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Abstract and keywords 

 

Abstract 

In this work, a framework of charge transports in proton-conducting solid oxide fuel 

cells (H-SOFCs) with considering current leakage is developed by assuming four 

electrode reactions. Current leakage occurs when electron holes pass through the 

electrolyte and combine with electrons at the anode side. An analytical solution of 

leakage currents is proposed depending on the Nernst-Planck equation. On the basis of 

the analysis expression, a mathematical model of H-SOFCs is proposed, which can 

provide the information about current-voltage characteristics, leakage current density, 

Faraday and energy efficiencies. Furthermore, H-SOFCs with the BaZr0.8Y0.2O3 

electrolyte are fabricated and tested, and the proposed model well reproduces the 

experimental data. The simulation results indicate that current leakage primarily affects 

the H-SOFC performance when the output voltage is close to the OCV. Both Faraday 

efficiencies and energy efficiencies decrease with increasing operating temperatures due 

to the existence of current leakage. 

 

Keywords 

Current Leakage; SOFC; Proton-conducting; modeling; Nernst-Planck equation; 
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Nomenclature 

 

Nomenclature 

  Greek symbols 

D Diffusion coefficient of species,  σ Conductivity, S/m   

 m2/s τ Thickness, μm 

E Activation energy , J/mol ϕ Electrostatic potential, V 

F Faraday constant, 96485 C/mol ε Electrode porosity 

J Current density, A/m2 β The symmetry factor 

Jm Molar flux, mol/m2 γ The pre-exponential factors, A/m2 

kB Boltzmann constant,  μ chemical potential, J/mol 

 1.381×10-23 J/K η Overpotential, V 

M Molecular weight of species,  Subscripts 

 kg/mol a (c) At the anode (cathode) side 

ne Number of electrons ele The electrolyte 

P Operating pressure, bar i, j Species i, j 

q Elementary charge,  k Knudsen diffusion 

 1.602×10-19 C m Gas mixture 

R Gas constant, 8.3145 J/(mol K) ext The external current 

T Temperature, K con Concentration overpotential 

v Dynamic viscosity, m2/s act Activation overpotential 

V Output voltage, V ohm Ohmic overpotential 

y Volume fractions, m3/m3 Superscripts 

z Charge valences I The electrode-electrolyte  

   interface 

  0 The initial condition 
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Main text 

 

 

1. Introduction 

Fuel cells, which directly convert chemical energy into electrical energy, have been 

well recognized in recent years as high-efficiency, quiet and environmentally benign 

energy conversion devices for power generation. Among the various types of fuel cells, 

solid oxide fuel cells (SOFCs) are considered a promising energy converting technology, 

which possess several additional advantages such as multi-fuel flexibility, no liquid 

electrolyte with its attendant material corrosion and the absence of a requirement for 

precious-metal catalysts [1-3]. 

In general, there are two types of electrolytes (i.e., oxygen ion and proton conducting 

electrolytes) for applying to SOFCs at high operating temperatures (HT, 700-1000 °C) 

and intermediate temperatures (IT, 400-700 °C), respectively [4, 5]. The current oxygen 

ion conducting SOFC technology, based on yttria-stabilized zirconia (YSZ) electrolytes, 

requires the cell to operate in the HT range, which results in high energy input, materials 

compatibility challenges and strict operational complexity. Fortunately, protons migrate 

easily by the Grotthustype mechanism in the perovskitetype oxide lattice, leading to 

smaller values of activation energy compared to those of oxygen-ion conductors. Thus, 

proton conducting solid oxide fuel cells (H-SOFCs) should possess larger conductivity 

values in the IT range. In addition, H-SOFCs also constitute a promising alternative for 

the following reasons: the fuel would not be diluted during the operating process and 

higher Nernst potential and fuel utilization can be expected; the concentration 
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overpotential can be remarkably reduced within anode-supported H-SOFCs, due to a 

greater diffusion coefficient of hydrogen [6-8]. 

Current leakage occurs when perovskite-type materials are used as electrolytes in 

H-SOFCs. The general formula of perovskite-type oxides can be written as AB1-xMxO3-d. 

Substituting in the B site, the M dopant cation creates oxygen vacancies [6, 7]. In other 

words, the hydroxide defects can automatically dissociate and generate free water and 

oxygen vacancy [6],  

••• ++→ OOO VOOHOH 22                                                 (1)  

Then the oxygen vacancy can greatly contribute to the conduction of electron holes in 

the oxidizing environment [9, 10]. 

