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Abstract 13 

In this work, we develop a one-dimensional mathematical model for direct formate 14 

fuel cells (DFFC), which incorporates transport and electrochemical processes. The 15 

present model is validated against literature experimental results and it shows good 16 

agreement. In addition, we also investigate effects of operating and structural 17 

parameters on the cell voltage. Results exhibit that the cell voltage is increased with 18 

the reactant concentration, including formate, hydroxide ions, and oxygen, which 19 

originates from the reduced activation polarization and concentration polarization. 20 

Moreover, it is also shown that increasing the exchange current density much reduces 21 

electrode overpotentials and thus upgrades the cell performance. The model is further 22 

used to examine how the anode diffusion layer and the membrane affect the cell 23 

performance. It is found that the cell performance is upgraded with increasing the 24 

porosity of the anode diffusion layer and decreasing the thickness of the anode 25 
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diffusion layer or membrane. 26 
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1. Introduction 31 

Direct liquid fuel cells (DLFC) have recently attracted worldwide attention, primarily 32 

because liquid fuels possess obvious advantages over gaseous hydrogen in terms of 33 

transportation, storage, as well as handling [1-8]. Among various liquid fuels, formate 34 

has recently received ever-increasing attention, primarily because formate salts are 35 

readily stored, transported, and handled in their solid state and can be easily dissolved 36 

into water to form a liquid fuel [9-17]. Recently, it has been demonstrated that, adding 37 

an alkali (e.g.: NaOH/KOH) to the fuel solution would much improve the fuel cell 38 

performance [18-20]. Such an improvement can be attributed to the involvement of an 39 

alkali, which not only dramatically increases the ionic conductivity of hydroxide 40 

exchange membranes (HEM) [21, 22], but also enables the electrochemical kinetics of 41 

the formate oxidation reaction (FOR) to be further enhanced [23, 24]. It should be 42 

noted that the presence of both Na+/K+ ions and OH- ions in the fuel cell system 43 

creates an anion-cation co-existing system, thereby showing more complicated 44 

physicochemical processes [25], including mass transport, ion transport, electron 45 

transport, and electrochemical reactions. On the other hand, the direct formate fuel 46 

cell (DFFC) has a complex multi-layered porous structure, in which the transport and 47 

electrochemical processes occur simultaneously. Hence, it is hard to shed light on the 48 

complicated processes via experimental investigations. Alternatively, the 49 

mathematical modeling plays an important role in quantifying the transport and 50 

electrochemical processes in fuel cells. To our best knowledge, there is no attempt to 51 

mathematically investigate the DFFC. In this work, a mathematical model is 52 

developed for the DFFC and effects of design and operating parameters on the cell 53 

performance are examined.  54 

 55 
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2. Formulation 56 

Fig. 1 shows a DFFC configuration that is comprised of a membrane electrode 57 

assembly (MEA) clamped between two bipolar plates, which sequentially includes an 58 

anode diffusion layer (DL), an anode catalyst layer (CL), an HEM, a cathode CL, and 59 

a cathode DL. On the anode, the formate in the fuel solution is oxidized to produce 60 

electrons, water, and carbonate ions according to Ref. [26]: 61 

- 2 -
3 2HCOO 3OH CO 2H O 2e− −+ → + +       0

aE 1.05V= −    (1) 62 

On the cathode, oxygen reduction reaction (ORR) happens to generate hydroxide ions 63 

according to Refs. [27, 28]:  64 

- -
2 2

1 O H O 2e 2OH2 + + →            0
cE 0.40V=     (2) 65 

The combination of the FOR and the ORR results in an overall reaction: 66 

  - 2
2 3 2

1HCOO O OH CO H O2
− −+ + → +        0E 1.45V=     (3) 67 

This theoretical voltage is higher than those of fuel cells running on other liquid fuels, 68 

such as methanol (1.23 V) and ethanol (1.14 V) [29, 30].  69 

To simplify the complicated processes, a one-dimensional model is developed with 70 

the following simplifications and assumptions: 71 

(1) The fuel cell operations are under steady-state condition. 72 

(2) The transport through DLs is assumed to be a diffusion-predominated process. 73 

