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COMSOL software was used for the modeling of the performance parameters of the 
Molten Carbonate – Lignin Fuel Cell (MC-LFC), as it is a flexible tool, able to handle 
different physical approaches. The model developed includes the following processes: 
electronic and ionic charge balance (Ohm's law), Butler- Volmer charge transfer 
kinetics, diffusion gas flow in porous electrodes (Brinkman’s equation), gas-phase mass 
balances in fuel and oxygen distribution channels, and porous electrodes (Maxwell-
Stefan diffusion and convection). A parametric analysis was performed to evaluate the 
effect of material properties, pressure, and temperature, on cell performance. The results 
show that for a better performance of the MC-LFC cell, the exchange current density 
(A/m2) in the anode and cathode compartment must be respected in the interval [0.075, 
0.75] and [1.58, 15.8]. The electrical conductivity of the electrolyte (S/m), anodic and 
cathodic materials can be respectively in the interval [26, 265], [25, 250], and [19, 60]. 
It is also noted that the increase in temperature from 700 K to 1000 K generates a drop 
in the maximum power density of the battery (approximately 1500 mW/cm2 to 1260 
mW/cm2). It is in every interest to operate the Cell MC-LFC under 500 °C.   
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NOMENCLATURE 

C concentration mol/m3 
S surface, m2 
i 
R 

current density, A.cm-2 
gas constant, J.mol-1. K-1 

1. INTRODUCTION

Nowadays, the availability of resources, the efficiency of
production and utilization sources, and their environmental 
impacts are essential factors to be considered  for the 
development of any energy system [1]. Fuel cells have the 
advantage of efficiently converting chemical energy into 
electrical energy without being limited by the theoretical 
efficiency of Carnot cycle [2]. Due to their conversion of 
energy they also have the merit of less polluting the 
environment [3]. Since the fuel cell was discovered by 
William Grove in 1839, a variety of fuel cells have been 
developed using gas (hydrogen, methane), liquid (methanol, 
ethanol), and solid (carbon) as fuel [4-10]. Hydrogen fuel cells 
have the particularity of being technically mature and are 
beginning to integrate more into the field of transport and 
stationary applications  [11]. Nevertheless, researchers are 
increasingly focusing their attention on the carbon 
consumption fuel cell (DCFC) which has a theoretical energy 
efficiency of 100% and whose prototype was established by 
Jacques [12] more than 100 years ago. In 2007, Cao and al. [7] 
summarized the fundamental development of DCFC 
technology. In 2009, a review article by Cooper and Selman 
[13] explained the possible reaction mechanisms of carbon
oxidation in molten carbonate fuel cells. In 2012, Giddey [14]
summarized recent advances and technical challenges in

DCFC technology, and discussed the future of this technology. 
After this article, Rady and his team [15] introduce different 
types of DCFC systems along with a discussion of the reaction 
mechanism. They focused on the properties of carbonaceous 
fuels and the analytical analysis techniques for applying a 
DCFC cell. Gür [16] provided a mechanistic insight into the 
different modes of solid fuel and oxygen delivery to the 
electrochemical reaction site using several DCFC system 
approaches. He also demonstrated the mechanism of carbon 
conversion to achieve efficient oxidation using a variety of 
DCFC systems on a fundamental basis [17]. Zhou and al. [18] 
summarized anode materials for DCFCs with the major 
challenge of fundamental understanding of materials science 
and engineering for the development of anodes. Cao and al. 
[19] gave a good overview of the evolution of DCFCs in recent 
years by discussing the fundamental understanding of the
mechanisms and steps limiting the rate of carbon conversion.
Despite these multiple efforts, the development of this
technology remains relatively slow, with DCFCs facing
difficulties in practical implementation in the choice of
materials. It should be noted that the high resistance of the cell
and the products formed during the reaction process with their
structural and morphological changes are major drawbacks,
resulting in unstable electrochemical power.

On the other hand, DCFCs are classified into three types 
according to the electrolyte used: molten hydroxide DCFC, 
molten carbonate DCFC, and solid oxide DCFC. The first type 
of DCFC cell was successful through demonstration by 
Scientific Applications and Research Associates Inc (SARA) 
operating the cell in a humid atmosphere. However, it is still 
necessary to improve the stability of the hydroxide caused by 
the high water concentration [20] for practical applications. 
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Compared to hydroxides, molten carbonates offer higher 
conductivity, a suitable melting temperature range (the 
operating temperature range), and a good degree of stability in 
atmospheres containing CO2. Nevertheless, the oxidation of 
carbon at the anode is complex and constitutes a set of 
independent elementary reactions according to Cooper and 
Selman [13]. The third type of DCFC uses a  solid electrolyte 
(YSZ, GDC) and is suitable for temperature operating 
conditions generally between 700 °C and 1000 °C [21]. 
Carbon oxidation is assumed to be the main reaction at the 
anode in a solid oxide DCFC but the addition of catalyst causes 
other reactions to become more dominant causing a drop in 
performance [21]. A recent DCFC cell design combining solid 
oxide and molten carbonate has been developed under the 
name hybrid direct carbon fuel cell (HDCFC). The authors 
reported higher power density than conventional DCFC 
batteries [22, 23]. However, the most experimentally studied 
DCFC prototypes to date are mostly powered continuously by 
fossil fuel [24-26]. More effort needs to be made to make 
DCFC system operate efficiently at low temperatures and 
consume bio-based carbon to limit environmental impacts. To 
consider the necessity to limit the negative environmental 
impact and to decrease the operating temperature of the system, 
we propose to develop a new concept a of cell which fits into 
the category of DCFCs named MC-LFC (molten carbonate-
Lignin fuel cell) e.g. Molten Carbonate Fuel Cell based on 
lignin consumption). 

The study and development of the MC-LFC begins with an 
analytical study which consists of determining the variation in 
voltage and the predicted output power of the battery as a 
function of the current (or current density). The voltage-
current relationship can be the subject of a predictive study 
based on the theoretical characteristics of electrochemical 
processes (charge transfer and matter transport). The purpose 
of this article is to use COMSOL software to describe the 
predictable morphology of the power-current and voltage-
current characteristics, considering the dependence of these on 
various physicochemical parameters (conductivity, porosity, 
diffusion coefficient) and operating conditions (temperature 
and pressure). Due to the complexity of the system, Modeling 
is one of the approaches which is necessary and useful to 
analyze or predict the behavior of the MC-LFC stack. 
However, any modeling may suffer from some limits which 
must be considered for the analysis of the results. Due to the 
approximations considered to facilitate calculations with 
COMSOL, the obtained results ability to predict stack 
performance, might be necessary limited. Thus, in a 
complementary way, we compared these calculated theoretical 
data to experimental results. 
 
2. METHODS 

2.1 Choice of MC-LFC stack components 
 
We call it MC-LFC (Molten Carbonate Lignin Fuel Cell) 

and not DCFC (Direct Carbon Fuel Cell) because it is the 
molten lignin and carbonate which are used respectively as 
fuel and electrolyte for this cell concept. Thus, from the 
acronym MC-LFC the cell is directly classified according to 
the type of ionic conductor and the fuel used. Each component 
of the MC-LFC stack plays a very specific role and contributes 
in one way or another to the proper operation of the stack. 

