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Abstract 

Carbon dioxide emissions from fossil fuel power plants are considered among the main reasons 

for the greenhouse effect. Various technologies have been developed to capture CO2 from power 

plants, but they require a considerable consumption of energy, penalizing the plant. 

Molten Carbonate Fuel Cell (MCFC) technology can play an important role in CO2 capture, 

thanks to the operating principle based on the electrochemical reaction, through the carbonate 

ions CO3
2-, in which electricity is generated. The production of energy makes this capture system 

"active" thus avoiding the energy consumption typical of passive systems.  

The MCFC has two advantages in carbon capture: the cell removes CO2 fed at the cathode to 

promote carbonate ion transport across the electrolyte and any dilution of the oxidized products 

is avoided. 

In this work a MCFC is retrofitted to an internal combustion engine (ICE) for CHP application 

achieving a reduction of 75% of CO2 emissions. The MCFC is modeled using Aspen Plus 

software with the implementation of an electrochemical model found in the literature. 

The new system does not introduce important penalties to the plant, as for passive systems, 

managing to maintain energy efficiencies similar to the original system. 

Two options for CO2 purification in the CCS unit are investigated. The first uses a membrane to 

remove hydrogen due to the excess of chemical reactants in the fuel cell. This component does 

not consume energy but reach a CO2 purity of 91.6% due to the presence of other impurities. 

This option can increase the power of the plant of 244 kW and the thermal recovery of 164 kW. 

The second case uses an oxy combustor which burns all the excesses of the cell, thus recovering 

the chemical energy not used in the cell, obtaining a high CO2 purity of 97.9%. However, this 

system requires the use of an Air Separation Unit (ASU), which consumes electricity to produce 

the necessary oxygen, reducing the power output of the MCFC module to 232 kW but the 

presence of a post combustion increase the plant thermal power of 527 kW. 

An energy analysis is carried out for the two cases analyzed and they are compared with other 

possible options, which can be adopted in the context of cogeneration, showing positive results 

with the achievement of high-efficiency cogeneration status. The first case achieves a primary 

energy saving of 27.2% and an energy utilization factor of 82.9% while the oxy-combustion case 

achieves a primary energy saving of 26.8% and an energy utilization factor of 82.6%. 

The CCS drastically reduce the CO2 emissions of the plant, the analysis shows that the membrane 

case has an emission factor of 37.1 
𝑔𝐶𝑂2

𝑘𝑊ℎ
 with a SPECCA of 1.26 

𝑀𝐽

𝑘𝑔𝐶𝑂2

 while the oxy combustion 

achieve 37.3 
𝑔𝐶𝑂2

𝑘𝑊ℎ
 with a SPECCA of 1.49 

𝑀𝐽

𝑘𝑔𝐶𝑂2

. 
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1 Introduction 

In the Fifth Assessment Report of IPCC [1] is reported that there is a strong evidence on human 

emissions of greenhouse gases (GHG), by the means of fossil fuel, and a primary driver on 

climate change. The most compelling issue is the projected rise in the Earth’s surface temperature 

that could lead to catastrophic scenarios. Since the industrial revolution the average Earth 

temperature is rise of 1.1 °C leading to ecological, physical and health impacts affecting life and 

ecosystems. 

The Paris Agreement’s central aim is to strengthen the global response to the threat of climate 

change by keeping a global temperature rise this century “well below 2 °C” above pre-industrial 

levels and to pursue efforts to limit the temperature increase even further to 1.5 °C. The main 

anthropogenic GHG is carbon dioxide, its concentration in atmosphere is over 400 ppm. The 

problem is not only the level but also the rate of change. Natural changing of CO2 concentration 

happened in the Earth history but with rates of centuries or even thousands of years. 

Reaching the 2°C target allow us to emit at maximum only about 720 GtCO2 between 2018 and 

2100 into the atmosphere while the 1.5 °C target impose a limit of 580 GtCO2 [2].  

 

Figure 1 – Global Warming scenarios. Source: [3]  

Climate change and the growing demand for energy are among the most important challenges of 

this century, as they are deeply related. In 2019, the world energy mix is mainly composed by 

fossil fuels. In the last decades, the role of Renewable Energy Sources (RESs) gain more and 
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more importance as a possible solution for a low-carbon energy system. Nowadays, RESs are still 

not enough mature to completely substitute the fossil fuels, but at the same time actions to 

reducing greenhouse gases must be taken. 

In power plants the main GHG emitted is carbon dioxide, due the combustion of fossil fuel.  

The role of Carbon Capture and Sequestration (CCS) is to act as a solution to stabilize GHG 

emissions while still using fossil fuel power plants. The future of the energy sector should be 

decarbonized. However, there is a large (and even growing) fossil fuel infrastructure already in 

place. So, the only way to mitigate a trend towards increasing CO2 emissions is to apply CCS to 

both existing and future fossil power plants. 