(3) As CL is much thinner than DL; hence, CL is treated as an interface. 74 

(4) Since there is no mixed-potential phenomenon in this fuel cell system, the formate 75 

crossover through the HEM is ignored. 76 

2.1. Transport model 77 

As mentioned earlier, there is no electrochemical reaction occurring in the anode 78 

DL. Hence, the mass conservation of reactants/products in the anode DL can be 79 
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expressed as [31]:  80 

0=∇ iN                                (4) 81 

where i represents HCOO-, OH-, or -2
3CO . As mass/charge transport through the anode 82 

DL is considered to be a diffusion-predominated process, the flux ( iN ) can be written 83 

based on Fick’s law: 84 

dx
dCDN ieff

ii −=                             (5) 85 

in which C denotes the reactant/product concentration, and the effective diffusivity, 86 

eff
iD , (i: HCOO-, OH-, or -2

3CO ) is given by:  87 

i
eff
i DD 2

3
ε=                              (6) 88 

where iD  and ε  represents the diffusivity of the reactant/product and the porosity 89 

of the anode DL, respectively. The electroneutrality of the fuel solution in the anode 90 

DL is followed by [32]:  91 

0=∑
i

iiCz                              (7)                                                                           92 

where z stands for the valence of ions and i denotes HCOO-, Na+/K+, OH- or -2
3CO . 93 

On the cathode, the air or pure oxygen can be employed as oxidant in this fuel cell 94 

system. For the case of the fuel cell using the air, oxygen extracted from the air reacts 95 

with electrons and water to generate the hydroxide ions in the cathode CL. Similarly, 96 

the mass conservation of oxygen in the cathode DL is expressed as [33]: 97 

0
2

=∇ ON                               (8) 98 

Then, the oxygen flux (
2ON ) can be expressed based on Fick’s law: 99 

dx
dC

DN Oeff
OO

2

22
−=                           (9) 100 

where the effective diffusivity ( eff
OD

2
) is given by: 101 
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22

2
3

O
eff
O DD ε=                           (10) 102 

For the case of using pure oxygen on the cathode, it is assumed that the cathode is 103 

fully filled by pure oxygen. 104 

2.2. Electrochemical model 105 

The formate oxidation mechanisms in alkaline media have been extensively 106 

investigated [34-36]. The previous studies showed the formate oxidation in alkaline 107 

media is a complicated electrochemical process, and the mechanism is not completely 108 

understood. To simplify the electrochemical process, a Tafel-form electrochemical 109 

model for the electro-oxidation of formate incorporating the mass-transfer effect is 110 

applied: 111 

0, ( ) ( ) exp( )
HCOO OH
a a

ACL ACL
HCOO OH a

a a aref ref
HCOO OH

C C Fj i
C C RT

γ γ α η
− −

− −

− −

=                 (11) 112 

0
1

ACL ref
HCOO HCOO HCOO
a ACL ref

HCOO HCOO

C C
C C

γ
− − −

− −

>
=  ≤

                      (12) 113 

ref
OH

ACL
OH

ref
OH

ACL
OHOH

a CC
CC

−−

−−−

≤
>





=
1
0

γ                          (13) 114 

where ACL
iC  is the reactant concentration in the anode CL and ref

iC  is the reference 115 

concentration of reactant. The reaction order γ is related to the species concentration 116 

and is assumed to be zero-order when its concentration is higher than a reference 117 

value. Otherwise, a first-order reaction is specified. 118 

Similarly, a Tafel-form electrochemical model is also employed for the 119 

electro-reduction of oxygen in alkaline media: 120 

)exp()(
2

2
,0 c

c
ref
O

CCL
O

cc RT
F

C
C

ij c ηαγ=                       (14) 121 
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ref
O

