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Abstract 

This work considers the use of a Molten Carbonate Fuel Cell (MCFC) system as a power generation 

and CO2 concentrator unit downstream of the coal burner of an existing production plant. In this way, 

the capability of MCFCs for CO2 segregation, which today is studied primarily in reference to large-

scale plants, is applied to an intermediate-size plant highlighting the potential for MCFC use as a low 

energy method of carbon capture. A technical feasibility analysis was performed using an MCFC 

system-integrated model capable of determining steady-state performance across varying feed 

composition. The MCFC user model was implemented in Aspen Custom Modeler and integrated into 

the reference plant in Aspen Plus. The model considers electrochemical, thermal, and mass balance 

effects to simulate cell electrical and CO2 segregation performance. Results obtained suggest a 

specific energy requirement of 1.41 MJ kg CO2
-1 significantly lower than seen in conventional 

Monoethanolamine (MEA) capture processes.  

 
Key words: Aspen Custom Modeler, carbon capture, fuel cell applications, MCFC process 

simulation.  

 

Nomenclature 

 

Symbol  Description  Units 

A Cell area  m2 

E Open circuit potential  V 

E0 Standard Cell Potential  V 

F Faraday’s constant  C mol-1 

C1,C2,C4 Constant to calculate specific heat capacities J mol-1 K-1 

C3,C5 Constants to calculate specific heat capacities K 

J Cell current density  A m-2 

Kwgs Equilibrium constant for water gas shift reaction   

LG Parameter to calculate water gas shift equilibrium constant  

N Number of electrons transferred via electrochemical reaction  electrons 

Nc Number of cells Cells 

Px Partial pressure of stream x  Pa 

R Ideal gas constant  J mol-1 K-1 

T Cell temperature K 

i Stoichiometric coefficient of species i in the electrochemical reaction - 

 

 

1. Introduction 

 

Fuel cell research and development is an area which has seen significant interest in recent years, 

especially for high temperature cells (Molten Carbonate Fuel Cells (MCFCs) and Solid Oxide Fuel 

Cells (SOFCs)). The interest in these technologies results from their ability to generate energy highly 

efficiently using readily available hydrocarbon fuel sources (natural gas, syngas, biogas and coal) 

[1,2]. The high temperature operating conditions mean the use of expensive electro-catalyst materials 

is not required, increasing the range of usable fuel constituents compared to other cell types [3]. 

Additionally, the high operating temperatures allow the introduction of a gas turbine system, 



 

 

increasing process efficiency via utilization of cell exhaust heat. MCFCs, in particular, are of interest 

due to their potential for energy generation in combination with CO2 segregation [4]. This dual ability 

provides CO2 concentration within the cell unit allowing simplified CO2 capture without the 

efficiency reduction associated with conventional capture methods [5]. With the effects of climate 

change leading to ever-increasing environmental consciousness within society, the use of MCFCs is 

believed to be a key player in future industrial projects to facilitate carbon neutrality.  

 

The capacity for MCFC CO2 segregation comes from the transfer of carbonate ions (𝐶𝑂3
=) from the 

cathode to the anode as part of the electrochemical reactions occurring within the MCFC. The 

reactions involved in this electrochemical cell are Eq. 1 at the anode side and Eq. 2 at the cathode side 

[3], with the resulting ion movement represented in the overall cell reaction (Eq. 3) and depicted in  

Figure 1.  

 

 𝐻2 + 𝐶𝑂3
2−  →   𝐻2𝑂 + 𝐶𝑂2 + 2𝑒−                                 (1) 

 

𝐶𝑂2 +
1

2
𝑂2 + 2𝑒−  →   𝐶𝑂3

2−                                               (2) 

 

𝐻2 +
1

2
𝑂2 + 𝐶𝑂2 (𝐶𝑎𝑡ℎ𝑜𝑑𝑒)  →   𝐻2𝑂 +  𝐶𝑂2 (𝐴𝑛𝑜𝑑𝑒)       (3) 

 

 

 
 

Figure 1: MCFC operation. 

  
Within an industrial context, this phenomenon can be harnessed via feeding the plant flue gas stream 

to the MCFC cathode inlet, the carbonate ion movement acts to concentrate the CO2 in the anode 

exhaust stream simplifying downstream CO2 capture. There have been numerous studies proposing 

the use of MCFC units for CO2 segregation. Examples of computational work include MCFC 

implementation in natural gas combined cycles [6-9], pulverized coal-fired plants [8,10,11], 

integrated gasification combined cycles [12], cement production [13], steel production [14], 

wastewater biogas processes [15]  and in combination with gas separation membranes [16]. In 

these works, CO2 capture rates of 90% can be achieved with plant efficiency maintained at near 

previous plant operation levels. 