The electrolyte must have a high ionic conductivity and  
Molten salts in general exhibit this essential property; their 
composition and their nature can greatly contribute to reducing 
the parasitic effects affecting the performance of the cell such 
as the dissolution of the cathode material [27]. Studies [28, 29] 
have demonstrated that a eutectic mixture of molten 
carbonates allows an improvement in  fluidity of the carbon 
inside the anode chamber and its transfer into the active 
electrochemical zone; where electro-oxidation reactions take 
place. Chunlin and his team [30] affirm experimentally that the 
addition of 5% by mass of Rb2CO3 or 5% by mass of Cs2CO3 

lowers the melting point of carbonates (Li2CO3 -Na2CO3 -
K2CO3 ) by 30°C. Kushashvili [24] used a ternary carbonate 
mixture with a composition of 43.4 mol% Li2CO3 , 31.2 mol% 
Na2CO3 and 25.4 mol% K2CO3 with 20 % additional Cs2CO3 

and the cell performed well under an operating temperature of 
700°C. Vutetakis [25] used a 32.1 Li2CO3 / 34.5 K2CO3 / 33.4 
Na2CO3 ternary carbonate in a carbon-fired DCFC and was 
able to operate the cell at a temperature as low as 500 °C . All 
these studies are interesting because they show that the 
composition of the molten carbonate electrolyte is the 
important factor which makes it possible to reduce the 
operating temperature and to increase the stability of the cell. 
For decades, Janz and his team [31] reported a melting point 
temperature of 422°C of a molten carbonate mixture Li2CO3 -
Na2CO3 -Cs2CO3 whose molar proportions are respectively 
43.5%, 41.5% and 15% . In our analysis, the Li2CO3 -Na2CO3 

-Cs2CO3 mixture is used as an ionic conductor in the same 
proportions as those of Janz. In conclusion, the use of molten 
carbonate has a number of advantages: it has good long-term 
stability with CO2 gas [32], it can catalyze the oxidation of 
carbon [33] and it has an interesting ionic conductivity [34]. 

The anode support electro catalyst material must mainly act 
for this propose to facilitate rapid oxidation of the 
carbonaceous fuel. Nickel metal is generally used as the anode 
electro catalyst in the DCFC cell due to its high electrical 
conductivity (d~ 106 S/m), its ability to promote carbon 
oxidation and probably its relatively lower cost than platinum 
or vanadium. However, some researchers have investigated 
adding some additive to nickel to improve cell performance. 
Thus, by adding lanthanum strontium cobaltite ferrite(LSCF) 
which is a  mixed ionic and electronic conductor to the nickel 
anode, Eun-kyung and Sin - Ae [35] were able to obtain a 
power density of 111 mW/cm 2 and therefore twice as high as 
nickel alone. W.Hao [36] and his team were able to obtain a 
power density of 156 mW/cm 2 by developing a DCFC cell 
with NiO-SDC(Samaria Doped Ceria)  as the anode. Other 
researchers have studied the performance of a DCFC cell 
under a temperature above 600 °C using as anode materials 
NiO –YSZ (Yttria-Stabilized Zirconia) [37], CuO–ZnO– SDC 
[38], carbon microfibers (CMF) with NiO [39]. In this study, 
porous nickel is selected as material anodic. 

The cathodic materials used must have high electronic 
conductivity, high mechanical strength and less soluble in 
molten salt. Nickel oxide is generally used because species (Li, 
Na…) from the molten salt electrolyte can be incorporated into 
the NiO crystal structure and create positive holes. It will thus 
be said that the conductivity of NiO depends strongly on the 
existence of defects in the crystal; it increases with the 
incorporation of species such as lithium in the nickel oxide 
[40]. Note, however, that some authors have used Ni-CeO2 [41] 
or GDC (Gadolinium Doped Ceria) / LSCF (Lanthanum 
Strontium Cobaltite Ferrite) [42] as the cathode in the DCFC 
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stack operating at temperatures above 600 °C. Since nickel 
oxide is stable (low dissolution) in DCFC cell, then it is 
considered as cathode material for MC-LFC cell. 

Various carbonaceous fuels have previously been used in 
the DCFC cell. These are graphite, carbon black, coal, 
petroleum coke, biomass (bamboo and waste paper [36], lignin 
[43], apple, sunflower, pine and willow, etc. Lignin in 
particular is considered one of the most viable biopolymers in 
the world, green carbon precursors [44] and abundant (about 
50 million tons per year of lignin produced worldwide). In 
addition, it has a calorific value (i.e. 26.63 MJ/kg) [45] which 
makes it interesting for use as a reagent in the fuel cell (DLFC). 
In this work, substituting fossilized carbon (coal, hard coal, 
petroleum coke, etc.) generally used, until now in the DCFC 
fuel cell with lignin is an interesting and original choice of fuel 
for electrochemical energy production because the utilization 
of carbon from lignin is more sustainable than that of fossil 
fuels. 

 
2.2 Proposal of a reaction mechanism for the MC-LFC 
stack 

 
The use of lignin as fuel in a DCFC fuel cell can generate 

several types of gas (mainly CO2, CO, H2, H2O) depending on 
the temperature (773 K - 1273 K) and operating pressure (1 
atm – 30 atm). Considering a pressure and an operating 
temperature of the MC-LFC stack of 1 atm and 800 K, the 
gases likely to be released by chemical transformation are 
mainly H2, H2O, CH4 and CO2. Thus, lignin can be 
decomposed in the presence of molten carbonate according to 
the following reaction: 

 
𝐿𝑖𝑔𝑛𝑖𝑛𝑒 ൅ ሺ𝐿𝑖𝑁𝑎𝐶𝑠ሻଶ𝐶𝑂ଷ → 𝐶𝑂ଶ൅ 𝐶𝐻ସ ൅ 𝐻ଶ ൅ 𝐻ଶ𝑂 ൅ 𝐶  R1 

 
From reaction R1, the following electrochemical reactions 

are proposed for the MC-LFC operating processes: 
 
Anode reaction 
𝐶௦௢௟௜ௗ௘ ൅ 2𝐶𝑂ଷ

ଶି → 3𝐶𝑂ଶሺ௚ሻ ൅ 4𝑒ି                   R2 
𝐻ଶሺ௚ሻ ൅ 𝐶𝑂ଷ

ଶି → 𝐶𝑂ଶሺ௚ሻ ൅ 𝐻ଶ𝑂ሺ௚ሻ ൅ 2𝑒ି           R3 
 𝐶𝐻ସ ൅ 𝐶𝑂ଶሺ௚ሻ → 2𝐻ଶሺ௚ሻ ൅ 2𝐶𝑂            R4 

 
Cathode reaction 

ଷ

ଶ
𝑂ଶሺ௚ሻ ൅ 3𝐶𝑂ଶሺ௚ሻ ൅ 6𝑒ି → 3𝐶𝑂ଷ

ଶି               R5 

 
If the CO2 emitted in the anode compartment is totally 

consumed at the cathode, then the overall reaction is written: 

𝐶 ൅
ଷ

ଶ
𝑂ଶሺ௚ሻ ൅  𝐶𝐻ସ → 2𝐶𝑂ሺ௚ሻ  ൅  𝐻ଶሺ௚ሻ ൅  𝐻ଶ𝑂ሺ௚ሻ          

R6 
 
The equilibrium potential of the overall reaction noted 

E୘
଴(i.e. 0.96 V) can be deduced according to the expression: 
 

𝐸்
଴ ൌ െ𝛥𝐺்

଴/ሺ6𝐹ሻ    (1) 
 

where ΔG୘
଴ is the Gibbs free energy at the temperature of 800 

K and the pressure of 1atm whose value is equal to -560 kJ. 
 

2.3 Configuration of the MC-LFC model with the Comsol 
software 

At the anode, the lignin is first decomposed in the presence 
of molten carbonate to release gases (Reaction 1 or R1). 
Thereafter, an electro-chemical oxidation takes place, the 
carbon and the hydrogen react with the carbonate ions COଷ

ଶି 
to produce electrons which will circulate through the external 
circuit to the cathode. This is accompanied by a release of CO2 
gas at the anode (R2) if carbon is the fuel and water vapor plus 
CO2 (R3). Finally, an endothermic chemical reaction (ΔH = 75 
kJ/mol) is observed which produces synthesis gases such as 
hydrogen and carbon monoxide (R4) due to the presence of 
methane and carbon dioxide as products of chemical reactions 
R1.  