CCL
O

ref
O

CCL
O

c CC
CC

22

22

1
0

≤
>





=γ                           (15) 122 

where CCL
OC

2
 is the oxygen concentration in the cathode CL and ref

OC
2

 is the 123 

reference concentration of oxygen.  124 

2.3. Boundary conditions 125 

On the anode, 126 

1xx = :                 inlet
ii CC =    (i: HCOO-, Na+/K+, OH-, or -2

3CO )  (16) 127 

2xx = :                 
Fn
siN

a

icell
i =         (i: HCOO-, OH-, or -2

3CO )    (17) 128 

On the cathode, 129 

3xx = :                  
Fn
si

N
c

Ocell
O

2

2
=                                  130 

(18) 131 

4xx = :                 inlet
OO CC

22
=                                  (19) 132 

2.4. Cell voltage 133 

With the results obtained from the above-mentioned equations, the cell voltage can 134 

be determined [37]: 135 

0 ( )M
cell a c cell contact

M

V E i R δη η
σ

= − − − +                  (20) 136 

where E0 is the theoretical voltage, and the total cell resistance is attributed to the 137 

contact resistance (Rcontact) and membrane resistance ( M

M

δ
σ

). In addition, the 138 

physicochemical, operating, structural and transport parameters are presented in 139 

Tables 1-4, respectively. 140 

 141 

3. Results and discussion 142 

3.1. Model validation 143 

The numerical results and literature experimental data are compared and presented 144 

in Fig. 2. The experimental data were collected when the fuel cell was operated at 145 
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60oC with a fuel solution (2.0 M formate + 2.0 M KOH) and pure oxygen [38]. It can 146 

be seen that the predicted curve is in good agreement with the experimental data in 147 

the open literature. Fig. 3 specifies the anode polarization, cathode polarization and 148 

the ohmic polarization from the overall polarization curve. It is the fact that the 149 

anode/cathode polarization is attributed to the activation polarization (electrochemical 150 

loss) and the concentration polarization (transport loss), while the ohmic polarization 151 

is associated with the charge conduction (electron and ion) [18]. It is found that the 152 

largest polarization appears on the anode, indicating that the major loss in the DFFC 153 

results from the anode polarization. In the following sections, the numerical results on 154 

how various design and operating parameters affect the cell performance will be 155 

presented. 156 

3.2. Effect of the formate concentration 157 

For a given fuel cell design, the formate concentration in the fuel solution becomes 158 

an important parameter to achieve an appropriate formate concentration in the anode 159 

CL. Hence, the effect of the formate concentration on the cell performance is 160 

investigated and presented in Fig. 4a. It is shown that an increase in the formate 161 

concentration from 0.5 M to 2.0 M increases the cell voltage. It is clear that the 162 

improvement in cell performance is attributed to two aspects: (1) an increase in the 163 

formate concentration will enhance the electrochemical kinetics of the FOR, which 164 

can be evident from the anode overpotential shown in Fig. 4b; and (2) increasing the 165 

formate concentration means increasing the delivery rate of formate to the anode CL, 166 

which can be evident from the local concentration of formate shown in Fig. 4c. Too 167 

low local concentration of formate has the large activation polarization at low current 168 

densities and the large concentration polarization at high current densities, as shown 169 

in Figs. 4b and 4c. For example, the limiting current density is increased from 870 A 170 
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m-2 to 3500 A m-2 when the formate concentration increases from 0.5 M to 2.0 M. 171 

Therefore, an increase in the formate concentration from 0.5 M to 2.0 M improves 172 

cell performance. 173 

3.3. Effect of the hydroxide-ion concentration 174 

Presently, an alkali has to be added into the fuel solution because the ionic 175 

conductivity of state-of-the-art HEMs is rather low. On the other hand, the addition of 176 

an alkali is found to further enhance the electrochemical kinetics of the FOR. Hence, 177 

the effect of the hydroxide-ion concentration is examined and the numerical results 178 

are presented in Fig. 5. As expected, increasing the hydroxide-ion concentration 179 

increases the cell voltage. For example, at 2000 A m-2, the cell voltage increases from 180 