Different CCS technologies have been developed, the majority of these are “passive” because 

they treat fuel or flue gas, penalizing the plant because these processes consume some of the 

energy produced, introducing a penalty of power up to 30% [4]. Among CCS technologies, very 

interesting is the application of high temperature fuel cell technology. The advantages of fuels 

cells are high efficiencies and low impacts on the environment. Between the high temperature 

fuel cells, Molten Carbonate Fuel Cells (MCFCs) exploit the carbon dioxide inside flue gases to 

perform an electrochemical reaction through carbonate ions 𝐶𝑂3
=. This gives a unique advantage 

to this technology: power production while concentrating carbon dioxide, making MCFCs an 

“active” CCS technology very suitable for retrofitting exiting power plants. In Figure 2 is 

illustrated the application of MCFCs as CCS. 

 

Figure 2 – MCFC applied as CCS. Source: [4] 

Thanks to these advantages, the MCFCs are deeply studied as retrofitting CCS for large power 

plants.  

Wang et al. [5] explore the state of art of fuel cells applied for CCS, discuss the performances and 

opportunities for future development of this technology.  

In Duan et al. works [6]–[8] integration of MCFCs are studied for coal-fired, IGCC (Integrated 

Gasification Combined Cycle) and gas-steam combined cycle power plants to perform CCS 

without efficiencies penalties and superior thermal performance compared to other passive CCS 

techniques. Campanari et al. [9], [10] studied the integration of MCFC in natural gas combined 

cycle plants (NGCC) as a retrofitting CCS and developed an experimental model to describe the 
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electrochemical behavior. Spinelli et co. [11], [12] compare the application of MCFC as retrofit 

CCS in a coal-fired combined cycle and NGCC and propose suitable plant layouts. 

Recently, Sartori da Silva [13] proposed a novel combined MCFC – Steam turbine system with 

CCS from the steam generator. 

Less investigated are the applications of MCFCs for CCS in small combined heat and power 

(CHP) plants, typical of industrial scenarios. 

Desideri et al. [14] studied the retrofitting of a small CHP for district heating with a MCFC for 

CCS. Rinaldi et al. [15] investigated the performance of MCFC-CCS in a tri-generation plant with 

an internal combustion engine. In Badami at al. work [16] is investigated the energetic and 

exergetic performance of MCFCs compared to MEA (Mono Ethanol Amine) technology when 

retrofit an internal combustion engine.  

The presented work wants to investigate the application and performance of CCS through MCFC 

to a typical industrial CHP system based on an internal combustion engine. 

In the next chapter are described the technologies to give the reader a brief overview on the 

covered topics.  Then in chapter 3 is addressed the modelling of each component of the system 

with the software Aspen Plus. The cell performances are evaluated using an electrochemical 

model present in literature. Two options for CO2 purification in the CCS unit were investigated. 

The first uses a membrane to remove hydrogen due to the excess of chemical reactants in the 

fuel cell. While the second one uses an oxy combustor which burns all the excesses of the cell, 

thus recovering the chemical energy not used in the cell. Also, a pinch analysis methodology is 

applied to perform a heat recovery inside the plant. This chapter is concluded with the evaluation 

of the overall performance of the plant. 

Then an energy analysis is carried out in chapter 4, the two cases analyzed are compared with 

other possible options, which can be adopted in the context of cogeneration. Various energy 

indexes are used to evaluate the energetic performance and the emission of each scenario, such 

as the Primary Energy Savings (PES), the Energy Utilization Factor (EUF) and the specific CO2 

emission per energy unit. Also, for the two CCS scenarios are evaluated the efficiency penalty 

due to the carbon capture and the Specific Primary Energy Consumption for CO2 Avoided 

(SPECCA). 
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2 Technologies overview 

In this chapter are described the technologies treated in this work to give the reader an overview 

of the touched topics. 

2.1 Carbon Capture and Sequestration technologies 

The role of Carbon Capture and Sequestration (CCS) is to act as a solution to stabilize GHG 

emissions while still using fossil fuel power plants during the decarbonization of the energy 

sector.  

These technologies aim to capture carbon dioxide from stationary industrial sources, its 

transportation, and its removal from atmosphere in a permanent storage isolated from the 

environment. The three main steps in the CCS chain: capture, transport and storage, are reported 

in Figure 3. 

 
Figure 3 – CCS chain. Source: [17] 

CO2 capture technologies can be categorized [18] as: 

a. Carbon capture from concentrated point sources or from mobile/distributed point or 

non-point sources. 

b. Techniques involving physical/chemical or biological processes. 

In category a. the CO2 is removed or separated from the other gases produced when fossil fuels 

are burnt. Three different way are used: “oxy-fuel combustion”, “pre-combustion” and “post-

combustion” 

In “oxy-fuel combustion” systems, pure oxygen (produced with an air separation unit) is used in 

the combustion process instead of air, the combustion is almost in stoichiometric conditions. 

The resulting flue gas is N2-free made only by H2O and CO2. The capture and purification of 
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CO2 is easier because involves only the condensation of water in the exhaust gases. The energy 

intensive step for CO2 separation from the flue gas is avoided, however the burden is now on 

the air separation process to extract pure oxygen from atmospheric air. 