At the cathode oxygen reduction takes place where the 
oxygen molecules capture the oxidant CO2 produced at the 
anode and the electrons arriving from the external circuit to 
regenerate the anions COଷ

ଶି. The reaction produces heat, and 
the excess non-recoverable CO2 is released into the 
environment. Energy is then available at the terminals of the 
fuel cell and can be used to supply a load. 

 
2.3.1 Description of model and parameters 

Some parameters are set in accordance with the literature 
[52, 53] such as dynamic viscosity (mu) of gases, permeability 
and porosity (Shenzhen LS Tape Products Co., Ltd). The 
dimensions (length, width, and thickness) of the flow channel 
and the electrodes are arbitrarily chosen parameters. The 
conductivity, the molar fraction, the exchange current 
densities, the mass fractions, the concentrations of the 
chemical species and the effective diffusion coefficient of the 
species were the subject of calculation. 

The mass fractions (wk) of the chemical species involved in 
the oxidation-reduction reaction of the MC-LFC fuel cell are 
deduced from the formulation of Eq. 2 [51]. 

 
𝑥௞ ൌ 𝑤௞ ൈ

ெೞೠ೘

ெೖ
    ( 2) 

 
With M୩ the molar mass of each of the components. The 

molar mass of the mixture Mୱ୳୫ is defined according to [25] 
by the following expression: 

 
ଵ

ெೞೠ೘
ൌ ∑ ௪ೖ

ெೖ

ସ
௞ୀଵ     ( 3) 

 
The molar fraction of each gaseous species ሺx୩ሻin the anode 

compartment was determined in a previous study using the 
equilib module of the factsage software. 

 
Table 1. Mass fractions (wk) of gases generated by 

decomposition of lignin in the anode, and cathode 
compartment 

 
 Anode cathode 

H2  3%  - 
CO 4% - 

H2O 36% - 
CH4 18% - 
CO2 38% 27% 
O2 - 73% 

 
The active specific surface (Sa) of the nickel anode and 

nickel oxide represents the small fraction of the structure of 
the electrodes, which is accessible to the reactive species and 
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this term is very important in the morphology of the electrodes 
and also influences strongly the resistance of the electrodes 
[54]. For the determination of the active surface, we 
considered the following approximation: 

 
𝑆௔ ൌ 𝑆௔,௔ ൌ 𝑆௔,௖ ൌ 𝜌௘௟௘௖௧௥௢ௗ௘ ൈ 𝐴௦   ( 4) 
 
With 𝜌௘௟௘௖௧௥௢ௗ௘ the density of porous nickel which is 

between 0.45~5 g/cm 3 and 𝐴௦ the specific surface area given 
by the manufacturer which is approximately 18 m 2 /g. 

 
Frank M. White [55] published the dynamic viscosity of 

some fluids whose main gases present in the MC-LFC stack 
are shown in table 2. 

 
Table 2. Dynamic viscosity of gases at 20°C and 1 atm 

Gaz Dynamic viscosity [ Pa.s ] 
H2 9.05 x 10 -6 

H2O 1.02x10 -5 
CO2 1.48x10 -5 
CO 1.82 x 10 -5 
CH4 1.34 x 10 -5 
O2 2x10 -5 
air 1.8x10 -5 

 
Given that there is not a large variation in the dynamic 

viscosity of the gases according to Table 2, we assume that the 
dynamic viscosity of the fluids in the two compartments is of 
the order of 10-5. It is known that the air of the terrestrial 
environment in the vicinity of the ground is a homogeneous 
gaseous mixture. It is approximately composed of nitrogen, 
oxygen, carbon dioxide, water vapor and traces of hydrogen. 
Given that these gas mixtures are found in the MC-LFC stack, 
we have considered that the viscosity of the air is 
approximately equal to the viscosity of the gas mixture in the 
two compartments to simplify the calculation of the fluid flow 
rates for solve Brinkman's equation. According to tables 
published by Frank M. White [55] on the thermo-physical 
properties of fluids, the dynamic viscosity of air (mu in Pa.s ) 
can be expressed as a function of temperature by the following 
expression : 

 
𝑚𝑢 ൌ 8,8 ൈ 10ିଵହ𝑇ଷ െ 3,2 ൈ 10ିଵଵ𝑇ଶ ൅ 6,2 ൈ 10ି଼𝑇 ൅

2,3 ൈ 10ି଺             (5) 
 
T is the temperature in Kelvin. 
 

2.3.2 Secondary current distribution interface setting 
The practical Butler-Volmer one electron charge -transfer 

model kinetics describe the charge transfer current density. 
Expression 6 describes a charge transfer reaction according to 
the complete Butler- Volmer equation , where the anodic and 
cathodic terms of the current density expression depend on the 
local concentrations of the electro-active species at the surface 
of the electrode [56, 57]: 

 
𝑖௟௢௖ ൌ  𝑖଴,௔𝐶ோ𝑒

ሺఈೌிఎೌ೎೟ሻ ோ்⁄ െ  𝑖଴,௖𝐶ை𝑒
ሺିఈ೎ிఎೌ೎೟ሻ ோ்⁄ ൌ

𝑖଴,௔
௖ೃ

௖ೃషೝ೐೑
𝑒ሺఈೌிఎೌ೎೟ሻ ோ்⁄ െ  𝑖଴,௖

௖ೀ
௖ೀషೝ೐೑

𝑒ሺିఈ೎ிఎೌ೎೟ሻ ோ்⁄     (6) 

 
With CR and CO dimensionless terms, describing the 

dependence on the fraction of the reduced and oxidized species 
in the reaction in comparison to the initial species 

concentrations CR-ref and CO-ref.  The reference concentration 
of reductant R and oxidant O is calculated from Eq. (7). 

 

𝑐௞_௥௘௙ ൌ  
௖೟೚೟ൈሺ௪ೖ ெೖ⁄ ሻ

൫∑ ௪ೖ ெೖ⁄೙
೔సభ ൯

       (7) 

 
Where w k and M k are respectively the mass fraction and the 

molar mass of species k. Note that c tot is the total molar 
concentration whose expression is established according to 
Eq. (8). 

 

𝑐௧௢௧ ൌ
௉ೌ೟೘
ோൈ்

        (8) 

 
It is assumed that the charge transfer kinetics equation 

leading to the calculation of the local anode current density in 
the case of the MC-LFC cell is the following [56, 57]: 

𝑖௔ ൌ  𝑖଴,௔ ቆ൬
௖಴ಹర

௖಴ಹర,ೝ೐೑
൅

௖಴
௖಴,ೝ೐೑

൰ 𝑒ሺ଴,ହிఎሻ ோ்⁄ െ ൬
௖಴ೀ

௖಴ೀ,ೝ೐೑
൅

௖ಹమ
௖ಹమ,ೝ೐೑

൅
௖ಹమೀ

௖ಹమೀ,ೝ೐೑
൅

௖಴ೀమ
௖಴ೀమ,ೝ೐೑

൰ 𝑒ሺିଵ,ହிఎሻ ோ்⁄ ቇ      (9) 

Here i଴,ୟ is the anodic exchange current density (A/m2), 
cCH4, cC, cCO, cH2, cH2O and cCO2 are respectively the molar 
concentration of methane, carbon, carbon monoxide, 
hydrogen, and carbon dioxide (mol/m3). cCH4,ref, cC,ref , cCO,ref , 
cH2,ref , cH2O,ref  and cCO2 are the reference concentrations 
(mol/m3 ). Moreover, F is the Faraday constant (C/mol), R the 
gas constant (J/(mol.K), T the temperature (K) and η the 
overvoltage (V). Thus, the current density (per unit volume) 
on the anode side is [57]: 

 
𝑗௔ ൌ 𝑆௔,௔ ൈ 𝑖௔        (10) 

 
where Sୟ,ୟis the active specific surface of the anode in m-1. 