0.401 V to 0.545 V when the hydroxide-ion concentration increases from 0.5 M to 2.0 181 

M. This is because an increase in the hydroxide-ion concentration not only improves 182 

the electrochemical kinetics of the FOR (see Fig. 5b), but also increases the delivery 183 

rate of hydroxide ions (see Fig. 5c). It is noted from Fig. 5 that too low hydroxide-ion 184 

concentration will cause the large activation polarization at low current densities and 185 

the large concentration polarization at high current densities. For example, it is seen 186 

from Fig. 5a that the limiting current density appears for the case of the 0.5-M 187 

operation, which is caused by the mass-transport limitation of hydroxide-ion ions, 188 

which can be evident from the local concentration of hydroxide ion shown in Fig. 5c. 189 

It should be mentioned that although other three operations (1.0-M, 1.5-M and 2.0-M) 190 

also show the limiting current densities, but those mass-transport limitations are 191 

caused by the formate, rather than the hydroxide ion, which can be evident from the 192 

local concentrations of formate and hydroxide ion shown in Figs. 4c and 5c.  193 

3.4. Effect of the oxygen concentration 194 

In practice, the air is generally used as oxidant even though the pre-removal of 195 
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carbon dioxide is needed for alkaline fuel cells. Hence, the fuel cell using the air is 196 

examined and the comparison with that using pure oxygen is presented in Fig. 6. It is 197 

found that the fuel cell using the air increases the cathode overpotential and thus 198 

decreases the cell voltage, which is consistent with the previous investigations [39]. 199 

For example, at 2000 A m-2, the cell voltage decreases from 0.545 V to 0.470 V when 200 

the oxidant is changed from pure oxygen to the air, as shown in Fig. 6a. The higher 201 

oxygen concentration results in a faster electrochemical kinetics of the ORR and thus 202 

a lower activation polarization, as shown in Fig. 6b. For the case of using the air as 203 

oxidant, oxygen is transported from the cathode flow field through the cathode DL to 204 

the cathode CL, where the oxygen concentration becomes lower due to the 205 

consumption by the ORR. However, the previous study has shown that the decrease in 206 

the oxygen concentration from the flow field to the CL is rather small, resulting from 207 

the fast delivery rate of oxygen in its intrinsic gas state [31]. Therefore, it is suggested 208 

that the oxygen delivery rate is high enough to match the reaction rate. 209 

3.5. Effect of the exchange current density 210 

As a result of the fact that the exchange current densities on the anode and cathode 211 

can significantly affect the anode and cathode overpotentials, respectively, the effect 212 

of the respective exchange current density is examined and presented in Figs. 7 and 8. 213 

An increase in the exchange current density dramatically reduces the overpotentials 214 

(Figs. 7b and 8b) and thus improves the cell voltage (Figs. 7a and 8a). For example, at 215 

2000 A m-2, the cell voltage increases from 0.545 V to 0.695 V when the anodic 216 

exchange current density is increased from 10 A m-2 to 100 A m-2, as shown in Fig. 7a. 217 