In “pre-combustion capture” systems, fuel in any form is converted to a syngas by a gasification 

process and a mixture of H2 and CO2 is obtained with a Water Gas Shift (WGS) reaction, then 

followed by a CO2 separation process. Carbon dioxide is removed from the shifted syngas in an 

Acid Gas Removal (AGR) unit through an absorption process with a physical solvent (such as 

methanol). The most popular, successful and commercialized AGR process is the Rectisol® one 

[19]. The purified hydrogen can be used as a fuel for power production or mobility with zero 

emissions (decarbonized fuel) while the CO2 can go to a geological sequestration site or can be 

used for Enhanced Oil Recovery (EOR) or other destination use. 

“Post-combustion capture” systems, implies the capture of CO2 from the flue gas of a 

combustion process. Different methods for CO2 separation have been developed such as 

absorption – desorption processes, cryogenic separation and high-pressure membrane filtration. 

Between these methods, the most established method is absorption. There are two types: physical 

absorption (physical organic solvent-based process) and chemical absorption (chemical wash). 

The chemical absorption is based on solvent scrubbing with amine solvents to capture CO2 from 

flue gases, then solvent and CO2 are separated in a stripper reactor. This type of capture 

introduces an efficiency penalty on the plant due to the energy consumption of the CCS system. 

In Figure 4 are resumed the carbon capture methods of category a. 

 
Figure 4 – CCS processes. Source: [19] 

Other than the three technologies described before, sorption and membranes technologies are 

the two major options between category b. Alternative biological carbon capture technologies 

can be used for point or non-point such as trees, organism and ocean flora or biomass fueled 

power plant, biofuels and biochar.  
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After capturing, the CO2 needs to be transported to a suitable site for final disposal. The means 

used for transportation can be pipelines, trucks, trains or ships. With pipelines is possible to move 

high quantity of CO2 through a network. When the distance is short and the quantities are small, 

land transportation (rail or tankers) is adopted. In case of offshore disposal of CO2, shipping can 

be a suitable solution when the distance between emission point and seaport is adequate. 

The last step of the CCS chain is the final disposal, various options are available such as depleted 

or declining gas and oil reservoir, deep saline reservoir or Enhanced Hydrocarbon Recovery. 

Enhanced Hydrocarbon Recovery includes Enhanced Oil Recovery (EOR), Enhanced Gas 

Recovery (EGR) and Enhanced Coal-bed Methane Recovery (ECBM). Enhanced techniques are 

the injection of CO2 inside a depleted oil or gas reservoir, the CO2 increase the internal pressure 

making easier the extraction and, at the same time, performing sequestration. Between all the 

options, the geological storage is the most realistic ones because the storage in ocean depths is 

currently experiencing public opposition due to insufficient knowledge of the effects on marine 

ecosystems. Also, the mineralization option requires a high amount of energy and materials 

resources, discouraging this option.  

Today, only large-scale point sources with a production of 50% of CO2 are considered for CCS 

applications. The considered sources are power plants, cement plants, coal-to-liquid plants, steel 

mills and refineries. The technical maturity of CCS components varies significantly, as reported 

in Figure 6, the components technologies are quite mature but they are not fully integrated 

resulting in an overall CCS maturity that is not the same level as its components. Actually, 37 

CCS large scale project are under study, 17 are in operation, 4 in construction and the remining 

into development [20]. Most of this project is in U.S. and China as showed in Figure 5.  

In CCS projects there are barriers that need to be overcome such as high capital investment, 

policy options, uncertainties in regulations and technical performance, public safety and 

environmental risks. 

 

Figure 5 – CCS projects. Source: [20] 
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Figure 6 – CCS components maturity. Source: [20] 

2.2 Molten Carbonate Fuel Cell technology 

In this work a Molten Carbonate Fuel Cell is used, this section gives a brief overview on the 

structure of the cell and materials involved in this technology. 

Fuel cells are open thermodynamic system exploiting the electrochemical reaction between 

hydrogen and oxygen to form water, generating electricity and heat. The main difference between 

fuel cells is the chemical characteristics of the electrolyte. 

Fuel cells are classified based on the choice of fuel and electrolyte into 5 major groups (ordered 

by operating temperature): 

1. Proton Exchange Membrane Fuel Cell (PEMFC): use a Nafion membrane as electrolyte. 

2. Alkaline Fuel Cell (AFC): the electrolyte is potassium hydroxide in water solution. 

3. Phosphoric Acid Fuel Cell (PAFC): use carbon paper electrodes and liquid phosphoric 

acid electrolyte. 

4. Molten Carbonate Fuel Cell (MCFC): molten carbonate salt mixture as electrolyte. 

5. Solid Oxide Fuel Cell (SOFC): metallic oxide solid ceramic electrolyte. 

MCFC is a high temperature fuel cell operating between 600-700 °C [21], the main reaction 

involved at anode (1) and cathode (2) are: 

𝐻2 + 𝐶𝑂3
2− → 𝐻2𝑂 + 𝐶𝑂2 + 2𝑒− 

(1) 
𝐶𝑂 + 𝐶𝑂3

2− → 2𝐶𝑂2 + 2𝑒− 
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1

2
𝑂2 + 𝐶𝑂2 + 2𝑒− → 𝐶𝑂3

2− (2) 

At the anode, the feed gas (usually methane or natural gas) and water H2O are converted to 

hydrogen H2, carbon monoxide CO and carbon dioxide CO2 through a steam reforming and 

water gas shift reactions that are favored by the high operating temperature. 