••• +→+ OO OhOV 25.0 2                  (2) 

Taking Y-doped BaZrO3 (BZY) as an example, conduction of electron holes is 

enhanced significantly in a pure oxygen atmosphere [11]. In most cases, the cathode 

side is exposed to the stationary air with high oxygen potential during operation, and 

thereby the electron hole conductions are considerable in varieties of operating 

conditions. Furthermore, transport numbers, which include the ratio of electron hole 

conductivities and total conductivities, have been widely investigated by impedance 

spectrum technology in recent researches [10, 12 and 13]. These studies reported that 

the electronic transport can be in identical order of magnitude as ionic transports. Hence, 

current leakage can lead to remarkable decreases of open circuit voltages and cell 

efficiencies.  
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There have been extensive modeling studies on the H-SOFCs in recent years, which 

can describe all overpotential losses as well as current-voltage curves from macroscopic 

view. Researchers [14-17] developed the basic mathematical models for H-SOFCs using 

hydrogen as fuel gases. With these models, the influences of cell configurations, 

operating temperature and gas pressure upon the performance of H-SOFCs can be 

effectively predicted. More recently, methane [18-21] or ammonia [22-23] fed 

H-SOFCs with direct internal reforming had attracted considerable interest due to their 

excellent hydrogen carrier performance. Nevertheless, all the above modeling works did 

not consider current leakage in their electrochemical model. Hence, a full fuel cell 

model with current leakage is necessary for the progress of H-SOFCs. 

Additionally, some studies attempted to analyze the multiple charged defects 

chemistry from mesoscopic view [24-28]. The defects in the Triple Phases Boundary 

(TPB), including protons, oxide vacancies, electron holes together with electrons, were 

assumed to interact with gas environments. Based on the local defect-chemical 

equilibrium model [24-26], defect concentrations can be estimated with the known 

kinetics parameters. Then, the fluxes of electron holes or electrons through solid 

electrolytes can be calculated by the Nernst-Planck equation, charge conservation and 

Gauss’s Law [27-28]. However, these researches mainly forced on the multiple charged 

defects transport phenomena inside the ceramic electrolyte. And they did not propose a 

mathematical model to predict the performance of the full H-SOFCs, such as the 

current-voltage (J-V) characteristic and types of overpotentials. Therefore, there is a 
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great gap between the macroscopic and mesoscopic investigations for H-SOFCs. 

In this work, a framework of charge transports in H-SOFCs with the Y-doped 

BaZrO3 electrolyte is developed by assuming four electrode reactions. Based on such 

framework, the defect electrochemical potentials are expressed by the corresponding 

gas chemical potentials. Simultaneously, the Nernst-Planck equation is implemented to 

describe proton and electron hole transports through the electrolyte. Finally, a 

mathematical model is proposed by accounting for coupled interactions between porous 

media transport in the electrodes, electrochemical polarization in TPB, proton 

conduction and current leakage in the electrolyte. This study can fill the gap between 

the macroscopic and mesoscopic investigations on H-SOFCs and provide some 

theoretical guidelines for the design and optimization of the H-SOFCs with current 

leakage. 

 

2. Experimental Investigation 

The BaZr0.8Y0.2O3 powders were synthesized by a combined EDTA-citric acid 

method with Metal nitrate precursors Ba(NO3)2, ZrO(NO3)2·xH2O and Y(NO3)2·6H2O. 

NiO powders, BZY powders and carbon black were used to prepare the NiO-BZY 

electrode substrates (10.3 mm in diameter and 0.3 mm in thickness, after sintering at 

1450 oC) by dry-pressing and then firing at 600 oC for 2 h. The BZY electrolyte layer 

was deposited on the NiO-BZY substrates using the drop-coating method, and then was 

sintered at 1450 oC for 5 h. The (La0.60Sr0.40)0.95Co0.20Fe0.80O3-x (LSCF) cathode with an 
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effective area of 0.33 cm2 was applied onto the surface of the BZY electrolyte layer by 

using the LSCF ink and brush painting method and then sintering at 1000 oC for 2 h. 