In addition, it is also shown that the cell voltage increases from 0.364 V to 0.545 V 218 

when the cathodic exchange current density is increased from 1 A m-2 to 44 A m-2, as 219 

shown in Fig. 8a. Therefore, it is critically important to develop highly active 220 
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electrocatalysts to increase the exchange current densities of the formate oxidation 221 

and oxygen reduction reactions.  222 

3.6. Effect of the membrane thickness 223 

Due to the fact that the fast kinetics rendered by the alkaline environment allows us 224 

to use the non-precious-metal catalysts on the cathode, most of them are inactive to 225 

the crossovered fuels, dramatically alleviating the mixed-pontifical problem and thus 226 

enabling the use of the thin membrane. Typically, the membrane thickness can range 227 

from 28 µm (Tokuyama A201) to 125 µm (Nafion115). The effect of the membrane 228 

thickness is investigated and presented in Fig. 9. The voltage is found to slightly 229 

decrease with increasing the membrane thickness at high current densities. For 230 

example, at 2000 A m-2, the cell voltage decreases from 0.545 V to 0.511 V when the 231 

membrane thickness is increased from 28 µm to 120 µm, as shown in Fig. 9. Although 232 

the thinner membrane is preferred from power output point of view, a thinner 233 

membrane means the higher fuel crossover rate, definitely decreasing the fuel 234 

utilization efficiency, and the worse mechanical property. Hence, the positive effect of 235 

the low ohmic polarization and the negative effect of the high fuel crossover rate and 236 

the poor mechanical property will result in an optimal thickness for the membrane 237 

selection. 238 

3.7. Effect of the anode structural design parameters 239 

As mentioned earlier, formate in the fuel solution is transported through the anode 240 

DL to the anode CL. Hence, the structural design parameters can affect the transport 241 

process of formate. For this reason, the effects of the anode DL thickness and porosity 242 

on the cell performance are also investigated. It can be seen from Fig. 10 that an 243 

increase in the anode DL thickness from 50 µm to 200 µm decreases the cell voltage. 244 

This is because the thicker DL increases the mass-transport resistance of 245 
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reactants/products. As for the anode DL porosity, it is shown that increasing the 246 

porosity from 0.7 to 0.9 increases the cell voltage, particularly at high current 247 

densities, as shown in Fig. 11. This is due to the fact that larger porosity has a higher 248 

mass-transport rate. For this reason, the DL with a large porosity is preferred from 249 

mass-transport point of view; for example, the nickel foam with a porosity of 95% is 250 

generally used as the DL in alkaline direct ethanol fuel cells [40]. In addition, there 251 

are three functions for the DL in fuel cells, i.e., a reactant distributor, an electron 252 

transmitter, and a CL supporter [31]. On the other hand, a porous structure with a 253 

larger porosity means a larger electron transport resistance and the worse mechanical 254 

property. In practice, therefore, there will be an optimal value for the DL porosity by 255 

simultaneously considering the positive and negative effects. 256 

 257 

4. Concluding remarks 258 

We have developed a mathematical model for direct formate fuel cells by 259 

incorporating the transport and electrochemical processes simultaneously occurring. 260 

The numerical results are in good agreement with the experimental data in the open 261 

literature. It is found that the major voltage loss results from the anode polarization. 262 

As expected, the voltage is increased with the reactant concentration, including 263 

formate, hydroxide-ion and oxygen, primarily due to the decreased activation 264 

polarization and the increased mass-transport rate. In addition, it is also shown that 265 

the respective exchange current density has a significant influence on the performance. 266 

Furthermore, the performance is upgraded with an increase in the anode DL porosity, 267 

but with a decrease in the anode DL thickness and the membrane thickness. 268 

 269 
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 393 

Nomenclature 394 
 395 

C Concentration, mol m-3 

http://fuelcellsetc.com/store/DS/gas-diffusion-layer-properties.pdf
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D Diffusivity, m2 s-1 
E0 Theoretical potential/voltage, V 
F Faraday’s constant, A s mol-1 
i Current density, A m-2 
i0 Exchange current density, A m-2 
j Transfer current density, A m-2 
N Flux, mol m-2 s-1 
P Gas pressure, Pa 
R Universal gas constant, J mol-1 K-1 
T Operating temperature, K 
x Coordinate 
z Valence of ion 

 396 
Greek 397 

α  Transfer coefficient 
δ  Thickness, m 
ε  Porosity 
γ  Reaction order 
η  Overpotential, V 
σ  Conductivity, Ω-1 m-1 