The fuel feed to the anode (mainly H2) reacts with carbonate ions to form water and carbon 

dioxide. 

At the cathode occurs the reduction reaction between oxygen and carbon dioxide which produce 

carbonate ions. A particular feature of this fuel cell is the possibility of recirculating the anode 

exhaust to the cathode inlet, leaving in theory only water at the anode outlet, as showed in Figure 

7. 

 

Figure 7 – MCFC reactions. Source: [22] 

Thanks to the high temperature, reactions kinetics are facilitated, and the catalytic activity of the 

electrodes need not to be exceptional, this avoid the necessity for noble metals.  

The material needs to have a high electrocatalytic activity but, at the same time, need to be 

resistant to hydrogen embrittlement, Sulphur poisoning, low solubility in the liquid electrolyte 

and good wettability. 

The porosity is very important to guarantee the diffusion of gases and have enough capillary 

force to draw the liquid electrolyte to the catalyst surface, this determines two different levels of 

porosity: small pores are filled with electrolyte and are responsible for the transport of ions, while 

larger pores provide access for the gaseous species. A stable electrolyte/gas interface in the 

electrodes is established exclusively due to a balance in capillary forces. 

Also, the electrodes need to be thermo-mechanically stable to achieve resistance to fracture, 

sintering, creep and thermal dilatation due the high temperature. 
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The most used material for the anode is Nickel alloyed with Chromium and/or Aluminum while 

for the cathode there is a difficulty in satisfying all the requirements to the desired level 

simultaneously so, the material adopted is a lithiated Nickel oxide. On the anode side can be also 

applied a reforming layer for steam reforming and water gas shift of natural gas. The cathode can 

also be coated with lithium cobaltite to decrease the NiO dissolution in the electrolyte. 

The electrolyte transport carbonate ions and dissolved reactants. Also, must provide a physical 

barrier to separate the fuel and oxidant and provide the gas sealing between separator plates. The 

liquid electrolyte is a mixture of Li/Na or Li/K with additives. 

The liquid electrolyte cannot be implemented without a support structure that contains it. This 

ceramic support is called matrix and need to satisfy a combination of requirements: a porosity 

that guarantee to be impregnated by the liquid, providing mechanical stability and be resistance 

to the corrosive environment. The ceramic material is α- or γ-LiAlO2 with fiber or particulate 

reinforcement.  

In Figure 8 is showed the distribution of the electrolyte in the three cell components which is a 

critical factor for the performance and endurance of the cell. The three-phase region is a specific 

site where the electrochemical reaction (charge transfer) happens. 

 

Figure 8 – Distribution of electrolyte in porous electrodes of MCFC. Source: [23] 

These three active components of the cell are manufactured with a tape casting process. The 

metal powder is mixed with a solvent, dispersant and binder to make a slurry, then is cast into a 

tape of polyethylene carrier sheet under a moving doctor blade that impose the thickness. The 

obtained green tape is dewaxed and sintered in a furnace. 

For the anode we use a powder composed of Nickel with alloying additives. 

For the cathode there are 3 different way to prepare the lithiated NiO: 

1) Ni electrode is prepared and oxidated, then lithiated inside the cell. 

2) In the Ni powder is added the lithium carbonate and the powder is oxidated at high 

temperature with air. 

3) Pre lithiated Ni tape casted and after is oxidated and sintered. 

For the matrix, a tape-casting is used but with modification of the base powder, solvent and 

binder because LiAlO2 is reactive with water. The matrix tape cast is composed by several thin 
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layers cross-laid on top of each other, to increase structure control and its ultimate mechanical 

strength.  

To assemble a single cell, the active components are jointed with a metallic component, called 

“bipolar plate”, forming the single repeating unit. This is the most critical non-active component 

because is placed between the reducing environment of the fuel (anode) and the oxidizing 

environment of air (cathode) in the presence of liquid salt (electrolyte). The bipolar plate is usually 

made of stainless-steel alloys. 

The main functions of this component are: 

1) Separate fuel and oxidant streams between adjacent cells, while providing electrical 

contact. 

2) Create flow channels to guide the gases from the manifolds to the electrodes. 

3) Provide a leak-tight gas flange around the electrodes (wet seal). 

The wet seal is accomplished extending the electrolyte tile to the plate edges where it is 

sandwiched between two juxtaposing plate, the area of the seal is relatively small. 

In Figure 9 is reassumed the schematic of  a single repeating unit, to form a stack, multiple single 

repeating unit are placed in series. 

 

Figure 9 – Single cell unit. Source: [22], [24] 

MCFCs can achieve high efficiencies, up to 60% in some cases [25], but the liquid electrolyte 

introduces some problems causing the reduction of lifespan and efficiency of the cell. 

