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Abstract: Many technological solutions have been proposed for CO2 capture in the last 

few years. Most of them are characterized by high costs in terms of energy consumption 

and, consequently, higher fossil fuel use and higher economic costs. High temperature fuel 

cells are technological solutions currently developed for energy production with low 

environmental impact. In CIRIAF—University of Perugia labs, cylindrical geometry,  

small-sized molten carbonate fuel cell (MCFC) prototypes were built and tested with good 

energy production and lifetime performances. In the present work, an innovative application 

for MCFCs is proposed, and an innovative configuration for CO2 capture/separation is 

investigated. The plant scheme is based on a reformer and a cylindrical MCFC. MCFCs are 

the most suitable solutions, because CO2 is used in their operating cycle. An analysis in 

terms of energy consumption/kgCO2 captured is made by coupling the proposed configuration 

with a gas turbine plant. The proposed configuration is characterized by a theoretical energy 

consumption of about 500 kJ/kgCO2, which is quite lower than actual sequestration 

technologies. An experimental campaign will be scheduled to verify the theoretical findings. 
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1. Introduction 

The reduction of greenhouse gas emissions is a fundamental goal to be achieved in the next few 

years. It has been estimated that CCS (carbon capture and storage) technological solutions can make a 

great contribution (20% emission reduction by 2020) [1]. CCS technologies allow one to separate the 

carbon dioxide emitted by fossil fuel-powered plants and permanently neutralize it by removing it 

from exhaust released into the atmosphere. In the present day, many technological solutions proposed 

for CO2 capture are available, but they have high costs in terms of energy consumption and, 

consequently, higher fossil fuel use and higher economic costs.  

In this regard, fuel cells, after being studied as energy production devices in the hydrogen  

economy [2–9], have been proposed for CO2 capture applications. In the literature, there are several 

works in which fuel cells have been investigated for separating CO2 from the exhaust gas of fossil fired 

power plants. Operating parameters have been collected and process efficiency has been evaluated, 

showing that the process is technologically viable [10–12]. 

In this paper, energy evaluations about a new innovative configuration for CO2 capture/separation 

based on MCFCs (molten carbonate fuel cells) are presented in order to compare this solution with 

other existing CO2 capture technologies (chemical absorption, physical absorption, physical adsorption, 

membrane separation processes, cryogenic separation). 

The aim of this study is the analysis in terms of energy consumption per mass unit of captured CO2 

made by integrating peculiar cylindrical geometry, small-sized MCFC prototypes with a gas turbine 

plant. Results are compared with the existing solutions described in the state-of-the-art CCS. 

2. State of the Art of CCS Technological Solutions 

CCS technological solutions are mainly divided into three categories: 

(1) Post combustion: separation of CO2 from combustion products (nitrogen, oxygen, water). 

Capture can occur anywhere along the product processing stream, from combustor to effluent 

exhaust stage. 

(2) Oxy-fuel combustion: separation of oxygen from nitrogen in the air to produce a nitrogen-free 

oxidizer stream. Reaction with fuel produces a stream composed primarily of CO2, oxygen and 

water. Water can be removed by phase separation. 

(3) Pre-combustion: separation of carbon in the form of CO2 from a resource after the energy 

content of the resource is transferred to a carbon-free energy carrier. The most common 

configuration involves gasification with air or oxygen. The products undergo a water-gas shift 

to a high-concentration stream of CO2 and H2. CO2 is captured and H2 reacts with air. 

The mainly used physical and chemical processes are the followings: 

 Chemical solvent absorption (e.g., amine-based); 

 Physical absorption/adsorption; 

 Membrane separation processes; 

 Phase separation (e.g., cryogenic-clathrate hydrates). 
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In the chemical solvents absorption process (e.g., amine-based), CO2 in the gas phase dissolves into 

a solution of water and amine compounds. Amines react with CO2 in solution to form protonated 

amine (AH+), bicarbonate (HCO3
−) and carbamate (ACO2

−). 

When the solution has reached the intended CO2 load, it is removed from the contact with the gas 

stream and heated to reverse the chemical reaction: thus, it releases high-purity CO2 for geological 

storage. The process is shown in Figure 1. 

In the physical absorption/adsorption process, absorbents allow the gas to permeate a solid or liquid 

under one set of conditions and to desorb under others [13–17]. The rate of absorption or desorption is 

temperature and pressure dependent. Smaller differences in conditions require less energy, but require 

more absorbent to capture CO2 at an equivalent rate. The process is shown in Figure 2. 