The active specific surface represents the small fraction of the 
structure of the electrodes, which is accessible to the reactive 
species and this term is one of the most important in the 
morphology of the electrodes and also strongly influences the 
resistance of the electrodes [54]. 

The exchange current density at the anode ൫i଴,ୟ൯is expressed 
according to the Arrhenius law [58] and can be written for the 
case of the MC-LFC cell as follows: 

 

𝑖଴,௔ ൌ 𝑘஻𝑒
ሺିாಳ ்⁄ ሻ ൌ 6𝐹𝑘௙ሺ𝜌஼

ௌሻ𝑒൫ିா೑ ோ்⁄ ൯  (11) 
 
To approximate the value of i଴,ୟ we use the expression of 

the exchange current density noted i଴,ୟଵ  from the work of 
Elleuch [58] expressed according to Eq. (12). 

 

𝑖଴,௔ଵ ൌ 𝑘஻𝑒
ሺିாಳ ்⁄ ሻ ൌ 4𝐹𝑘௙ሺ𝜌஼

ௌሻ𝑒൫ିா೑ ோ்⁄ ൯    (12) 
 
Where kB and EB are taken from work by [46] using pure 

carbon as fuel, Ni as anode material and a Li2CO3-Na2CO3-
K2CO3 mixture  as electrolyte. 

By relating i଴,ୟand i଴,ୟଵwe get the following relationship: 
 

௜బ,ೌ

௜బ,ೌభ
ൌ

଺ி௞೑ቀఘ಴
ೄቁ௘

ቀషಶ೑ ೃ೅⁄ ቁ

ସி௞೑൫ఘ಴
ೄ൯௘

ቀషಶ೑ ೃ೅⁄ ቁ
      (13) 

 
The value of i଴,ୟଵ according to Elleuch [58] is equal to 0.005 

A/m2. 
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The charge transfer kinetics equation leading to calculate 
the local cathodic current density is the following [56, 57]: 

 

𝑖௖ ൌ  𝑖଴,௖ ൬𝑒
ሺଷ,ହிఎሻ ோ்⁄ െ ൬

௖ೀమ
௖ೀమ,ೝ೐೑

൅
௖಴ೀమ

௖಴ೀమ,ೝ೐೑
൰ 𝑒ሺି଴,ହிఎሻ ோ்⁄ ൰  

(14) 
 
i଴,ୡ is the cathodic exchange current density (A/m2). 

 
Thus, the current density (per unit volume) on the cathode 

side is equal to: 
 

𝑗௖ ൌ 𝑆௔,௖ ൈ 𝑖௖       (15) 
 
where Sୟ,ୡ  represents the active specific surface of the 

cathode in m -1. 
To determine the exchange current density at the cathode, 

we based ourselves on the peroxide mechanism which can be 
used in our case [47, 59]: 

 
𝑖଴,௖ ൌ 𝑖௢௖଴ ൈ ൫𝑃஼ைమ,௖൯

௔భ ൈ ൫𝑃ைమ,௖൯
௔మ     (16) 

 
The values i୭ୡ଴ , a1 and a2 taken from [47]. Note that PCO2,c, 

PO2,c are the partial pressures of the gases on the cathode side. 
Assuming that the total pressure at the entrance to the cathode 
compartment is equal to 1, then the relation linking the partial 
pressures of the gases can be summed up in Eq. (17): 

 
𝑃஼ைమ,௖ ൅ 𝑃ைమ,௖ ൌ 𝑃௖௔௧௛௢ௗ௘ ൌ 1                        (17) 

 
The partial pressures of CO2 and O2 are determined by 

solving Eq. (18) and Eq. (19) formulated from the 
Boudouard’s reaction [60], and Eq. (17). 

 

൫𝑃஼ைమ,௖൯
ଶ
െ 2𝑃஼ைమ,௖ െ 𝑘஻௢௨ௗ௢௨௔௥ௗ ൈ 𝑃஼ைమ,௖ ൅ 1 ൌ 0     (18) 

 

൫𝑃ைమ,௖൯
ଶ
െ  ሺ2 ൅ 𝑘஻௢௨ௗ௢௨௔௥ௗሻ ൈ 𝑃ைమ,௖ ൅ 𝑘஻௢௨ௗ௢௨௔௥ௗ ൌ 0 (19) 

𝑘஻௢௨ௗ௢௨௔௥ௗ is Boudouard's constant previously defined by 
Hemme and Cassir [61]. This constant being a function of the 
temperature T can be established according to Eq. (20). 

 

k୆୭୳ୢ୭୳ୟ୰ୢ ൌ
୅

୘
൅ B          (20) 

Using equation (20) Cassir  [61] showed  that the value of  
kBoudouard  is 2,7  at 1000 K. 

 
Where A (i.e. -15.279) and B (i.e. 16.61) are constants 

obtained using the table of values from [61, 62]under a 
temperature range of 800 K to 1275 K. From Eq. (19) and Eq. 
(20), the partial pressures of O2 and CO2 at the inlet of the 
cathode are calculated and the values are respectively 0.65 atm 
and 0.35 atm. 

The reactions that occur in the MC-LFC battery can cause 
overvoltages (activation, ohmic and concentration) that must 
be evaluated. These losses decrease the battery voltage (V) 
with respect to its equilibrium potential (E) [63] according to 
the following expressions: 

 
𝑉௖௘௟௟ ൌ  ∆𝐸௘௤  െ  𝜂் ൌ  ∆𝐸௘௤,௖ െ ∆𝐸௘௤,௔  െ  𝑉௣௢௟           (21) 
 
𝜂் ൌ  𝜂௔௖௧,௔ ൅  𝜂௔௖௧,௖ ൅ 𝜂௖௢௡௖,௔ ൅ 𝜂௖௢௡௖,௖ ൅ 𝜂௢௛௠          (22) 

 
Where Vpol is the polarization; ηୟୡ୲  is the activation 

overvoltage; ηୡ୭୬ୡ  is the overvoltage due to mass transport 
and η୭୦୫ is the ohmic overvoltage. 

 
The equilibrium or ideal potential is given according to the 

NERNST equation as a function of the partial pressure of the 
gases present in the MC-LFC system: 

 

∆𝐸௘௤ ൌ  𝐸்
଴ ൅  

ோ்

଺ி
𝑙𝑛 ቆ

௉಴ൈ൫௉ೀమ,೎൯
య/మ

ൈ௉಴ಹర,ೌൈ൫௉಴ೀమ,೎൯
య

൫௉಴ೀ,ೌ൯
మ
ൈ௉ಹమೀ,ೌൈ௉ಹమ,ೌൈ൫௉಴ೀమ,ೌ൯

యቇ  ( 23) 

 
With all these data, the secondary current distribution 

interface of the COMSOL software was used for the generic 
modeling of the MC-LFC assuming that the electrolyte 
conducts current according to Ohm's law with constant 
conductivity. This distribution interface considers activation 
overvoltage, transfer of charged ions in the electrolyte 
(balance of charges in combination with Ohm's law), current 
conduction in the electrodes (Ohm's law). Additionally, it can 
be combined with the concentration-dependent current 
distribution (mass transport) interface in the COMSOL 
software. The potential at the anode input boundary is set to a 
reference potential of zero. At the cathode input boundary, the 
potential is set to the value of the cell voltage (Vcell). Thus, in 
this model, ∆Eୣ୯,ୟ ൌ 0 and ∆Eୣ୯,ୡ  ൌ 0,96V. The simulation 
of the MC-LFC stack is performed over the range 0.16V < 
Vcell < 0.91 using Vpol in the range 0.05 V to 0.8 V as the 
parameter for the parametric solver.  