The first is the loss of liquid electrolyte during cell operation, due to reaction with the electrode 

materials or vaporization or corrosion. Another issue is the gas cross over phenomena: the 

migration of gas species from one electrode to the other through the electrolyte. 

The electrolyte and matrix need to avoid as much as possible this phenomenon. It is caused by 

two reason: changes in the characteristic of the matrix due to the sintering and depleting of the 

liquid electrolyte.  
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The MCFC is one of the thickest among the fuel cells (1.2 – 4 mm) [23], a thick electrolyte is 

needed to neutralize the phenomenon of NiO dissolution. This phenomenon lead to formation 

of Ni dendrites and cause short circuit between electrodes. 

2.3 Cogeneration 

Cogeneration or combined heat and power (CHP) is the production of electricity and useful heat 

at the same time. 

CHP technology is an energy efficient technology that uses the heat produced for electricity 

generation, that would be wasted, to provide useful thermal energy. This also permits to reduce 

the consumptions of fuels needed to provide the same thermal energy as showed in Figure 10.  

 

Figure 10 – Power plants, traditional vs. CHP. (Example values) Source: MWM site [26] 

Usually, the recovered heat is used for hot water or steam production which is used for low 

temperature applications such as district heating, domestic hot water production and industrial 

processes. 

Common CHP plants are:  

• Gas Turbine: electricity is produced with a Bryton-Joule cycle performed by the GT and 

the high temperature exhausts are used to produce heat in a heat recovery unit (HRSG). 

In this type of plants can be also performed a post-combustion of exhausts to increase 

the heat recovered in the HRSG. Microturbines are small regenerative GT system used 

for small CHP application (kW).  

• Steam Turbine: electricity is produced with a Rankine-Hirn cycle, the heat is produced by 

steam condensation. There are two type of plants: non-condensing (back-pressure) 
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turbine and extraction turbine. In back-pressure turbine the entire flow of steam is sent 

to the user, usually at ambient pressure. In extraction turbine a portion of the steam is 

extracted at medium pressure and used for CHP purposes.  

• Internal Combustion Engine: electricity is produced with a Diesel or Otto cycle 

performed by a reciprocating engine. The heat is produced as a combination of a heat 

recovery from the ICE cooling system (jacket water, lube oil and air intercooler heat 

exchangers) and from the gas exhausts heat exchanger. 

• Fuel Cell: electricity is produced with high temperature fuel cell, such as molten carbonate 

fuel cell (MCFC) or solid oxide fuel cell (SOFC), while the high temperature exhausts are 

used for heat recovery. 

• Hybrid configuration: the most common is the combined cycle which is a combination 

of gas turbine and steam turbine technologies. The GT is the top cycle, the exhausts are 

used to produce steam in a HRSG for the bottom cycle (Rankine-Hirn cycle), the residual 

heat recovered is used for thermal applications (such as district heating). There are other 

combinations, less popular because not yet mature, such as GT-SOFC systems. 

Different fuels can be used in a CHP system, in Figure 11 are reported the ones that are used. 

 
Figure 11 – CHP systems fuels. Source: [27] 

The CHP technology has several key advantages such as: 

• Financial benefits: energy costs are reduced thanks to electrical generation on site that 

remove the need of electrical procurement from a 3rd party and reduced fuel costs thanks 

to the combined production.  

• Efficiency benefits: fuel choice benefits, a CHP system can operate with several fuels, and 

increase of energy security because the system can operate entirely in off-grid mode. 

• Environmental benefits: reduced emissions of CO2 and other pollutants and reduced 

electric energy transmission losses from the grid compared to traditional (separated) 

power production. 



ARNEODO Luca  13 

• Legislative benefits: CHP systems are subject to economic benefits that encourage their 

use compared to traditional power generation. 

There are also some disadvantages of CHP because is not suitable for all sites and can be 

financially intensive due to a high initial cost.       
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3 Plant model 

This section discusses the modeling approach and the assumptions adopted to simulate the 
Molten Carbonate Fuel Cell using the software Aspen Plus. 

3.1 Plant layout 

The MCFC is installed as downstream process of a cogeneration (CHP) engine (model JMS 420 
G8 B02). Figure 12 shows a concept of the system which has been simulated in Aspen Plus. The 
ICE is not included in the modelling since it considered an existing process within the generic 
analyzed plant. The modeling is focused on the MCFC system using the exhaust from the engine 
to produce electricity and heat, and on the CO2 capture line. 