Figure 1. Chemical solvents absorption process plant scheme [13].  

 

In the membrane separation process, membrane systems include thin barriers that allow selective 

permeation of certain gases; thus, one component in a gas stream can pass through faster than  

the others [13,14,17,18]. 

The phase separation (e.g., cryogenic-clathrate hydrates) process is based on this principle: below 

certain temperatures, gas molecules are moving slow enough to succumb to weak intermolecular 

forces [13,14,19,20]. Depending on the partial pressure of other gases in a mixture, condensing gases 

will form a distinct phase with a composition different from that of the vapor, which is easily 

separated. The process is shown in the following plant scheme (Figure 3). 
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Figure 2. Physical absorption/adsorption process plant scheme [16].  

 

Figure 3. Phase separation process plant scheme [13].  
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3. The Proposed Innovative CO2 Capture Solution by MCFC 

3.1. The MCFC Technology 

Fuel cells allow one to convert the chemical energy of a fuel (typically hydrogen) by an oxidant gas 

(oxygen or air), obtaining a continuous electric current, water and heat [9]. An MCFC fuel cell 

essentially consists of three elements: two electrodes, cathode and anode, and a matrix that constitutes 

or contains the electrolyte. Fuel and oxidant gases are directed, respectively, to the anode and the 

cathode (on the faces opposite to those in contact with the electrolyte), feeding the oxidation reactions 

of the fuel and oxidizing gas reduction. Molten carbonate fuel cells (MCFCs) employ as raw material 

hydrocarbons (from which hydrogen fuel is obtained through a reforming reaction) and oxygen (as the 

oxidant). The electrolyte consists of a mixture of carbonates (typically lithium and potassium); the two 

electrodes are both nickel-based: the lithiated nickel oxide cathode and the anode nickel with a small 

percentages of chromium; the average working temperature is high, about 600–700 °C. An original 

cylindrical MCFC was built and investigated in the last few years at CIRIAF—University of Perugia 

Labs [2–6]. Many facilities were tested, attaining good results. The cylindrical MCFC’s main 

peculiarity is the innovative stack design involving cylindrical compact geometry and original gases 

arrangements. The main technology benefits are: high electrical efficiency (up to 40%), thermal  

self-sustain conditions kept down to the kW-size stack, because of minimum heat losses due to the 

cylindrical geometry and gas recirculation, non-pressurized devices, long life (the proposed MCFC 

worked for 4,500 working hours), compact design, modularity, thanks to internal manifolds, and low 

external temperature. These characteristics make the cylindrical MCFC technology suitable also for the 

proposed CO2 capture plant. 

3.2. Plant Scheme and Chemical Process 

The proposed CO2 capture chemical process by molten carbonate fuel cells is shown in Figure 4. 

The CO2 capture chemical process is analyzed when integrated with a gas turbine plant. The turbine 

plant is based on an open Brayton cycle. Ambient air (2O2 + 8N2) is drawn into a compressor (K), 

where it is pressurized (adiabatic process). The compressed air runs through a combustion chamber 

(heater) where fuel (CH4) is burned heating the air (isobaric process). The heated pressurized air gives 

up its energy, expanding through the turbine (T) (adiabatic process). In an open process, exhaust 

gasses are released into the atmosphere. The chemical reaction combined with the gas turbine plant is 

the following (1): CHସ + 2Oଶ + 8Nଶ → COଶ + 2HଶO + 8Nଶ (1) 

In the proposed innovative CCS plant, CO2 in the exhaust gas (i.e., exhaust gas of the gas turbine 

plant) is sent to the cathode of a molten carbonate fuel cell. MCFCs are high-temperature fuel cells. 

Their working temperatures are about 650 °C. CO2 in exhaust gasses is carried to the operative 

temperature of the MCFC by exchanging heat in a reformer and then is carried to the cathode. 