 
2.3.3 Transport of concentrated species 

The MC-LFC model describes a unit operating on lignin and 
an O2/CO2 mixture. At the anode, the lignin supplied as fuel 
decomposes into carbon and several gases (H2, CH4, CO, H2O, 
and CO2). In the cathode, the oxidants supplied are composed 
of oxygen, and carbon dioxide (coming from the anode). In the 
model we assume that diffusion dominates over 
electromigration then mass transport is described in COMSOL 
software by the Maxwell-Stefan diffusion and convection 
equations [64, 65], solved using a transport interface d 
concentrated species for each electrode flow compartment. 
Thus, the relative mass flux vector is defined as follows: 

 

𝑗௜ ൌ െ𝜌𝑤௜ ∑ 𝐷ഥ௜௞𝑑௞ െ
ொ
௞ୀଵ

஽೔
೅

்
𝛻𝑇                 (24) 

 
Where 𝐷ഥ௜௞(m 2 /s) is the effective diffusion coefficient of 

species i and k, d୩ (1/m) is the diffusion driving force, 
D୧
୘(kg/m.s ) is the thermal diffusion coefficient of species i. 
The diffusion driving force [64, 65] is equal to: 
 
          𝑑௞ ൌ 𝛻𝑥௞ ൅

ଵ

௉
ሾሺ𝑥௞ െ 𝑤௞ሻ𝛻𝑃ሿ          (25) 

 
The molar fraction ( x୩ ) of each diffusing species is a 

function of the mass fraction (w) and the molar mass ( M) of 
each of the components [51]. 

 

                 𝑥௞ ൌ 𝑤௞ ൈ
ெೞೠ೘

ெೖ
                                          ( 26) 

 
The molar mass of the mixture Mୱ୳୫is defined according to 

[25] by the following expression: 



Development of Molten Carbonate Fuel Cell Based on Lignin Fuel Consumption… / J. New Mat. Electrochem. Systems 
 

47 
 

 
ଵ

ெೞೠ೘
ൌ ∑ ௪ೖ

ெೖ

ସ
௞ୀଵ               (27) 

 
The boundary conditions at the walls of the gas distribution 

channel and the electrodes are a zero-mass flux (insulation 
condition) expressed according to Eq. 28. 
 

െ 𝑛𝑁 𝑖 ൌ 𝑛ሺ 𝜌𝑤௜𝑢 ൅ 𝑗௜ሻ ൌ 0          (28) 
 
n is the normal unit pointing to the fluid domain. 
At the entrance, the mass composition of the chemical 

species (O2, CH4, CO, H2, H2O, CO2) is specified, while the 
exit condition is the convective flow. This assumption means 
that the convective term dominates the transport perpendicular 
to this boundary. Thus, we can write the condition of the 
outgoing flow as follows: 

 
െ𝑛.𝜌𝑤௜ ∑ 𝐷ഥ௜௞𝑑௞ ൌ

ொ
௞ୀଵ 0                 ( 29) 

 
The overall diffusivity of binaries is evaluated using an 

empirical equation based on kinetic gas theory [66]: 
 

𝐷௜௞ ൌ
ଷ,ଵ଺.ଵ଴షఴൈ൫்భ,ళఱ൯ൈ൬

భ
ಾ೔
ା

భ
ಾೖ

൰

௉ൈቀ௏೔
భ/యା௏ೖ

భ/యቁ
      (30) 

 
where Mi and Mk in kg/mol are the molar masses of the species, 
Vi, and Vk in m 3 /mol are the diffusion volumes of the gases. 

We consider that the species transport occurs in a porous 
medium such as the nickel or porous nickel oxide electrode, 
this diffusivity matrix D୧୩must be corrected by a factor Fe 

which is a function of the porosity and the tortuosity factor. 
 

൝
𝐹௘ ൌ

ఢ೛
ఛಷ

𝜏ி ൌ 𝜖௉
ଵ ଶ⁄

        (31) 

 
𝜖௣ and 𝜏ி are respectively the porosity and the tortuosity of 

the porous electrode.  
It is noted that the tortuosity factor explains the reduced 

diffusivity due to the fact that the solid grains prevent the 
Brownian motion and is determined according to the 
Bruggeman model [67]. 

 
2.3.4 Fluid flow in distribution channels and porous electrodes 

In general, the flow in the distribution channels is governed 
by the Navier-Stokes equations using the steady-state form of 
continuity and conservation of momentum [68, 69]: 

 
∇. ሺ𝜌𝑢ሻ ൌ 0        (32) 

 

𝜌ሺ𝑢.∇ሻ𝑢 ൌ ∇. ቂെ𝑝𝐼 ൅ 𝜇ሺ∇𝑢 ൅ ሺ∇𝑢ሻƮሻ െ
ଶ

ଷ
ሺ∇.𝑢ሻ𝐼ቃ   (33a) 

 
where u is the gas velocity in m/s, 𝜌 is the gas density in 

kg/m3, p is the pressure in Pa and 𝜇 is the dynamic viscosity of 
the gas in kg/m.s, Ʈ is the viscous stress tensor. 

I is the interfacial viscous stress exchange which is related 
to the relative viscosity of the solid matrix and the liquid 
inclding the morphology of the porous martrix [68,69]  

 
𝐼 ൌ

ఓ

఑
 𝑢                                      (33.b) 

 
where u is the gas velocity in m/s, 𝜌 is the gas density in 

kg/m3, p is the pressure in Pa and 𝜇 is the dynamic viscosity of 
the gas in kg/m.s. The interfacial viscous stress exchange I  in 
Eq.33.b corresponds to the microscopic momentum exchange 
of the Newtonian fluid with the solid matrix. 

 
However, the Ni and NiO electrodes of the MC-LFC are 

porous layers, the Eq. (32) and Eq. (33a) change according to 
[68, 69] and become, respectively, Eq.34 and Eq.35 in the 
following form: 

 
∇. ሺ𝜌𝑢ሻ ൌ 𝑄        (34) 

 

ቀ
ఓ

఑
൅ 𝑄ቁ𝑢 ൌ ∇. ൤െ𝑝𝐼 ൅

ఓ

ఢ೛
ሺ∇𝑢 ൅ ሺ∇𝑢ሻƮሻ െ

ଶ

ଷ

ఓ

ఢ೛
ሺ∇.𝑢ሻ𝐼൨ 

     (35) 
 
Where 𝜅 is its permeability in m-2. Eq. (35) is also known as 

Brinkman 's equation. Additionally, the permeability can be 
calculated using the Kozeny-Carman formula [70-72]: 

 

𝜅 ൌ
଴,ଶ.൫ఌయ൯

ௌೌሺଵିఌሻమ
        (36) 

 
Sa is the specific surface of the anodic or cathodic particles. 
 