 

Although significant study has been carried out regarding implementation of MCFCs, this largely has 

been focused on its application in large plants. The advantage of fuel cell operation is that unlike 

conventional power generation methods, there is little dependence of efficiency on the scale of 

operation. Due to this, the potential for fuel cell use in smaller-scale applications is likely to pose a 

more convenient prospect. For this reason, this study focuses on MCFC implementation in a mid-size 

plant, in particular, this study examines the retrofitting of an MCFC unit to a mid-size textile 

production plant.  



 

 

 
2. Examination of the MCFC integrated plant environment  

 

In this section we will outline the unit operations associated with the retrofit study and their respective 

position within the process flowsheet. A simplified schematic of the assessed plant layout is 

illustrated in  

Figure 2 with accompanying process description below. Within the schematic, the section below the 

dotted line details the original plant layout with the units above being the required retrofit units to 

achieve CO2 capture. In the process scheme the boldened lines signify the streams containing the 

main CO2 flow.  

 

 
 

Figure 2: Schematic of the plant layout. 

The coal burner unit, simulated in accordance with [17], is fed with coal and air. The air stream is 

preheated in the vapor generator using the flue gas produced in the coal burner. Moreover, the flue 

gas produced is utilized to generate steam for use in the steam turbine energy generation unit 

producing 6.8 MW of electrical energy.  

Successively, prior to entry to the MCFC, the flue gas stream undergoes a pre-treatment process. In 

fact, different works have shown that many pollutants, specifically sulfur compounds, can greatly 

harm the cell units [18–21].  The units implemented within this design were selective catalytic 

reduction and wet limestone scrubbing for flue gas pre-treatment for Nitrogen Oxides (NOx) [22,23] 

and Sulphur Dioxide (SO2) respectively [24–26]. A detailed assessment of differing removal methods 

was not considered within this project scope and so the selection of these unit methods was a result of 

industrial prevalence and applicability to the process system. To provide a simplified simulation of 

MCFC feasibility it has been assumed that both the NOx and SO2 removal systems are 100% efficient, 

with scope for future works to deal with the effects of these contaminates on cell performance. 

 

The flue gas stream is then sent as the cathode inlet stream (Catin) of the MCFC stack. The fuel cell 

anode inlet stream (Anin) was provided by a stream methane reformer unit operating at a 

steam:methane ratio of 3.28:1. The reformer unit was designed based on a fuel cell 75% H2 utilization 

factor, with the reformer inlet flowrates iterated to provide the required H2 flowrate in the Anin 

stream. The energy required in the steam methane reformer is 4423 kW. For the purpose 

of this assessment it was assumed that this heat is supplied via an electrical heater unit. The assumed 

energy efficiency of this heater was 0.9. As such the final energy requirement of the steam methane 

reformer was calculated to be 4914 kW. 

The final separation of the concentrated CO2 stream in the anode outlet (Anout) is performed by a 

dual stage condenser and cryogenic separation process. This unit selection was again based on 

industrial prevalence and suitability for the design conditions with the potential for study using other 



 

 

operations in the future [27]. The cryogenic sizing and energy requirement were developed 

considering literature data to allow a 90% CO2 capture capability [28,29]. 

 

From plant process data the MCFC operating conditions examined within this feasibility study are 

depicted in Table 1.  

 
Table 1: Cell inlet conditions. 

Inlet 

Conditions 

Flowrate 

(kmol h-1) 

T   

(℃) 

CH4 

(%mol) 

CO 

(%mol) 

CO2 

(%mol) 

H2 

(%mol) 

H2O 

(%mol) 

N2 

(%mol) 

O2 

(%mol) 

Anode 469.7 650 0.03 9.88 6.06 53.87 30.16 0 0 

Cathode 2318.2 650 0 0 9.10 0 4.44 78.77 7.69 

 

3. Model design  

 

3.1. Modelling Software and MCFC Modelling 

This paper presents a two dimension computational model, which describes the cell electrochemical, 

thermal and mass balance effects to model cell electrical and CO2 segregation performance. In most 

computational models, the equations that describe the unit operation are coded together with a solver 

in a programming language requiring significant knowledge of the numerical methods involved [30]. 

In this study, the fuel cell user model was developed in Aspen Custom Modeler; this software was 

chosen due to its applicability for coding unit operations and its preprogramed numerical methods 

[31]. This, along with the Aspen property database, allows modelling of complex process systems 

with comparative ease. The ability to define a user unit and simulate this in combination with standard 

units in Aspen Plus provides the opportunity to study the MCFC directly integrated into the plant 

system. 