The reformer is used to generate the hydrogen sent at the anode of the fuel cell. Two reactions occur 

in the reformer. At high temperatures (700–1100 °C), steam (H2O) reacts with methane (CH4) in an 

endothermic reaction to yield syngas (steam reforming). In a second stage, additional hydrogen is 
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generated through the lower-temperature exothermic reaction, performed at about 130 °C (shift 

reaction). The heat of reformed syngas is given to exhaust gasses in the heat exchanger in the reformer 

to make them at the operative temperature of the fuel cell and to make syngas at the operative 

temperature of the shift reaction. The chemical reactions in the reformer are as follows (2.1, 2.2): 14CHସ + 14HଶO → 14CO + 34Hଶ steam reforming (2.1) 14CO + 14HଶO → 14COଶ + 14Hଶ shift reaction (2.2)→ 14COଶ + Hଶ  (2) 

Thus, gases at the fuel cell inlet are the following: 

 Anode  hydrogen and carbon dioxide (1/4 CO2 + H2); 

 Cathode  oxygen in the ambient air (1/2O2 + 2N2) and carbon dioxide in the gas turbine 

exhaust gases (CO2 + 2H2O + 8N2). 

The reactions in the fuel cell are the following: oxygen in ambient air (1/2O2 + 2N2) is drawn into 

the cathode, where it reacts with the carbon dioxide (CO2) in the gas turbine exhaust gases heated in 

the reformer. The products of cathode reaction are carbonate ion (CO3
2−) and electrons (2e−). At the 

anode, hydrogen combines with the carbonate ion by generating water, carbon dioxide and electrons 

(H2O + CO2 + 2e−). The electron flow is closed by the electrical loads. The chemical reactions in the 

fuel cell are the following (3.1, 3.2): 12Oଶ + COଶ + 2eି → COଷଶି cathodic reaction (3.1) COଷଶି + Hଶ → 2eି + HଶO + COଶ anodic reaction (3.2)

The exhausts of the fuel cell reactions are water and carbon dioxide (1/4CO2 + CO2 + H2O). 

Exhausts are sent to a condenser, where CO2 is separated by H2O and finally captured. 

3.3. Energy Consumption Analysis: Comparison between the Gas Turbine Plant Case Study and the 

Other CCS Technologies 

The energy consumption per mass unit of captured CO2 (kJ/kgCO2) is calculated as the difference 

between two contributions (see Figure 4): energy, in terms of methane energy content, to produce the 

hydrogen required to supply the MCFC and to capture carbon dioxide (5/4CO2), and the electric 

energy produced by the MCFC fuel cell. 

Methane energy content to produce H2 has been calculated assuming 45,000 kJ/kgCH4 as the 

methane lower heating value (LHV). Deducing from the global reaction that 1/4 CH4 matches 5/4 CO2 

captured, with a ratio of one to five, the energy consumption is 3272 kJ/kgCO2.  

Electric energy produced by the electron flow is calculated as follows: E = nFV = 2 ∙ 96500 ∙ 0.8 = 154.4 kJ/molୌଶ  (4)



Sustainability 2014, 6 6693 

 

 

where n is the number of moles of electrons (n = 2), F is the Faraday constant (F = 96,500 C/mol) and 

V is the experimental medium voltage (V) [3] characteristic of the cylindrical geometry, small-sized 

MCFC prototype in the Terni CIRIAF labs. Since one mole of H2 supplied to the MCFC corresponds 

to 5/4 moles of captured CO2 (Figure 4), the total energy produced per kg of CO2 is 2807 kJ/kgCO2.  

Thus, the proposed configuration is characterized by a theoretical energy consumption of  

465 kJ/kgCO2. 

Figure 4. Plant scheme: gas turbine plant case study. 

 

A comparison in terms of energy consumption between the existing CCS technology and the 

innovative proposed system is shown in Table 1. 

Table 1. Energy requirements for the different investigated methods for CO2 separation. 

METHOD 
ENERGY 

REQUIRED 
(kJ/kgCO2) 

References 

Chemical solvent absorption (e.g., amine) 4000–6000 [13–15] 
Physical absorption/adsorption  4000–6000 [13,14,16,17] 
Membrane separation processes  500–6000 [13,14,17,18] 

Phase separation  
(e.g., cryogenic-clathrate hydrates) 

6000–10,000 [13,14,19,20] 

Innovative-CO2 capture MCFC  About 500 The proposed technology  
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4. Conclusions 

In the present work, a new innovative CCS technological solution is proposed. The proposed 

technique is based on the employment of an MCFC fuel cell, and its energy cost is about  

500 kJ/kgCO2. A comparison to the other existing CCS solutions shows that the MCFC-based 

technique is more promising. Thus, experimental tests by the existing MCFC prototypes built at the 

CIRIAF Terni Lab are going on for validation of the theoretical data. 
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