 1

	
                                p
                                3
                              
	0.0037 K− 1

	
                                p
                                4
                              
	1272.3 AK− 3

	
                                R
                                
                                  s
                                
                              
	1.29 Ω

	
                                R
                                
                                  sh
                                
                              
	154.1 Ω



[image: A40508_2013_Article_44_Fig6_HTML.jpg]
Figure 6PV power versus voltage (a) at different E
                              s
                            while T
                              j
                             = 25°C: (b) at different T
                              a
                            while E
                              s
                             = 350 Wm
                              − 2
                            .





Auxiliary devices
The auxiliary devices shown in Figure 1 include a lithium-ion battery which is considered as a high-capacity energy storage to compensate the power gap and share the load demand and several he boost DC/DC converters are used to boost the DC voltage of the units of PV, PEMFC and battery. The dynamic responses of battery are faster than other units in the hybrid power system, in our approach the modeling of battery is omitted and the well-defined charging/discharging mechanism is considered [16, 17]. The DC/AC pulse-width modulation (PWM) is used to meet the specification of the household electricity, where the dynamics with regard to AC voltage and current waveform are shown in Figure 7 using the SimPowerSystems™ toolbox in Matlab.[image: A40508_2013_Article_44_Fig7_HTML.jpg]
Figure 7
                            DC/AC PWM inverter connected to DC/DC converter.
                          






Scenario analysis
For the proposed HPG system, the solar irradiance, water and ethanol are denoted as energy sources. Assumed that the weather variation is inevitable and the sources of water and ethanol are reliable, the HPG system is considered as the optimal power generator since the optimized EFC power generator according to optimal operating conditions in Figures 4 and 5 is specified and the maximum PV power in Figure 6 is achieved by using the maximum power point tracking (MPPT) controller. Moreover, scenario analysis of the daily operation of the HPG system is addressed as follows.1.Hybrid power dispatch: Figure  8(a) shows that the PV and PEMFC systems are dispatched to precisely meet the daily household load demand [3]. In our design, the daily PV power distribution shown in Figure  8(b) is fixed according to prescribed patterns of solar irradiance. A scenario shows that both PV and PEMFC are integrated to instantly cope with the peak power. Especially, the EFC power should dominate the main electricity supply during the day and night.

 

2.Power gap compensation: If the EtOH-to-H2 processor cannot produce pure hydrogen immediately due to slow reactions, then the EFC power decay at this moment. It is caused by the fuel processing delay such that the power demand gap (desired Pfc-actual Pfc) shown in Figure  8(b) appears. Assumed that the rapid response of Li-ion battery can instantly compensate the power demand gap and the battery charging from PV and EFC units is always larger than the battery discharging, Figure  9(a) and 9(b) show that the HPG system can precisely meet the daily load demand. In this perfect scenario, the hybrid power dispatching shown in Figure  9(a) is confirmed where the battery contribution (green area) aims to compensate the power demand gap during each time period. Figure  9(b) shows that the battery is recharged by the excess power from PV and PEMFC during day and night.

 


[image: A40508_2013_Article_44_Fig8_HTML.jpg]
Figure 8
                          The daily operation of HPG system without use of battery: (a) Power profiles from P
                          
                            FC
                          
                          and P
                          
                            PV
                          
                          ; (b) Responses of EFC power generator.
                        



[image: A40508_2013_Article_44_Fig9_HTML.jpg]
Figure 9
                          HPG system according to daily power demand: (a) Hybrid power dispatch; (b) Recharge power for battery.
                        




Regarding hybrid power dispatching problem, the PV unit (blue bars) provides 34.5% total power, the battery (green bars) is 12.4% and the EFC (red bars) is about 53.1%. Notably, the battery is charged from the EFC is about 56.1% and 43.9% from the PV. It implies that the PV power is used to save 39.9% fuel consumption.