 
Figure 12 – Plant concept layout 

The ICE exhausts (E1) are mixed with ambient air (A1), heated up until 628 °C and sent to the 
cathode of the MCFC. The anode side  is fed with steam (S1), produced onsite, and natural gas 
(N1), which are mixed, heated up to 640 °C before being sent to the reformer (working at 640 
°C), which will convert methane and other heavy hydrocarbons contained into the NG stream 
into hydrogen and carbon monoxide. The reforming agent used for this conversion is the steam, 
partially provided by the external and partially recirculated from the anode exhaust (R2) 
Inside the cell cathode the carbon dioxide and oxygen contained in the exhaust are converted in 
carbonate ions and electrons through an electrochemical reaction. The ions migrate towards the 
anode passing through the liquid electrolyte while the electrons using an external electric circuit, 
generating electricity (W2). 
Once the carbonate ions and electrons reach the anode, a second electrochemical reaction occurs 
where hydrogen, carbonate ions and electrons are converted in carbon dioxide and water. 
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Once the reactions inside the cells occur, at the cathode the ICE exhausts (C1) are released but 
with most of the CO2 removed. Before release the stream in atmosphere, a cathodic heat recovery 
is performed. 
On the anode outlet (R3) CO2, water, and unreacted fuel are available. A part (10%) of the anode 
exhaust is recirculated to the reformer to provide a fraction of the required steam. 
In traditional MCFC systems where carbon capture is not performed, anode and cathode 
exhausts are burnt together to convert the remaining chemical energy contained in the unreacted 
fuel into thermal energy, then heat recovery is performed before venting the flow to the 
atmosphere. In case of carbon capture, the anode stream is not mixed with the cathode one, to 
avoid nitrogen dilution of the stream, which will make the carbon capture process more difficult. 
In this model different solutions have been analyzed for what concerning the carbon capture 
process: 

- In the first layout the anode stream is cooled until water condensation temperature while 
performing heat recovery, then unreacted hydrogen is removed by means of membranes 
and the CO2 compressed [28]–[31]. This system allows to produce a pure hydrogen stream 
but lead to a lower quality CO2 output, because some CO is trapped inside.  

- The second layout includes an oxy-combustor to convert unreacted H2 and CO by means 
of pure oxygen (produced onsite with a dedicated ASU). In this way chemical energy is 
converted into thermal energy avoiding nitrogen dilution, leading to a higher purity CO2 
outlet stream. 

In Figure 12 only the common streams of the two solutions are considered to make more 
understandable the plant concept. In both cases the captured stream needs to be cooled down to 
remove water by condensation (W1), an anodic heat recovery can be performed before reaching 
the condensation temperature. After the water is removed the CO2 need to be further cooled 
down to 40 °C before being compressed to 150 bar. 
The compression stage uses an intercooled compression train to reduce the mechanical work. 
When compressed, the CO2 (S2) can be injected in a CO2 pipeline (if satisfy the quality 
requirements) or used on site in other applications. 

3.2 Properties 

In order to build the model a correct definition of units set and chemical components is needed. 
Firstly, a set based on default International System of Units (SI), inside the software, is 
implemented with some modifications: bar is chosen for pressure and Celsius degree for 
temperature. The chemical components defined are reported in Table 1, the state equation 
solving method adopted is Peng-Rob method. 
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Table 1 – Chemical components 

Component ID Component name 

CH4 Methane 

CO2 Carbon dioxide 

H2 Hydrogen 

CO Carbon monoxide 

H2O Water 

N2 Nitrogen 

O2 Oxygen 

C2H6 Ethane 

C3H8 Propane 

NO Nitric oxide 

NO2 Nitrogen dioxide 

3.3 Aspen Plus tools 

In Aspen Plus a fuel cell cannot be modeled as single component because there is no library for 
fuel cell components so anode and cathode should be modeled separately by using other 
components available in the library.  Each part with the related streams and components is now 
described in detail. 
In the development of the model two tools are used that may be unknown for readers not used 
to the Aspen Plus software. 
The first is the Calculator tool, this utility permits to perform calculations involving data, that can 
be evaluated by the software, using Fortran or a Microsoft Excel spreadsheet. 
The second one is Design Specification; this tool sets the value of a variable that the software 
would otherwise calculate. In a design specification, is needed to identify the variables or other 
simulation inputs to be manipulated to meet the specification imposed. 

3.4 Cathode and anode inlet streams 

The anode inlet streams are natural gas and steam needed for reforming the fuel. 
A composition of natural gas is supposed [16] and its reported in Table 2. 

Table 2 – Natural gas composition 

Component Molar fraction 
Molecular weight 

[g/mol] 
Mass [g] 

LHV 
[MJ/kg] 

CH4 0.912 16.04 14.629 50 

N2 0.043 14 0.602 0 

C2H6 0.044 30.08 1.324 47.8 

C3H8 0.001 44.11 0.0441 46.4 
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On the cathode side, the inlet streams are air, needed to provide oxygen to the MCFC and for 
the stack cooling, and the ICE exhaust. The air composition used is 21% oxygen and 79% 
nitrogen. 

Not having data on the composition of the exhaust of the engine, a calculation of the combustion 
reaction is made, using the data present in Appendix I: JMS 420 G8 B02 datasheet [32]. 
Full load values are used for this calculation, as it is assumed that the ICE works most of the time 
at full load; those values are reported in Table 3. 