Furthermore, the Pr2Ni0.5Mn0.5O4+δ solution, which was prepared by dissolving 

Pr(NO3)3·6H2O, Ni(NO3)2 and Mn(NO3)2·6H2O, was impregnated on the surface of the 

LSCF cathode to form PrNi0.5Mn0.5O3 (PNM) nanoparticles [29].  

The schematic diagram of the cell test setup is similar to our previous work [30]: the 

prepared single cells were attached to one end of an alumina tube using an electrical 

conductive paste. Ag wires were used as the cathode and anode lead wire and were 

attached to the electrodes with Ag paste. High temperature ceramic adhesives were then 

applied outside the attached cells to avoid gas leaking. After NiO was reduced to Ni in 

situ by flowing H2, the cell performance was measured at 550–700 oC by changing an 

external load. J–V characteristics of the anode-supported cell were evaluated using 

humidified hydrogen (3 vol% H2O) as fuel (with a fuel flow rate of 30 ml/min) and 

ambient air as the oxidant. The fracture surfaces of the cell after the electrochemical test 

were examined by scanning with an electron microscope, with a representative image 

shown as Fig. 1. The thickness of each layer was determined from the SEM 

micrographs.   

 

3. Mathematical Modeling 

Due to axisymmetric button fuel cells were fabricated and tested in this work, the 

current densities can be assumed uniform both in the axial and the radial directions. A 
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one-dimensional framework of charge transports in an H-SOFC is developed, as shown 

in Fig.2. In this model, protons and electron holes are the only mobile charges, and 

electrochemical reactions are assumed to occur only in the TPB.  

3.1. Electrochemical reactions in TPB 

ANODE 

Through quantities of reviewing, four electrode reactions (RI-RIV) were adopted in 

our model. At the anode of the H-SOFC, the hydrogen oxidation produces protons and 

electrons near the nickel and BZY particles, as illustrated as Reaction I (RI) in Fig. 2, 

−+ +⎯→⎯ eHH Ni 222
                                                   (3) 

Although the actual reaction pathway could be composite and uncertain [31], the proton 

and electron can be regarded as the final products. Then, the protons migrate through 

the BZY particles to the electrolyte, and combine with lattice oxygen. The formations of 

hydroxide defects occur via the following reaction [32], 

•+ →+ OO OHOH 222                                                    (4)    

In fact, quite few of oxygen ions move across the dense BZY electrolyte in the IT range 

and only protons jump from one lattice oxygen to another by Rotational Motion [6, 7].  

For the actual working state, in which current leakage takes place within the H-SOFC, 

most electrons are collected by the interconnect to supply power for the external 

applications and the other electrons react with electron holes, as indicated as Reaction II 

(RII) in Fig. 2, 

0→+ −• eh                                                         (5) 



10 

To quantitatively describe the proportion of electrons supplying power to external 

applications, Faraday efficiency is introduced as, 

•+
=

hext

ext

JJ

J
t                                                          (6) 

where Jext and Jḣ are the external current and the electron hole current, respectively.  

CATHODE 

In the area where there is enough electrons, the oxygen molecules from the 

surrounding atmosphere are absorbed on the mixed O2-/e- conducting phase (LSCF) 

surface, dissociate, and react with electrons to form O2- ions [32], 

−− →+ 2

2 25.0 OeO                                                      (7) 

Then, the water formation reaction between hydroxide defects and oxygen ions has to 

be considered, 

−• +→+ OO OOHOOH 22 2

2                                             (8) 

As demonstrated as Reaction III (RIII) in Fig. 2, in the situation there is enough 

electrons, the simplified overall half reaction between proton and oxygen can be 

expressed as follows,  

OHeOH 22 25.02 →++ −+                                               (9)  

There are not always enough electrons through the cathode-electrolyte interfaces, due 

to the existence of current leakage. As mentioned in the introduction, oxygen 

incorporation occurs in the oxidizing environment, which produces a quantity of holes 

as shown as Eq. (2). Consequently, the simplified overall half reactions between proton 

and oxygen by lack of enough electrons could be expressed as Eq. (10), as illustrated as 
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Reaction IV (RIV) in Fig. 2,  

•+ +→+ hOHOH 25.02 22
                                             (10) 

Overall, there are two charge transport circles in the H-SOFC as demonstrated in Fig. 