 

The model employed within this study developed by the authors employs a two-dimensional solver to 

simulate MCFC performance. In order to minimize model complexity, the effects of impurities such 

as NOx and SO2 on cell operation were not considered as part of this model. As such, within this 

computational model the assumed chemical species involved were: Carbon Dioxide (CO2), Carbon 

Monoxide (CO), Hydrogen (H2), Methane (CH4), Nitrogen (N2), Oxygen (O2) and Water (H2O).  

 

Modelling of the cell behavior considered a cross-flow operational scenario with anode and cathode 

coordinates discretized into 23 segments to allow simulation of local cell performance. Each cell 

segment is treated as an individual subunit with no diffusional mass transfer between subunits. The 

development of the MCFC mass and energy balances was based on the following general 

assumptions: (i) adiabatic fuel cell operation, (ii) feed temperature and velocity profiles were fully 

developed, (iii) rate of the electrochemical reaction was modelled considering appropriate kinetics, 

(iv) cell was assumed to operate in a stationary capacity, (v) pressure drop was neglected, (vi) gas 

cross over was neglected and (vii) no reforming or Boudouard reaction occurs within the cell.  

 

The reactions considered in the model development were the electrochemical reactions (Eq. 1 and 2) 

occurring at the anode and cathode respectively and the water gas shift (WGS) reaction occurring at 

the anode (Eq. 4). 

 

𝐶𝑂 +  𝐻2𝑂 → 𝐶𝑂2 + 𝐻2                         (4 

 

As a result of the high MCFC operating temperature and Nickel catalyst employed, the WGS reaction 

was assumed to reach equilibrium. The equilibrium constant (Keq,WGS) was determined using the 

following relation: 

 

∑ ∆G𝑖.𝑇𝑖  = −RT ln 𝐾𝑒𝑞,𝑊𝐺𝑆                                 (5  



 

 

where ∆G𝑖.𝑇 is the Gibb’s free energy [J mol-1] at the operating temperature T [K] of the i-th reactant 

and R is the ideal gas constant [J K-1 mol-1]. To evaluate the ∆G𝑖.𝑇, the heat capacities of the reactants 

(cp,i [J K-1 mol-1]) where evaluated with Eq. 6, where Ci are constant as per [32]. 

 

  𝑐𝑝,𝑖 = 𝐶1 + 𝐶2 (
𝐶3
𝑇

sinh
𝐶3
𝑇

)

2

+ 𝐶4 (
𝐶5
𝑇

cosh
𝐶5
𝑇

)

2

             (6 

 

The operating pressure was set at one atmosphere for all simulation tests as is often implemented in 

practice [9,33,34]. Although yield improvements can be observed at higher pressure this low 

operating pressure reduces the influence of unwanted side reactions such as the Boudouard reaction, 

allowing improvement of cell lifetime [35].   

 

The electrochemical kinetics employed in this model to simulate the electrochemical reaction are the 

subject of a previous paper [36]. The kinetic model considers the impact of ohmic resistance, cathodic 

polarization resistance as a function of O2 and CO2 partial pressure and anodic polarization resistance 

as a function of H2 partial pressure to simulate cell resistance. The equations describing the cell 

resistance behavior are detailed in the appendix. The average cell current density is supplied as an 

input to the model and local sub cell current densities (J) are calculated based on sub cell temperature 

and inlet composition. An example of the produced current density map that is observed within the 

cell structure for a reference simulation (input average current density of 1000 A m-2) is detailed in 

Figure 3.    

 
Figure 3: Example of a current density map over the cell surface. 

 

 

3.2. System modelling  

The modelling process to simulate the existing plant environment employed data from the reference 

textile production plant as a basis. The processes that are carried out in this textile plant are: cutting, 

dyeing, and packaging. The plant is composed by a coal fired plant that allows the production of 

vapor to supply energy to the cutting and packaging machines. After expansion in the turbine, the 

steam is used in the fabric dyeing machines. At the same time, there is an auxiliary natural gas boiler 

to regulate fast production variations. This allows having methane pipelines already available in the 

plant with consequent lower installation costs for a possible methane steam reformer unit. Simulation 

in Aspen Plus of the coal burner unit and balance of plant is based on these coal data: flowrate 3591 

kg h-1; composition 70.60% C, 0.02% Cl, 4.85% H2, 8.29% H2O, 1.60% N2, 8.50 O2, 0.58% S. 