Table 3 – JMS 420 full load data from datasheet 

Parameter Value Unit 

𝑉̇𝑓𝑢𝑒𝑙,𝐶𝐻𝑃,𝑟𝑒𝑓 360 [Nm3/h] 

𝐿𝐻𝑉𝑟𝑒𝑓 9.5 [kWh/Nm3] 

𝐹̇ 3417 [kW] 

𝐺𝑎𝑖𝑟,𝐶𝐻𝑃,𝑟𝑒𝑓 7819 [kg/h] 

𝐺𝑒𝑥ℎ,𝑤𝑒𝑡,𝐶𝐻𝑃,𝑟𝑒𝑓 8064 [kg/h] 

𝑇𝑒𝑥ℎ 378 [°C] 

The LHV of the natural gas composition is firstly evaluated.  

𝐿𝐻𝑉𝑁𝐺 = 𝑦𝐶𝐻4
 ∙ 𝐿𝐻𝑉𝐶𝐻4

+ 𝑦𝐶2𝐻6
∙ 𝐿𝐻𝑉𝐶2𝐻6

+ 𝑦𝐶3𝐻8
∙ 𝐿𝐻𝑉𝐶3𝐻8

          [
𝑀𝐽

𝑘𝑔
] (3) 

Where 𝑦𝑖 is the molar fraction of i-specie from Table 2 and 𝐿𝐻𝑉𝑖 is the lower heating value of i-
specie found in literature. 

Applying the values reported in Table 2 inside equation (3) the LHV of natural gas used is: 

𝐿𝐻𝑉𝑁𝐺 = 47.75 [
𝑀𝐽

𝑘𝑔
] = 9.82 [

𝑘𝑊ℎ

𝑁𝑚3
] 

The LHV value of natural gas used in this model slightly differs (3.3%) from the reference LHV 
of the datasheet. This small variation introduces a change in the exhaust mass flow rate [33].  

In order to evaluate the exhaust gas flow rate in the model conditions, (which differs from the 
reference ones) some assumption have been performed. 
In both conditions the exhaust flow rate is evaluated as the sum of fuel and air mass flows (5) by 
applying the principle of mass conservation (4) on the ICE in steady state condition as showed 
in Figure 13. 

(
𝛿𝑀

𝛿𝑡
)

𝐶.𝑉.
+ ∑ 𝐺𝑘 = 0

𝑛° 𝑓𝑙𝑜𝑤𝑠

𝑘=1

 (4) 

𝐺𝑒𝑥ℎ,𝑤𝑒𝑡,𝐶𝐻𝑃 = 𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃 + 𝐺𝑎𝑖𝑟,𝐶𝐻𝑃 (5) 
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Figure 13 – ICE mass balance 

To evaluate the exhaust flow rate in the model condition is needed to firstly evaluate all the mass 
flow rates in reference condition. 

The datasheet provides, in full load condition, the air and exhaust mass flow rates while for the 
fuel a volumetric flow rate is given.  
Is possible to evaluate the fuel mass flow (in the reference conditions) by applying the principle 
of mass conservation (4) on the ICE in steady state condition as showed in Figure 13 resulting 
in (6) using the values present in Table 3. 

𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃,𝑟𝑒𝑓 = 𝐺𝑒𝑥ℎ,𝑤𝑒𝑡,𝐶𝐻𝑃,𝑟𝑒𝑓 − 𝐺𝑎𝑖𝑟,𝐶𝐻𝑃,𝑟𝑒𝑓 = 8064 − 7819 = 245          [
𝑘𝑔

ℎ
] (6) 

The air dosage 𝛼𝑟𝑒𝑓 (in reference conditions) is defined as (7), so it is possible to evaluate it as 

(8). 

𝛼 =
𝐺𝑎𝑖𝑟

𝐺𝑓𝑢𝑒𝑙

 (7) 

𝛼𝑟𝑒𝑓 =
𝐺𝑎𝑖𝑟,𝐶𝐻𝑃,𝑟𝑒𝑓

𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃,𝑟𝑒𝑓

=
7819

245
= 31.9 (8) 

For natural gas, a stoichiometric dosage 𝛼𝑠𝑡 of 17 is supposed [34], so is possible to evaluate the 

air index 𝑛𝑟𝑒𝑓 (9). 

𝑛𝑟𝑒𝑓 =
𝛼𝑟𝑒𝑓

𝛼𝑠𝑡

=
31.9

17
= 1.88 (9) 

Now is possible to calculate the flow rates in the model conditions using the results obtained for 
the reference conditions and performing some assumptions. 

First, the fuel mass flow rate is evaluated. In reference condition a volumetric flow is given but, 
in the datasheet, consumption refers to the LHV [33] as defined as (10): 

𝑉̇𝑓𝑢𝑒𝑙 =
𝐹̇

𝐿𝐻𝑉𝑟𝑒𝑓

 (10) 

Where 𝐹̇ is the introduced power of fuel, defined in Table 3. 

So, with the same amount of introduced power, the consumption of fuel can be expressed: 
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𝑉̇𝑓𝑢𝑒𝑙
∗ =

𝐹̇

𝐿𝐻𝑉𝑁𝐺

=
3,417

9.82
= 347.9          [

𝑁𝑚3

ℎ
] (11) 

Once it is evaluated the corrected consumption of gas, is possible to evaluate the fuel mass flow 
rate as (12): 

𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃
∗ = 𝑉̇𝑓𝑢𝑒𝑙,𝐶𝐻𝑃

∗ ∙
𝑀𝑊𝑁𝐺

22.414
= 347.9 ∙

16.598

22.414
= 257.6          [

𝑘𝑔

ℎ
] (12) 

Where MWNG is the molar weight of natural gas evaluated with (13) using the values in Table 2. 