2, including the external circle and the inner circle: the external circle is formed when 

t×100% electrons flow from the anode to the cathode through the external circuit (Jext), 

and react with t×100% protons and oxygen molecules to form steam, as illustrated as 

RIII; the inner circle is created when the surplus (1-t) ×100 % protons react with oxygen 

molecules, producing water and electron holes, as shown as RIV. The electron holes 

then pass through the dense BZY electrolyte and react with the surplus (1-t) ×100 % 

electrons, as shown as RII. 

3.2. Charge transports in the electrolyte 

According to the Nernst-Planck equation, the molar fluxes of protons and electron 

holes through the electrolyte can be described as [33, 34]: 

•+=−−= hHi
qz

cDJ
i

i
iiim ,, 


                                     (11) 

Where D is the diffusivity, c is the density of mobile ions, σ is the conductivity, z is the 

valence of charges, q is the elementary charge and ϕ is the electrostatic potential. The 

Nernst-Einstein relation is [33]:  

( ) i

ii

B
i

cqz

Tk
D 

2
=                   (12) 

where kB is the Boltzmann constant. Chemical potential is related to the density of 

mobile ions [33, 35], 
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iii cRT ln0 +=                   (13) 

where R is the gas constant. Substituting Eqs. (12) and (13) into Eq. (11), the current 

densities of protons and electron holes occurring in the electrolyte can be expressed 

respectively as [33, 36]: 




−−= ++

+

+ HH

H

H F
J                                            (14) 




−−= ••

•

• hh

h

h F
J                                              (15) 

Through eliminating ϕ, the following relation can be achieved: 

)(
1

•+

+

+

•

•

−=−
hH

H

H

h

h

F

JJ



                                         (16) 

Here the quasi-equilibrium state is assumed for reactions I-IV; thus protons and electron 

holes are respectively in equilibrium between electrolyte and the electrodes, i.e., 

a

H

a

h

a

H 2
22  =− •+                                     (17) 

c

H

c

O

c

OH

c

h

c

H 222
5.022  =−=− •+                 (18) 

Integrating Eq. (16) throughout the electrolyte and combining Eq. (17) and Eq. (18) to 

eliminate electrochemical potentials, the following expression can be obtained, 

c

H

a

H

H

ele

H

h

ele

h P

P

F

RT
JJ

2

2ln
2

=−
+

+

•

•








                                         (19) 

where τele represents the thickness of the electrolyte and the assumption of uniform 

conductivities throughout the electrolyte is adopted for a certain temperature. This 

equation describing the transport of protons and electron holes in the electrolyte is 

essentially similar to those reported about oxygen iron conducting SOFCs [33, 34 and 
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35].  

The external current direction from cathode to anode is defined as positive. Thus, the 

proton current is negative and the electron hole current is positive based on Kirchhoff’s 

law, as illustrated in Fig. 2. For a given external current density, Jext, the following 

relation is achieved, 

( )exthH
JJJ +−= •+                                                     (20) 

Combining Eq. (19) with Eq. (20), the analytical solution of leakage currents for an 

H-SOFC is expressed as,  














+












−=

+•+

•

H

ele

h

ele

H

ele
extc

H

a

H

h
J

P

P

F

RT
J












/ln

2
2

2                                 (21) 

On the basis of this analytical solution, current leakage can be calculated for a given 

external current. Furthermore, the proton currents as well as the polarization losses can 

be more precisely predicted with considering current leakage. 

3.3 The electrochemical model for H-SOFCs  

The potential balance equation, considering all overpotential losses that occur during 

operation, can be written as follows [14, 15 and 18],  

cconcaconccactaactohmiceqout EV ,,,,  −−−−−=                              (22)   

where ηohm is the ohmic overpotential; ηact,a, ηact,c, ηconc,a and ηconc,c are respectively the 

activation overpotentials and concentration overpotentials at the anode and cathode.  

The equilibrium voltage of H-SOFCs fed pure hydrogen as fuel can be expressed by 

the Nernst equation [15, 19], 



14 












+−= −

0

)(

2/100

4

2

22
)(

ln
2

104516.2253.1
COH

OH

eq
P

PP

F

RT
TE                           (23) 

where P0 is the equilibrium pressure of the electrode surface.            