2.3.5 Determination of the ionic and electrical conductivity of 
cell components 

The conductivity of the electrolyte is an essential property 
for the performance of fuel cells. This property has been 
measured at ambient pressure by many authors [49, 73, 74] 
particularly for calcium compositions [75, 76]. All are 
unanimous that the ionic conductivity of a ternary mixture of 
molten carbonate σୟୠୡis a function of temperature and obeys 
Arrhenius' law: 

 
𝜎௔௕௖ ൌ  𝜎௔௕௖

଴ 𝑒ሺିாೌ ்⁄ ሻ      (37) 
 
In the case of binary or ternary mixtures, the melting 

temperatures are lowered, and the stability domain of the 
liquid is wider. A quadratic activation law may then be more 
suitable to reproduce the experimental values [49, 73]. In this 
study, we estimated the electrical conductivity σୟୠୡ (S/cm) of 
the molten carbonate mixture (with a=Li2CO3, b=Na2CO3 and 
c=Cs2CO3) from the equivalent electrical conductivity Λୟୠୡ( S 
cm2 equiv-1) and the molar volume of the mixture noted Vabc 

(cm3.mol-1) according to the following formulation: 
 

𝜎௔௕௖ ൌ  
௸ೌ್೎
௏ೌ್೎

       (38) 

 
The molar volume (Vabc) of the ternary mixture 

(43.5:41.5:15 mol% of Li2CO3, Na2CO3 and Cs2CO3) is 
expressed according to the following relationship: 

 

𝑉௔௕௖ ൌ ∑ 𝑥௜𝑉௜
௖
௜ୀ௔ ൌ

∑ ௫೔ெ೔
೎
೔సೌ

ఘ೐೗೐೎೟ೝ೚೗೤೟೐
       (39) 

 
Where Mi and Xi are respectively the molar mass and the 

molar fraction of the pure components (Li2CO3, Na2CO3 and 
Cs2CO3). ρ௘௟௘௖௧௥௢௟௬௧௘  is the density of the ternary mixture 
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(g.cm -3 ) expressed according to [51]. According to Kojima 
[49], the equivalent conductivity can be written as: 

 
𝛬௔௕௖ ൌ  

ଵ

ଷ
ሺ𝛬௔ି௕௖ ൅ 𝛬௕ି௖௔ ൅ 𝛬௖ି௔௕ሻ     (40) 

 
It is admitted that the expressions of Λୟିୠୡ , Λୠିୡୟ , and 

Λୡିୟୠ  of Eq. (40) can be established based on the general 
formula of the equivalent conductivity of the bits. 

 
𝛬௔ି௕௖ ൌ  𝑥௔𝛬௔ ൅ 𝑥௕௖𝛬௕ି௖ െ 𝑥௔𝑥௕௖𝑘௖௔௥௕௢௡௔௧௘|𝑟௕௖ െ 𝑟௔| ൈ

ቀ
௫ೌ௸ೌ
௥ೌ

൅
௫್೎௸್ష೎
௥್೎

ቁ       (41) 

𝛬௕ି௖௔ ൌ  𝑥௕𝛬௕ ൅ 𝑥௖௔𝛬௖ି௔ െ 𝑥௕𝑥௖௔𝑘௖௔௥௕௢௡௔௧௘|𝑟௖௔ െ 𝑟௕| ൈ

ቀ
௫್௸್
௥್

൅
௫೎ೌ௸೎షೌ

௥೎ೌ
ቁ       (42) 

𝛬௖ି௔௕ ൌ  𝑥௖𝛬௖ ൅ 𝑥௔௕𝛬௔ି௕ െ 𝑥௖𝑥௔௕𝑘௖௔௥௕௢௡௔௧௘|𝑟௔௕ െ 𝑟௖| ൈ

ቀ
௫೎௸೎
௥೎

൅
௫ೌ್௸ೌష್

௥ೌ್
ቁ       (43) 

 
xୟ , xୠ  and xୡ  are the molar fractions of the pure 

components Li2CO3 , Na2CO3 and Cs2CO3; Λୟ, Λୠ, Λୡ, are the 
equivalent conductivities of the pure components Li2CO3 , Na2 

CO3 and Cs2CO3; Λୠିୡ , Λୡିୟ and Λୟିୠ are respectively the 
equivalent conductivities of the binary mixture of Na2CO3 -
Cs2CO3 , Cs2CO3 -Li2CO3 and Li2CO3 -Na2CO3 ; rୟ, rୠ and rୡ 
are ionic radii (Å) respectively Li2CO3 , Na2CO3 and Cs2CO3 ; 
kୡୟ୰ୠ୭୬ୟ୲ୣ is a constant at a given temperature obtained by 
adjustment from the work of [77] whose expression is 
described in Eq. (44). 

 
𝑘௖௔௥௕௢௡௔௧௘ ൌ  4,381 െ  2,099 ൈ 10ିଷ 𝑇     (44) 

rୠୡ ൌ ሺ1 െ xୡሻrୠ ൅ xୡrୡ      (45) 
 
For a binary mixture of molten carbonate Kojima and al [78] 

demonstrated that the equivalent conductivity of the binaries 
can be written as follows: 

 

𝛬௕ି௖ ൌ 𝑥௔𝛬௔ ൅ 𝑥௕𝛬௕ െ 𝑥௔𝑥௕𝑘௖௔௥௕௢௡௔௧௘|𝑟௕ െ 𝑟௔| ൈ ቀ
௫ೌ௸ೌ
௥ೌ

൅
௫್௸್
௥್
ቁ         (46) 

 
Knowing the equivalent conductivity and the molar volume 

of the ternary mixture, the value of the conductivity of the 
electrolyte used in the MC-LFC cell is calculated. 

The electrical conductivity of NiO has been measured in air 
and formulated by Tare and Wagner [48] according to Eq. 
(47): 

 

𝑙𝑜𝑔ሺ𝜎ே௜ைሻ ൌ 2,774 േ 0,07 െ
ଷସ଺଴േ଼଴

்
ൌ 𝑘𝑠𝑒𝑓𝑓_𝑐    (47) 

 
The electrical conductivity of Ni is determined from Eq. 

(48). 
 

𝜎ே௜ ൌ
ଵ

ఘಿ೔
ൌ 𝑘𝑠𝑒𝑓𝑓_𝑎       (48) 

 
Where ρ୒୧ represents the resistivity of nickel. In the case of 

metallic crystals, resistivity increases linearly with 
temperature; this is due to the interaction between electrons 
and phonons. Since the operating temperature of the cell does 
not vary too much, the resistivity of nickel at a temperature T 

can be expressed by linear approximation: according to Eq. 
(49). 

 
𝜌ே௜ ൌ 𝜌଴൫1 ൅ 𝛼଴ሺ𝑇 െ 𝑇଴ሻ൯      (49) 

 
with T0 the reference temperature in (°C), ρ଴the resistivity 

at temperature T0 (Ω.m); α଴ the temperature coefficient at the 
temperature T0 (°C-1) and T the temperature in (°C). 

3. RESULTS AND DISCUSSION 

3.1 MC-LFC performance 

We present some results of the simulation which are 
compared to those of existing studies whose anchor point is 
the study of the performance of DCFC.  

By maintaining an anode exchange current density of 0.75 
A/m2, a temperature of 500°C and a pressure of 1 atm, the 
maximum and optimum power of the cell obtained by 
modeling is respectively 2380 W/m2 and 1950 W/m2 (Fig. 1); 
this confirms that the efficiency of the MC-LFC is 82%. The 
optimum voltage is 0.72 V. Then the overall overvoltage 
would be 0.24 V; this value is high, because it is clearly greater 
than 0.06 V (obtained by calculating the ratio between the 
product of the ideal gas constant and the temperature by the 
Faraday constant RT/F). 

The simulation results of this work show that if we want to 
minimize the global overvoltage, it would be necessary to 
increase the rate constants for the transport of matter 
(variations in the concentration of species in the electrolyte 
solution) and for the transport of charge (application to the 
electrode of an over-potential to quickly activate the 
electrochemical reaction). It is also possible to increase the 
roughness of the electrodes finally to increase their surface and 
adopt a design from the practical point of view which will 
make it possible to minimize the contact resistance at the level 
of the interconnections. 

 

 
 

Figure 1. Curve of voltage (green) and power density 
(blue) as a function of current density of the MC-LFC stack 

under an operating temperature of 800 K. 
 
According to table 3, the performance of a DCFC  depends 

on several factors such as the temperature, the nature of the 
fuel and the type of materials used for electronic and ionic 
conductors 
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Table 3. Comparison of the performance of different DCFC 
cells obtained experimentally compared to the MC-LFC 

modeled with COMSOL software. 