Here the coal was modelled as a nonconventional solid within the burner unit which was simulated as 

a two-stage drying and decomposition process. Post flue gas impurity treatment the flue gas stream 

was preheated to the MCFC operating temperature of 650℃ before entering the cathode inlet. The 

anode inlet stream was fed by a steam methane reformer with feed flowrates to the reformer unit 



 

 

iterated to provide a 75% hydrogen utilization factor within the MCFC. On user model integration, 

the effect of the MCFC unit could be directly assessed within the plant environment.   

  
 

 

There have been several literature studies of MCFC combined cycles considering integration as a 

topping cycle of a pre-existing steam turbine unit [37]. However, for this study one imposed 

constraint was the requirement for the MCFC unit and necessary balance of plant to be a stand-alone 

retrofit design with no direct integration of thermal or process streams. This requirement was 

specified to minimize impact on the previously existing process streams. As a result, only heat 

integration within retrofit units is considered in this assessment.   

 

4. MCFC model validation 

 

Testing of the model results was performed using literature experimental data for single cell MCFC 

polarization curves [36]. Model validation was carried out over multiple feed flowrates and 

compositions as illustrated in Table 2. For each operating condition, the input average fuel cell current 

density was varied between 0 and 1000 A m-2 allowing simulated cell polarization curves to be 

established. A plot of all simulated vs experimental voltage results is detailed in Figure 4 with the 

obtained voltage results showing good replicability of the experimental data giving an average model 

error of 0.77% over all tested conditions.  

 
Figure 4: Graph of simulated against experimental voltage. 

Table 2: Fuel cell inlet conditions for cell validation 

Inlet 

Conditions 

Flowrate 

(mol/h)  

T   (℃) CO 

(%mol) 

CO2 

(%mol) 

H2 

(%mol) 

H2O 

(%mol) 

N2 

(%mol) 

O2 

(%mol) 

Anode 
0.65 - 

0.97 

620-

680 
0 16-18 30-72 10-20 0-42 0 

Cathode 
2.34 - 

6.22 

620-

680 
0 4-30 0 0-9 55-86 8-16 

 

 

5. Results  

 

5.1. Plant Simulation Results 

From the simulation results (Table 3), the dual ability of MCFCs for simultaneous power generation 

and CO2 concentration is evident. The MCFC combined with a simple condenser unit acts to 

concentrate the CO2 concentration from 9%mol in flue gas cathode inlet to 67%mol in the anode outlet. 

This significant concentration increase simplifies the final separation process while at the same time 

the electrochemical cell generates 7.0 MW of electrical energy, a value comparable to that produced 



 

 

by plant steam turbine unit (6.8 MW). The simplified capture process and additional power generation 

capacity allows reduction in specific energy requirement for carbon capture. An estimation of this 

specific energy requirement considering heat integration within the retrofitted unit will be performed.  

 
Table 3: Simulation results. 

 

5.2. Determination of the carbon capture specific energy requirement  

  

In order to give a quantitative estimate of the CO2 capture specific energy requirement of the 

proposed system a preliminary heat exchange network was designed to maximize system efficiency 

while adhering to the constraint of no heat integration between existing and retrofitted sections. This 

energy recovery network is illustrated in figure 5, here, process streams are matched based on their 

temperature and heat capacity rates to provide a network that requires minimal heating and cooling 

utility. The energy recovery network was designed based on a pinch temperature of 800℃, with a 

requirement for no heating utility used below the pinch and no cooling utility used above the pinch 

temperature. A 10% energy loss during heat transfer between streams was assumed as a basis for the 

feasibility assessment.  

 

 
Figure 5: Heat exchange network. 

Parameter Value 

Coal energy flowrate LHV (MW) 28.07 

Methane energy flowrate LHV (MW) 16.6 

Steam methane reformer outlet temperature (℃) 800 

Steam turbine power (MW) 6.8 

Number of cells (Nc) 10188 

Cell area (m2) 1 

Average current density (A m-2) 1000 

Cell potential (V) 0.69 

Total stack power (MW) 7.0 

Percent flue gas CO2 segregation (%) 90 

Total flowrate CO2 segregated (kmol h-1) 190 

Anode outlet temperature (℃) 692 

Cathode outlet temperature (℃) 679 

MCFC Outlet CO2 concentration (%mol) 34 

Condenser Outlet CO2 concentration (%mol) 67 



 

 

Considering the implementation of the heat exchange network this equates to an approximated 

specific energy requirement prior to final CO2 separation of -0.35 MJ kg CO2
-1. This value has been 

obtained from the algebraic sum of the energy required by the utilities (reformer, cooling water 

pumps, heating, desulphurization, NOx removal) and the energy produced by the MCFC divided by 

the mass flow rate of segregated CO2. The figure 6 shows a flow diagram that illustrate the energy 

content of the major streams as well as processes that consume/generate heat and power. Assuming a 

literature value for cryogenic CO2 specific energy requirement of 1.80 MJ kg CO2
-1 [29], a calculated 

specific energy requirement of 1.41 MJ kg CO2
-1 can be obtained. Comparing this value to 

conventional Monoethanolamine (MEA) CO2 capture technology having a requirement of 2.5-4.2 MJ 

kg CO2
-1

 [38] significant improvements can be observed. This provides a positive viewpoint of the 

potential for MCFC carbon capture looking to the future with even isolated retrofit units showing high 

energy efficiency compared to conventional technology.  