According to Ohm’s law, the Ohmic overpotential of H-SOFCs is proportional to the 

proton current density (JH+) as shown below [14, 15 and 19], 

+

+=

H

ele

Hohm J



                                                        (24)  

An important point to note is that the proton conductivity as well as the electronic holes 

conductivity of the BZY electrolyte varies as a strong function of temperature based on 

the defect equilibrium model [37], 





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


−=

+

++

−
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






−=

•

••

−

Tk

E
T

B

h

hh
exp1

,0
                     (25) 

where EH+ and Eḣ  are the activation energies for the carrier of protons and electronic 

holes respectively [11, 37]; σ0,H+ and σ0,ḣ are the pre-factors obtained by fitting the 

experimental data. 

The activation overpotentials are related to the proton current density, and usually are 

expressed by the non-linear Butler–Volmer equation in implicit form [14-18], 

( ) .,,1expexp ,

,

,

,

,0 cai
RT

Fn

RT

Fn
JJ iact

ie

iiact

ie

iiH
=
















−−−








=+              (26) 

In electrochemistry, J0,i represents the readiness of an electrode to proceed with an 

electrochemical reaction. The exchange current density can be expressed as [20, 38], 

)/exp( ,,0 RTEJ aactaa −=  , )/exp( ,,0 RTEJ cactcc −=                          (27) 

where γa and γc represent the pre-exponential factors of anode and cathode, respectively; 
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Eact,a and Eact,c are the activation energy levels at the anode and cathode, respectively.  

For H-SOFCs, the concentration overpotentials can be expressed in terms of the gas 

concentration difference between the electrode surface and the electrode–electrolyte 

interface as follows [15, 20 and 21], 

( )I

HHacon PP
F

RT
22

/ln
2

0

, = , 
























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=

0

5.0
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,

2

2

2

2ln
2 OH

I

OH

I

O

O

ccon
P

P

P

P

F

RT
                      (28) 

The dusty gas model (DGM) is employed to describe both diffusion and permeation 

phenomena within the porous electrode [18 and 20], 
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,,

,

, 1
1

                (29) 

where eff

kiD ,  is the effective Knudsen diffusion coefficient of species i; eff

ijD  represents 

the effective binary diffusion coefficient of species i and j [39, 40]; yi represents the 

molar fraction of species i; and vm is the dynamic viscosity of the gas mixture which is 

obtained by Wilke’s method [40].  

 

4. Results and Discussions   

The values of thicknesses of the electrodes and electrolyte, along with cell properties 

used in the model are listed in Table 1. The pre-factors of exchange current densities, 

proton conductivities and electron hole conductivities are obtained by fitting the 

experimental data, as collected in Table 2. As mentioned in the previous section, the 

proposed models are applied to predict all the electrochemical-related variables (i.e., J-V 

curve, power output, possible potential losses and leakage currents) as well as fuel cell 
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efficiencies.  

4.1. Model validation 

The simulating J-V and power density performances of the H-SOFC are summarized 

in Fig. 3, compared with experimental data (symbols) with a temperature ranging from 

550 oC to 700 oC. Overall, the mathematical model is able to reproduce the experiments 

relatively well except for some points at 700 oC. A possible reason for the failure is that 

the BZY electrolyte has high oxygen iron conduction at high operating temperatures, 

which is not considered in this model. 

As shown in Fig. 3, the open-circuit voltage (OCV) values for all ranges of operating 

temperatures are lower than 1.0 V, suggesting that electronic leakages are considerable 

and can not be ignored. Specially, OCV values slightly drop with the increasing 

operating temperature, indicating that electronic leakages become more significant in 

higher temperature. In addition, the peak power densities together with the 

corresponding output voltages are collected in Table 3, which will be discussed together 

with Energy efficiencies.    

4.2. Possible overpotential losses 

Calculated anode and cathode activation polarizations for different operating 

temperatures are displayed in Fig. 4. The activation polarization increases steeply at low 

current densities and gradually at high current densities. The cathode polarization is 

obviously higher than that of the anode, because the electrochemical reduction of O2 in 

the cathode is slower than the reduction of H2 at the anode. Furthermore, the figure 
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clearly shows that both the anode and the cathode activation polarizations decrease with 

the increasing operating temperature. This is because the exchange current density 

increases as the temperature rises. 