Anode Cathode Electrolyte Puissance 
(W/m2) 

T 
(°C) 

Ref 

lignin + 
Charcoal 
activated 

catalytic 
compounds 

SDC –(Li/Na) 
2CO3 

composite 

250 560 [4] 

NiO -
SDC 

LSCF SDC 680 - 
2250 

650 [36] 

3D NiO 
-GDC 

Sm0.5 Sr0.5 
CoO3 

Ce0.8Gd0.2O1.95 
(GDC) –
carbonate 
composite 

1430 500 [6] 

Ni NiO Molten 
carbonate 

1390 525  

Ni NiO Li2CO3/Na2CO3 1000 650 [79] 
Ag-

GDC 
Ag-GDC YSZ + Al2O3 2210 850 [10] 

 
By comparing the performance curve of the MC-LFC 

modeled on the COMSOL software obtained in this work with 
the experimental studies of Raquel and her team [4]. In the first 
time study of the authors of reference  [4], the two types of 
lignin used in their commercial forms where respectively 
Lignosulfonate (LS) and Kraft lignin (KL). Prior to their 
utilisation, they were blended  with commercial active carbon 
(AC) or after alterning their structure by changing the pH to 
10. They claim that addition of the active carbon (AC) 
increased the current density from from 43–57 to 83–101 mA 
cm−2. And KL+ AC based lignin exhibits a typical power 
density of 12 mW.cm-2 whereas the typical power density of 
the lognin based on LS + AC was   and 25 mW cm−2  ((i.e. a 
current density of 80 mA/cm2 and a voltage of 0.31 V at 833 
K). This is 2 times higer than that of KL +AC. This is a large 
variation in the power density. There is indeed a considerable 
drop in the operating voltage. This shows that the overall 
overvoltage of the cell is very high (> 0.60 V) and is probably 
due to the choice of materials which exert an influence on the 
transport of the electro-active species of the cell. Then, by 
comparing the performance of the c MC-LFC obtained with 
COMSOL to the SOFC cell obtained experimentally by H. Wu 
and al [10], it is found that the last one  has a much better 
power density (ie 2210 W/m2 against 1390 W/m2 ). However, 
the operating temperature is higher (850 °C for the SOFC  
compared to 525 °C for the MC-LFC  ) and the materials used 
are expensive. The direct DCFC [6] demonstrates that it is 
possible to have good performance for DCFC systems 
operating at a temperature of 500 °C using catalytic materials 
(Sm0.5Sr0.5CoO3 , GDC, etc. to facilitate the oxidation of 
carbon and the reduction of oxygen. They were able to obtain 
a power density of 1430 W/m 2 slightly higher than that of the 
MC-LFC. J. Rosen and al [79] developed a molten carbonate 
fuel cell (MCFC) using the same electrode materials as the 
MC-LFC cell but has a lower maximum power density than 
the cell modeled in this study. It is also important to point out 
that the experimental power density obtained in reference [4]  
is almost one order of magnitude lower that the values 
obtained from simulations. The differences in performances 
obtained from the different simulations and the experimental 
results are related to the fuel and the composition of the molten 
salt used, their impurities and the real electro catalytic 
properties of the electrode materials. Although simulation can 

optimize the conductivity of the electrolyte and the electrodes, 
the difference between experimental and simulation results is 
an indication that it is more difficult to simulate the behavior 
of electrocatalytic reactions in a such complex systems. This 
is also an indication that it is, of course, to optimize other cell 
parameters and not only the electrolyte conductivity if we want 
to improve the performance of the MC-LFC. Effectively, The 
performance of the cell depends on various parameters as the 
temperature, the operating pressure, the physico-chemical 
properties of the electrode materials, the electro-catalytic 
parameters of the reactions, the electrolyte and the fuel used to 
operate the cell. Therefore, it is necessary to carry out a 
parametric analysis of the effect of each of these different 
operating parameters that can affect the performance of the 
MC-LFC stack. This will help to better understand the limits 
of such a system and to determine the limiting parameter on 
the cell performances. 
 
3.1 Parametric studie 

Parametric studies were carried out by modifying certain 
variables according to the condition limits of the modeling 
process. Accordingly, the effect of the following several 
parameters on the performances of MC-LFC stack was 
evaluated: the ionic conductivity of the electrolyte, the 
electrical conductivity of the anode and the cathode layers 
(Fig. 2, Fig. 3, Fig. 4), the cell operating temperature and 
pressure; and, respectively, the exchange current density of the 
anode and the cathode reactions (Fig. 5, Fig.6, Fig.7, and 
Fig.8). 

 Fig. 2 shows the simulated curves of the effect of the ionic 
conductivity of the electrolyte on the power density of the MC-
LFC. The decrease in ionic conductivity from 265 S/m to 
0.265 S/m or 3 orders of magnitude, leads to poorer 
performance of the MC-LFC cell. The average optimum 
power density is almost 1400 W.m-2 for an ionic conductivity 
of 265 S/m whereas it is 400 W. m-2 for the electrolyte ionic 
conductivity of 0.265 S/m. For a 1000 times decrease of the 
conductivity, the power density decreases by only 3.5 times. 
Furthermore, the increase of the ionic conductivity from 0.265 
S/m  to 26,5 S/m or 2 orders of magnitudes increases the 
conductivity from 400 W/m2 to 1300 W/m2 (e.g. 3.25 times). 
Of course, the lowering of the ionic conductivity of the 
electrolyte has the effect of increasing the ohmic resistance of 
the cell (poor ionic conduction in the electrolyte). 
Furthermore, the slopes of the curves of the power density vs 
current density is sharp from an ionic conductivity at least of 
2.65 S/m. Accordingly a high power density is obtained with 
a small variation of the current density if the ionic conductivity 
is very high. It is also noted that the drop in performance of 
the cell is not significant when the conductivity of the 
electrolyte decreases from 265 S/m to 26.5 S/m. Thus, 
operating the cell with an electrolyte conductivity of 26.5 S/m 
will cause significant losses in power density than operating it 
with an electrolyte conductivity of 265 S/m. 

 Fig. 3 shows the effect of Ni electrical conductivity on cell 
performance. Thus, by decreasing the electrical conductivity 
from 2500 S/m to 2.5 S/m (3 orders of magnitude), a drop from 
1400 W/m2 to 1100 W/m2 (a ratio of 1.3) in performance of 
the cell is observed.  This drop is less important than that 
observed for the effect of the ionic conductivity of the 
electrolyte where a 3.5 times drop in power density is observed 
when the conductivity decreases from 265 S/m to 0.265 S/m. 
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Nevertheless, the curves in Fig. 3 show that the variation of 
the power density curves as a function of the current for a 
conductivity of nickel which varies between 2500 S/m and 250 
S/m are almost identical and the decrease in performance of 
the cell is not significant between 250 S/m and 25 S/m. This 
indicates that for a material having a conductivity of 25 S/m 
the MC-LFC stack would still offer good performance.  
The increase in the electrical conductivity of the cathode layer 
from 1.9 S/m to 60 S/m ( a ratio of 31.6 between the highest 
and the lowest cathode conductivity) has a very significant 
positive effect on the performance of the cell (Fig. 4).The ratio 
of the power density at 60 S/m (almost 2000 W/m2) and that 
at 1.9 S/m (1400 W/m2) is 1.4. in a 3 orders (1000 times) 
magnitude variation in the anode conductivity, an 
improvement of 1.3 times was observed in the power density 
of the cell whereas for a variation of 31.6 times in the cathode 
conductivity, an improvement in of 1.4 times in the power 
density of the MC-LFC is observed. The contribution of the 
cathode conductivity variation in cell power density 
improvement is significantly higher than those of the anode.  
Due to the difference of magnitudes in the variation of the 
electrolyte ionic conductivity (1000 times) and that for the 
cathode conductivity (31.6 times), we might point out that the 
3.5 times of power density improvement due to electrolyte 
conductivity improvement is less than those of 1.4-time 
improvement in the power density due to the variation of 
cathode conductivity. One might think that the cathode 
material, where the electrons are consumed in the oxygen 
reduction reactions (see above reaction R5), is the limiting 
factor of the MC-LFC cell performance. However, the 
electrical conductivity of the materials cannot be the only 
parameter to be considered. Admittedly, a greater conductivity 
of the electrodes and of the electrolyte favors the conduction 
of the current, which reduces the ohmic losses and 
significantly increases the performance of the cell.  
Other operating parameters as the increase in the temperature 
may have a positive impact in the electrolyte ionic 
conductivity and the species diffusion coefficient which may 
also increase. But the performance of the MC-LFC cell 
decreases when the temperature increases (Fig. 5). This is 
probably due to the decrease in current densities (Eq. 9 and 
Eq.14) probably caused by parasitic reactions. Indeed, the 
decrease in the power density of the MC-LFC when the 
operating temperature increases is probably due to a high 
entropy of reaction due to the parasitic reactions. This means 
that at a constant reaction rate, the parasitic reactions increase 
with the temperature causing more entropy production.  This 
increase in entropy production causes a decrease in the 
production of electrical power. Contrary to the temperature, 
the increase in the operating pressure (Fig. 6) leads to an 
increase in both the chemical potentials (molar free enthalpies) 
of the various reagents reactions and the associated current 
density of their electrodes reactions of the MC-LFC cell, and 
therefore the power (or the electrical energy) produced 
increases. The variation of operating pressure of the MC-LFC 
from 1 atm to 10 atm, enhances significantly the power density 
of approximately 500 W/m2 .  