In the event heat integration of the whole plant was considered the existing heating and cooling utility 

could allow further energy efficiency improvements for this capture method.  

 
Figure 6: Energy flow diagram (in black the energy content of the major streams; in red the consume power of the single 

unit; in green the generate power of the single unit)  

 

 

6. Conclusion 

 

This paper presents a 2D computational model produced in Aspen Custom Modeler to simulate the 

use of Molten Carbonate Fuel Cells (MCFCs) in a simultaneous carbon capture and power generation 

capacity. Upon validation, the fuel cell user model exhibited good agreement with experimental 

testing (0.77%). As such, the user model allows the design of a user-friendly unit operation which can 

simulate MCFC performance across a wide range of feed conditions. 

 

The described computational model has been integrated into Aspen Plus and simulated as a retrofit 

unit to an existing medium sized textile plant with coal burner. From the feasibility assessment of this 

integration, a number of interesting conclusions can be drawn.  

 

When combined with a final cryogenic separation unit MCFC systems can be used to capture 90% 

flue gas CO2 while also providing significant additional plant power comparable to that currently 

produced via the steam turbine unit.  

Without consideration of integration of the MCFC system into the original plant the specific energy 

requirement for CO2 capture (1.41 MJ kg CO2
-1) is significantly lower than that seen in conventional 

MEA systems (2.5-4.2 MJ kg CO2
-1). 

 



 

 

A further detailed exergetic [39,40] and economic [41,42] analysis has to be carried out to provide 

additional information of the potential of this method of carbon capture and to complete the 

assessment of this technology for future implementation. Nevertheless, this work preliminary 

demonstrates the technical feasibility of MCFC application as a clean power generation system with 

exciting potential within the field of carbon capture in plants involving coal-fired units.   

 

A Appendix 

This appendix reports the equations characterizing the kinetic modelling. 

 

Ohmic resistance 

𝑅1 = 𝑃1𝑒𝑥𝑝 (
𝑃2

𝑇𝑎𝑣𝐴𝐶
)                                 (A.1)  

 

Cathodic polarization resistance as a function of CO2 partial pressure 

𝑅2  =  
 𝑃3 𝑇𝑎𝑣𝐴𝐶 𝑒𝑥𝑝(

𝑃4
𝑇𝑎𝑣𝐴𝐶

)

𝑃𝑎𝑣 𝑙𝑛(1−1.5 𝑦𝐶𝑂2)
−1                                 (A.2)  

 

Cathodic polarization resistance as a function of O2 partial pressure 

𝑅3  =  
 𝑃5 𝑇𝑎𝑣𝐴𝐶 𝑒𝑥𝑝(

𝑃6
𝑇𝑎𝑣𝐴𝐶

)𝑃𝑎𝑣
0.5𝑦𝐶𝑂2𝑦𝑂2

0.5

𝑙𝑛(1−3 𝑦𝑂2)
−1              (A.3)  

 

Anodic polarization resistance as a function of H2 partial pressure 

𝑅4  =  
 𝑃7 𝑇𝑎𝑣𝐴𝐶 𝑒𝑥𝑝(

𝑃8
𝑇𝑎𝑣𝐴𝐶

)

𝑃𝑎𝑣𝑙𝑛 (1+𝑦𝐻2
)

                              (A.4)  

 

Total resistance 

𝑅𝑡𝑜𝑡 = 𝑅1 + 𝑅2 + 𝑅3 + 𝑅4                          (7  

 

Open circuit cell potential  

 𝐸 =   𝐸0 −
𝑅 𝑇

𝑛 𝐹
 𝐿𝑛 (

𝛱 𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑣𝑖

𝛱 𝑃𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
𝑣𝑖 )                  (8 

 

Cell potential 

𝑉 = 𝐸 − 𝑅𝑡𝑜𝑡 𝐽              (A.7)  

 

Stack power  

𝑊 = 𝑁𝑐 𝐽 𝐴 𝑉                (A.8)  
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