As shown in Fig. 5, the anode or cathode concentration overpotentials are all 

insignificant for all ranges of operating temperatures, due to that small cathode surfaces 

(0.33 cm2) and large fuel flow rates (30 ml/min) were applied in the experiment. There 

is a strong linear relationship between cathode concentration polarizations and current 

density. Although the anode supported configuration is adopted in the button cell, the 

anode concentration overpotential is still dramatically lower than that at the cathode side. 

Generally there are two factors contributing to such small anode concentration 

polarization. One is that the transport resistance of hydrogen is lower than that of 

oxygen. The other is that no product species needs to leave the reaction site near the 

anode-electrolyte interface. 

Under our operating conditions, the maximum loss is the electrolyte Ohmic 

polarization, as shown in Fig. 6. The Ohmic overpotential increases linearly with the 

current density for all the operating temperatures. One interesting finding is that the 

Ohmic overpotentials for higher temperature are larger when the current density is 

lower than 0.2 A/cm2. Such results are obviously different from those obtained by the 

models without current leakage. This can be explained by that both proton 

conductivities and electron hole conductivities increase with growing operating 

temperatures. Therefore, the leakage currents at higher temperature are generally larger 
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than that at lower temperature. Based on Eq. (20) and Eq. (24), the Ohmic losses at 

higher temperature can be greater when the external current density is pretty low.  

4.3. Leakage currents together with Faraday efficiencies 

The leakage current densities as well as the Faraday efficiencies are determined as a 

function of cell voltages for all ranges of operating temperatures, as presented in Fig. 7. 

Overall, leakage currents increase with the increasing cell output voltage for all 

temperatures. The diving force of electron holes across the electrolyte increases 

resulting from external current densities decrease with the output voltages, as indicated 

by Eq. (21). Simultaneously, leakage current densities vary with cell operating 

temperatures, i.e., leakage current densities grow slowly at lower temperatures while 

increase rapidly at higher temperature. This is attributed to the heavy dependence of 

electron hole conductivity on temperatures.  

The Faraday efficiency decreases with the increasing cell voltages for all ranges of 

temperatures, as shown in Fig. 7. The Faraday efficiencies at low temperature are 

generally higher than those at the high temperature. At higher cell voltages, especially 

above 0.7 V, the decreasing rate of Faraday efficiency is faster than that at lower 

voltages. All the above analysis indicates that current leakage can remarkably worsen 

the H-SOFC performance near open circuit condition.  

4.4. Energy efficiency analysis for H-SOFCs 

Energy efficiencies are expressed as a ratio of the generated electric power to the 

lower heating value of the fuel [41 and 42]. 
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22 HH

extout
en

LHVN

JV




=                                                    (30) 

The flow rate of the consumed H2 can be determined by 

F

J
N H

H
22

+

=                                                           (31) 

The model-predicted energy efficiencies versus cell voltages at different operating 

temperatures are presented in Fig. 8. Similar with Faraday efficiency, energy 

efficiencies at low temperature are also higher than those at high temperature. This is 

because the fact that leakage current would be increasingly visible at higher temperature. 

Overall, the highest energy efficiencies are observed when the output voltages range 

from 0.6 V to 0.8 V. Current leakage primarily influences the energy efficiencies near 

the open circuit condition. Another interesting finding is that the energy efficiencies for 

different temperatures gradually reach an identical level with decreasing output 

voltages.  

The H-SOFC would be expected to work at the situation of peak power density. All 

the performances related to peak power density are collected in Table 3. The output 

voltages usually range from 0.4 V to 0.5 V, which are lower than the voltages for the 

highest energy efficiencies. In addition, the transfer numbers are listed and compared 

with Faraday efficiencies as well as energy efficiencies. Obviously, they are essentially 

different with each other due to transfer numbers would not change with external 

current. Moreover, the transfer numbers gradually decrease with the growing operating 

temperature, which is indicated that electron hole conductivities become increasingly 
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vital at higher temperatures. 

 

5. Conclusions 

In this work, the mechanisms of current leakage were discussed by assuming four 

electrode reactions (RI-RIV). In oxidizing atmospheres, protons react with oxygen to 

generate steam and electron holes at the cathode side. Current leakage occurs when 

electron holes pass through the electrolyte and combine with electrons at the anode side. 