System efficiency
The efficiency of the power generation system is usually affected by the electric power, mechanical energy and heat. To ignore the effects of mechanical energy and heat, the efficiency of the HPG system is investigated as follows.A.Photovoltaic efficiency
According to the formulation of solar cell efficiency limits [18], the PV efficiency is described as[image: A40508_2013_Article_44_Equ32_HTML.gif]

 (32)



 



where ηmax is the maximum efficiency of the PV system, Pmax is the maximum PV power, and A
                    s
                   is the surface area of the solar panel.B.EFC efficiency
Referring the experimental data for ethanol reforming processes [19, 20], the energy efficiency of EtOH-to-H2 processor is defined as[image: A40508_2013_Article_44_Equ33_HTML.gif]

 (33)



 



and the energy efficiency of fuel cell is described as[image: A40508_2013_Article_44_Equ34_HTML.gif]

 (34)


where HHV
                    i
                   represent the high heating value of species i. [image: A40508_2013_Article_44_IEq11_HTML.gif] and [image: A40508_2013_Article_44_IEq12_HTML.gif] represent the inlet flow rate of ethanol and water, respectively. Moreover, the efficiency of the EFC is expressed by η
                    efc
                   = η
                    esr
                  η
                    fc
                  . Figure 10 shows that the energy efficiency of the EFC unit is increasing if the load demand increases, but the energy efficiency of the FC unit without the use of EtOH-to-H2 processor decreases if the load demand is larger than 5 kW. It is verified that the EFC design can ensure higher energy efficiency than the conventional hydrogen fueled fuel cell system.C.According to above efficiency of each unit, the (overall) system efficiency of HPG system is expressed as

 


[image: A40508_2013_Article_44_Fig10_HTML.jpg]
Figure 10
                          Energy efficiencies for EFC and PEMFC.
                        





                  [image: A40508_2013_Article_44_Equ35_HTML.gif]

 (35)


                
where η
                    battery
                  , η
                    converter
                   and η
                    inverter
                   are efficiencies of Li-ion battery, DC/DC converter and DC/AC inverter, respectively. The battery power P
                    battery
                   is evaluated by P
                    d
                   − P
                    efc
                   − P
                    PV
                   where P
                    d
                   is set as the load. Referring the initial efficiency of Li-ion battery [21], we assume η
                    battery
                   for a new battery. Referring to references [22, 23], we assume η
                    converter
                   =0.9 and η
                    inverter
                   = 0.98. Referring the hybrid power dispatching in Figure 9(a), the hybrid system efficiency by Eq. (35) is shown in Figure 11. Based on the hybrid power system using parallel and series connections, the system efficiency is around 11% during the day, but it reaches over 60% during the night. Obviously, the PV system induces lower system efficiency and it can be significantly improved by using the integrated reformer/fuel cell system and battery.[image: A40508_2013_Article_44_Fig11_HTML.jpg]
Figure 11
                          HPG system efficiency.
                        






Conclusions
An optimized fuel processing unit using ethanol fuel can produce high-purity hydrogen. The simulation shows that the stand-alone EtOH-to-H2 processor not only guarantee higher energy efficiency, but also it can continuously produce hydrogen if the fuel is enough. According to scenarios for the daily operation of the HPG system, the EFC power dominates the power supply during the night, the PV system dominates the power supply during the day and the backup battery aims to instantly compensate the power gap and store the excess power from PV or EFC. According to the hybrid power dispatch, the distribution of the HPG system efficiency is specified.

Nomenclature
a
                  f
                , ideality factor
A
                  fc
                , effective fuel cell area, cm2
A
                  s
                , surface area of the solar panel, m2
[image: A40508_2013_Article_44_Equa_HTML.gif]


, oxygen concentration at the cathode/membrane interface, molm-3
[image: A40508_2013_Article_44_Equb_HTML.gif]


, hydrogen concentration at the anode/membrane interface, molm-3
C
                  dl
                , Double layer capacitance, F
E0, Reference solar radiation, W m− 2
E
                  g
                , Gap energy voltage for silicon, eV
E
                  s
                , solar radiation, Wm-2
i, current density, Acm-2
I
                  s
                , terminal current of PV cell, A
k
                  an
                , k
                  ca
                , flow constant of anode and cathode, mol s− 1atm− 1
l
                  m
                , Membrane thickness, cm
c
                  p
                , specific heat capacity, J K− 1kg− 1
P
                  i
                , partial pressure of i component, atm
P
                  BPR
                , back pressure, atm
P, cell power, W
T
                  a
                , ambient temperature, K
T0, reference junction temperature, K
T
                  NCOT
                , normal cell operating temperature, K
R
                  s
                , series resistance, Ω
R
                  sh
                , parallel resistance, Ω
u, superficial velocity, m s− 1
V
                  s
                , terminal voltage of PV cell, V
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