 398 
Superscripts 399 
ACL Anode catalyst layer 
CCL Cathode catalyst layer 
eff Effective 

inlet Inlet 
O2 Oxygen 

OH- Hydroxyl ion 
ref Reference 

 400 
Subscripts 401 

0 Standard 
a Anode 
c Cathode 

2
3CO −  Carbonate 

HCOO- Formate 
i Species 

M Membrane 
Na+ Sodium ion 
O2 Oxygen 

OH- Hydroxyl ion 

Table captions 402 
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Table 1 Physicochemical parameters. 403 

Table 2 Operating parameters. 404 

Table 3 Structural parameters. 405 

Table 4 Mass/charge transport parameters. 406 
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Figure captions 424 
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Fig. 1 Schematic of a direct formate fuel cell and the computational domain. 425 

Fig. 2 Comparison between numerical results and literature experimental data [38]. 426 

Fig. 3 Specific polarizations at various current densities. 427 

Fig. 4 Effect of the formate concentration on the cell performance: (a) polarization 428 

curves; (b) anode overpotentials; and (c) local concentrations. 429 

Fig. 5 Effect of the hydroxide-ion concentration on the cell performance: (a) 430 

polarization curves; (b) anode overpotentials; and (c) local concentrations. 431 

Fig. 6 Effect of the oxygen concentration on the cell performance: (a) polarization 432 

curves and (b) cathode overpotentials. 433 

Fig. 7 Effect of the anodic exchange current density on the cell performance: (a) 434 

polarization curves and (b) anode overpotentials. 435 

Fig. 8 Effect of the cathodic exchange current density on the cell performance: (a) 436 

polarization curves and (b) anode overpotentials. 437 

Fig. 9 Effect of the membrane thickness on the cell performance.  438 

Fig. 10 Effect of the anode DL thickness on the cell performance: (a) polarization 439 

curves and (b) anode overpotentials. 440 

Fig. 11 Effect of the anode DL porosity on the cell performance: (a) polarization 441 

curves and (b) anode overpotentials. 442 

 443 
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 450 

Fig. 1 Schematic of a direct formate fuel cell and the computational domain. 451 
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Fig. 2 Comparison between numerical results and literature experimental data [38]. 466 
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Fig. 3 Specific polarizations at various current densities. 481 
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(c) 502 

Fig. 4 Effect of the formate concentration on the cell performance: (a) polarization curves; (b) 503 

anode overpotentials; and (c) local concentrations. 504 
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Fig. 5 Effect of the hydroxide-ion concentration on the cell performance: (a) polarization curves; 522 

(b) anode overpotentials; and (c) local concentrations. 523 

 524 

 525 

 526 

 527 

 528 

 529 

 530 



 28 

0 500 1000 1500 2000 2500 3000 3500 4000
0.0

0.3

0.6

0.9

1.2

1.5

Temperature: 60oC
Anode: 2.0 M HCOOK + 2.0 M KOH

 

 

Ce
ll V

ol
ta

ge
, V

Current Density, A m-2

 Pure oxygen
 Air

 531 

(a) 532 

0 500 1000 1500 2000 2500 3000 3500 4000
0.0

0.3

0.6

0.9

1.2

1.5

 Pure oxygen
 Air

Temperature: 60oC
Anode: 2.0 M HCOOK + 2.0 M KOH

 

 

Ca
th

od
e 

O
ve

rp
ot

en
tia

l, 
V

Current Density, A m-2

 533 

(b) 534 

Fig. 6 Effect of the oxygen concentration on the cell performance: (a) polarization curves and (b) 535 

cathode overpotentials. 536 
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(b) 540 

Fig. 7 Effect of the anodic exchange current density on the cell performance: (a) polarization 541 

curves and (b) anode overpotentials. 542 
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(b) 546 