Simultaneously, the Nernst-Planck equation was adopted to describe the relationship 

between protons and electron holes in the electrolyte. An analytical solution of leakage 

currents for H-SOFCs was deducted. Then, a mathematical model which considers 

porous media transport in the electrodes, electrochemical polarization at the interfaces, 

proton and electron hole conductions in the electrolyte was proposed. Using this model, 

all possible potential losses, leakage current density, Faraday and energy efficiencies 

were predicted.  

Furthermore, Working H-SOFCs with BZY electrolyte, NiO-BZY anode and LSCF 

cathode accompanied with PNM nanoparticles were fabricated and tested. A good 

compatibility was observed between the experimental data and model-predicted results. 

The simulation results indicated that the maximum loss was still the electrolyte Ohmic 

overpotential, although the anode-support configuration was applied in the experiment. 

Another important finding is that current leakage primarily influences the H-SOFC 

performance when the output voltages are close to the OCV. This is because there is 
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usually the greatest gradient of electrochemical potentials in the electrolyte under OCV 

condition. Moreover, both Faraday efficiencies and energy efficiencies decrease with 

increasing operating temperatures under our operating condition. This is due to that the 

electron hole conductivity of BZY electrolyte grows faster than that of protons with 

increasing temperature. This study could provide some theoretical guidelines for the 

design and optimization of the H-SOFCs with current leakage. 
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Fig. 1. Cross-sectional SEM graph of a single button fuel cell 
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Figure 2 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The framework of charge transports in a solid oxide fuel cell based on 

proton-conducting electrolytes. 
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Figure 3 
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Fig. 3. Comparison of model-predicted and experimental J-V and power density 

curves for an H-SOFC operated at different temperatures. 
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 Figure 4 
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Fig. 4. Model-predicted activation overpotentials versus current density for an 

H-SOFC operated at different temperatures. 
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Figure 5 
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Fig. 5. Model-predicted concentration overpotentials versus current density for an 

H-SOFC operated at different temperatures. 
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Figure 6  
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Fig. 6. Model-predicted Ohmic losses versus current density for an H-SOFC operated 

at different temperatures. 
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Figure 7 
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Fig. 7. Model-predicted electronic leakage current densities and Faraday efficiencies 

versus cell voltages at different operating temperatures. 
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Fig. 8. Model-predicted energy efficiencies versus cell voltages at different operating 

temperatures. 
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Table 1 Cell parameters and properties used for modeling analyses [7, 38] 

 

 

Parameter   Value  

Operating temperature (T, oC) 550, 600, 650 ,700 

Operating pressure (P, bar) 1.0 

Anode inlet fuel molar ratio, (H2/H2O) 0.97/0.03 

  

Anode  

Thickness (τa, μm) 550 

Porosity (εa) 0.3 

Tortuosity (ξa) 3.0 

Average pore radius (rp, μm) 0.5 

Average particle diameter (dp, μm) 10 

activation energy (Eact,a, J/mol) [18, 20] 100000 

  

Cathode 

Thickness (τc, μm) 40 

Porosity (εc) 0.3 

Tortuosity (ξc) 3.0 

Average pore radius (rp, μm) 0.5 

Average particle diameter (dp, μm) 10 

activation energy (Eact,a, J/mol) [18, 20] 120000 

  

Electrolyte 

Thickness (τele, μm) 15 

Activation energy for proton carrier (EH+, eV) [11]   0.38  

Activation energy for electronic hole carrier (Eḣ , eV) [11]  0.73  
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Table 2 Electrochemical model/input parameters fitted with experimental data.   

 

 

 

 

Exchange current density parameters  

pre-exponential factor of exchange current (γa , A/m2) 9.577×108 

pre-exponential factor of exchange current (γa , A/m2) 8.817×109 

Electrolyte conductivity parameters  

Pre-factor of proton conductivity(σ0,H+, S·m-1oC) 25719.4 

pre-factor of electron hole conductivity (σ0,ḣ , S·m-1oC) 212139.6 
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Table 3 Cell performances at peak power density for different operating temperatures.   

 

 

Operating temperature (T), oC 550 600 650 700 

Peak power density, W/cm2 0.127 0.191 0.262 0.330 

Output voltage (Vout), V 0.41 0.44 0.46 0.45 

Faraday efficiency (%) 88.1 84.5 80.7 78.1 

Energy efficiency (%) 29.1 29.7 29.8 28.1 

Transfer number 0.918 0.895 0.868 0.840 

 

 

  

 

 

 

 