Fig. 7 and Fig.8 show, respectively, the variation of the 
power density with the exchange current density of the anode 
or cathode reactions of the MC-LFC stack.  For an increase in 
2 orders of magnitude (e.g.from 0.0075 A.cm-2 to 0.75 A.cm-

2) of the anodic current density, the power density increases 
1.7 time (e.g. from 1400 W/m2 to 2400 W/m2). The increase 

of the power density is only 1.2 time when the exchange 
anodic current density increases one order on magnitude from 
0.075 A.cm-2 to 0.75 A.cm-2. This an indication that even if the 
anodic exchange current density is increased to 3 orders of 
magnitude, the power density will probably not increase to 
more than 2 times. Thus the contribution of the anodic reaction 
exchange current density in the improvement of the cell power 
density is less important than that of the MC-LFC electrolyte 
ionic conductivity. Fig.8 shows that even with a 5 orders of 
magnitude in the increase of the cathode reaction exchange 
current density, the increase in the power density is less than 
10% ( a ratio of 1.08 for an increase in cathode current density 
from 0.158 S/m to 15 800 S/m)  

We can point out that the exchange current density is one of 
the important practical electrochemical parameter which 
probes the kinetic reactions of the redox reactions at the 
interface of the anode/electrolyte or cathode/electrolyte of 
MC-LFC unit.  Accordingly, its values depend on the redox 
type reactions but also on the nature and surface state of the 
electrodes. In this work, the simulation was made on only 
nickel anode and nickel oxide cathode. Thus, the results may 
be improve if we perform the simulation on other type of 
anode and cathode materials or if we increase their active 
surface area. 

 
Figure 2. Influence of electrolyte conductivity on the 

output power density of the MC-LFC stack 
 

 
 

Figure 3. Influence of the electrical conductivity of the 
anode material (Ni) on the output power density of the 

MC-LFC stack 
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Figure 4. Influence of the electrical conductivity of the 
cathode material (Ni) on the output power density of the 

MC-LFC stack 
 

 
 

Figure 5. Influence of the operating temperature on the 
output power density of the MC-LFC stack 

 

 
 

Figure 6. Influence of the operating cell pressure on the 
output power density of the MC-LFC stack 

 

 
 

Figure 7. Influence of the anodic exchange current density 
on the output power density of the MC-LFC stack 

 

 
 

Figure 8. Influence of the cathodic exchange current density 
on the output power density of the MC-LFC stack 

 
The cathode reactions R5 show clearly the concentration of 

O2 and CO2 might have an impact on the variation of the power 
density with the current density. Fig. 9 and Fig. 10 show, 
respectively, the effect of the variation of the molar 
concentrations of CO2 and O2 on the performance of the cell.  

Increasing the molar concentration of CO2 from 1 mol/m3 to 
5 mol/m3 decreases the maximum power density of the cell by 
more than 50 W/m2 (Fig. 9). This can be related to a diffusion 
limiting process of the CO2 reduction. The rate of reduction of 
CO2 is less than the concentration of CO2 arriving at the 
electrode surface. This can be related to a limited active 
surface area or active states at the NiO cathode electrode 
surface. Electrode surface engineering which may help to 
increase the active surface area or active would the appropriate 
approach to overcome this limitation.  

Similar results are obtained for the reduction of O2. 
Increasing the concentration of O2 (Fig. 10) causes a reduction 
in the power density of the cell. As for the CO2 reduction, this 
can be related to a diffusion limiting process of the O2 
reduction or to a limited active surface area or active states at 
the NiO cathode electrode surface. The drop in performance is 
less important in comparison to that of CO2. This indicates that 
the O2 reduction is more facilitate than that of CO2 on the NiO 
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surface. Development of mixed or bi-functional catalysts is 
underway and will help to understand the role of the electrode 
materials in the reduction of CO2 and O2 respectively.  

Based on the effect of the CO2 and O2 concentrations on the 
cell power density, for the cell to deliver maximum output 
power (above 1400 W/m2), the concentration of O2 and CO2 in 
the cathode compartment must be controlled respectively to 
values less than 10 mol/m3 and 5 mol /m3). 

 

 
 

Figure 9. Influence of the molar concentration of the cathode 
inlet gas CO2 on the output power density of the MC-LFC 

stack. 
 

 
 
Figure 10. Influence of the molar concentration of the 

cathode inlet gas O2 on the output power density of the MC-
LFC stack 

 
It is true that the increase in the concentration of CO2 

decreases the performance of the cell. However, the low 
electrical conductivity of the cathode material (NiO) is the 
most limiting parameter. It is then crucial to choose cathode 
materials having a higher and stable conductivity in the molten 
carbonate (LiNaCs)2CO3 to further improve the performance 
of the MC-LFC cell. decreases the rate at which the gases 
formed can reach the electrode/electrolyte interface so that the 
R2, R3 and R4 reactions can occur. 

4. CONCLUSIONS 

Based on the results obtained in this wok on the MC-LFC 
cell developed using COMSOL software, it can be concluded 
that: 

1) The optimum power density obtained in this model 
(1400 W/m2) agrees with other values different approaches, 
electrodes, temperature range (temperature is lower than in 
other studies), fuel and electrolyte. 

2) This cell model is based on a nickel anode and a 
nickel oxide cathode and a green carbon precursor biopolymer 
(lignin) was the fuel;  

3) The data obtained for modelling MC-LFC cells 
using similar operating conditions were compared to the 
experimental data of DCFC cells except for the case of the 
SOFC stack operating around 850 °C;  

4) In general, the simulated curves based on the 
variation of the power density with the current density show a 
maximum power density of 1390 W/m2. It is noted that the 
smallest value of the maximum power density obtained 
according to the experimental data is 250 W/m 2 and the largest 
is 2250 W/m2. Accordingly, the results obtained from 
modeling agree with the experimental results. The results of 
the model are coherent and can be considered as being reliable.  

5) The results of the models also show that an increase 
of the cell temperature or on the CO2 concentration at the 
cathode has a negative effect on the cell performance. On the 
contrary, an increase of the pressure, or of the exchange 
current densities of the anode, the cathode reactions or the 
conductivity of the electrolyte contribute to the improvement 
of the cell performances. 
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