Fig. 8 Effect of the cathodic exchange current density on the cell performance: (a) polarization 547 

curves and (b) anode overpotentials. 548 
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Fig. 9 Effect of the membrane thickness on the cell performance.  556 
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(a) 565 
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(b) 567 

Fig. 10 Effect of the anode DL thickness on the cell performance: (a) polarization curves and (b) 568 

anode overpotentials. 569 
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(b) 573 

Fig. 11 Effect of the anode DL porosity on the cell performance: (a) polarization curves and (b) 574 

anode overpotentials. 575 
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Highlights 577 

• A mathematical model is developed for direct formate fuel cells. 578 

• The numerical results are in good agreement with the experimental data. 579 

• The coupled transport and electrochemical processes are incorporated. 580 

• Effects of design and operating parameters on the performance are examined. 581 

 582 

Graphical Abstract: A mathmatical model is developed for direct formate fuel cells, 583 

which incorporates transport and electrochemical processes.  584 
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 589 

Parameter Symbol Value Unit Ref. 

Anode standard potential aE0  -1.05 V [26] 

Cathode  standard potential cE0  0.40 V [27] 

Anode transfer coefficient aα  0.44 - Assumed 

Cathode transfer coefficient cα  0.5 - [31] 

Anode exchange current density ai ,0  10 A m-2 [41] 
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Cathode exchange current density ci ,0  44 A m-2 [42] 

Universal gas constant R  8.314 J mol-1 K-1  

Faraday’s constant F  96485.3 A s mol-1  

Number of anode transferred electrons an  2 -  

Number of cathode transferred electrons cn  4 -  

 590 

Table 1 Physicochemical parameters. 591 

 592 
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 594 
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 599 

 600 

Parameter Symbol Value Unit Ref. 

Operating temperature T  333.15 K  

Gas pressure P  1.013 × 10-5 Pa  

2-
3CO concentration at inlet 2

3

inlet
CO

C −  0 mol m-3 Assumed 

O2 concentration at inlet (air) 
2 ,

inlet
O airC  )/(21.0 RTP×  mol m-3 [33] 

O2 concentration at inlet (pure O2) 
2 ,

inlet
O pureC  )/(RTP  mol m-3 [33] 
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Reference O2 concentration ref
OC

2
 )/(RTP  mol m-3 [33] 

Reference HCOO- concentration ref
HCOO

C −  2000 mol m-3 [38] 

Reference OH- concentration ref
OHC −  2000 mol m-3 [38] 

 601 

Table 2 Operating parameters. 602 
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 612 

 613 

 614 

Parameter Symbol Value Unit Ref. 

Porosity of anode DL ADLε  0.8 - [43] 

Thickness of anode DL ADLδ  1.0 × 10-4 m Estimated 

Thickness of membrane Mδ  2.8 × 10-5 m [20] 

Porosity of cathode DL CDLε  0.8 - [43] 
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Thickness of cathode DL CDLδ  2.0 × 10-4 m [44] 

Contact resistance contactR  2.0 × 10-5 Ω m2 [31] 

 615 

Table 3 Structural parameters. 616 
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 622 
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 624 

 625 

 626 

 627 

 628 

 629 

Parameter Symbol Value Unit Ref. 

Diffusivity of K+ K
D +  1.96 × 10-9 m2 s-1 [45] 

Diffusivity of OH- −OHD  5.27 × 10-9 m2 s-1 [45] 

Diffusivity of 2-
3CO - 2

3CO
D −  0.92 × 10-9 m2 s-1 [45] 

Diffusivity of HCOO- HCOO
D −  1.45 × 10-9 m2 s-1 [45] 
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Diffusivity of O2 2 ,O airD  823.15 )15.273/(10775.1 T×× −  m2 s-1 [38] 

Conductivity of membrane Mσ  5.5 Ω-1 m-1 [22] 

 630 

Table 4 Mass/charge transport parameters. 631 

 632 

 633 