𝑀𝑊𝑁𝐺 = 𝑦𝐶𝐻4
𝑀𝑊𝐶𝐻4

+ 𝑦𝐶2𝐻6
𝑀𝑊𝐶2𝐻6

+ 𝑦𝐶3𝐻8
𝑀𝑊𝐶3𝐻8

+ 𝑦𝑁2
𝑀𝑊𝑁2

          [
𝑔

𝑚𝑜𝑙
] (13) 

Second, the air mass flow in real condition is evaluated assuming the air dosage, evaluated in 
reference conditions (8), as constant parameter (14) because it is considered the same working 
point but with different fuel mass flow, so the air mass flow can be evaluated as (15): 

𝛼∗ = 𝛼𝑟𝑒𝑓 (14) 

𝐺𝑎𝑖𝑟,𝐶𝐻𝑃
∗ = 𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃

∗ ∙ 𝛼∗ = 257.6 ∙ 31.9 = 8221.1          [
𝑘𝑔

ℎ
] (15) 

When the real air flow is calculated the exhaust flow (16), in the new supply conditions, can be 
calculated using the mass balance on ICE (5). 

𝐺𝑒𝑥ℎ,𝑤𝑒𝑡,𝐶𝐻𝑃
∗ = 𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃

∗ + 𝐺𝑎𝑖𝑟,𝐶𝐻𝑃
∗ = 8221.1 + 257.6 = 8473.7          [

𝑘𝑔

ℎ
] (16) 

Now with the information about the exhaust mass flow rate and the air index is possible evaluate 
the exhaust mixture composition to fully define the ICE exhaust inside the model. 

A complete combustion reaction (17) is assumed [35]. 

0.912𝐶𝐻4 + 0.043𝑁2 + 0.044𝐶2𝐻6 + 0.001𝐶3𝐻8 + 𝑛 ∙ 𝑥 (𝑂2 +
79

21
𝑁2) → 

(17) 

→ 𝑎 ∙ 𝐶𝑂2 + 𝑏 ∙ 𝐻2𝑂 + 𝑛 ∙ 𝑥 ∙
79

21
𝑁2 + 0.043𝑁2 + 𝑥(𝑛 − 1)𝑂2  

Where the coefficient a, b, and x are the stoichiometric coefficients of products evaluated in (18), 
(19) and (20) balancing reaction (17).  

𝑎 = 0.912 + 2 ∙ 0.044 + 3 ∙ 0.001 = 1.003          [
𝑚𝑜𝑙𝐶𝑂2

𝑚𝑜𝑙𝑁𝐺

] (18) 

𝑏 = 2 ∙ 0.912 + 3 ∙ 0.044 + 4 ∙ 0.001 = 1.960          [
𝑚𝑜𝑙𝐻2𝑂

𝑚𝑜𝑙𝑁𝐺

] (19) 
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𝑥 = 𝑎 +
𝑏

2
= 1.003 +

1.960

2
= 2.963          [

𝑚𝑜𝑙𝑂2

𝑚𝑜𝑙𝑁𝐺

] (20) 

In conclusion, from 1 mol of natural gas, the exhaust composition is reported in Table 4.  

Table 4 – Exhaust composition 

Specie  Mol  y Vol [l] % Vol. dry % Vol. wet 

CO2 1.003 0.0378 53.592 4.076 3.775 

H2O 1.960 0.0738 104.727 / 7.377 

O2 2.607 0.0981 139.297 10.594 9.813 

N2 20.998 0.7903 1121.965 85.330 79.035 

Total 26.568 1 
dry: 1314.854 

wet: 1419.581 
100 100 

The volume occupied by a mol 𝑣𝑚𝑜𝑙 is evaluated using relation (21): 

𝑣𝑚𝑜𝑙 = 𝑣𝑚𝑜𝑙@𝑁.𝑐 ∙
𝑇𝑒𝑥ℎ

273.15
= 22.414 ∙

378 + 273.15

273.15
= 53.432          [

𝑙

𝑚𝑜𝑙
] (21) 

Where 𝑣𝑚𝑜𝑙@𝑁.𝑐  is molar volume in normal condition and 𝑇𝑒𝑥ℎ is exhaust temperature defined 
in Table 3. 

As for the pollutants emissions the manufacturer guarantees for the reference oxygen content: 

• NOx<250 mg/Nm3 (5%O2) 

• CO<300 mg/Nm3 (5%O2) 

The corrected values of emissions 𝑒 for an oxygen content of 8.79% are calculated using formula 
(22): 

• NOx<175 mg/Nm3  

• CO<210 mg/Nm3  

𝑒 = 𝑒𝑟𝑒𝑓

21 − %𝑂2

21 − %𝑂2,𝑟𝑒𝑓

          [
𝑚𝑔

𝑁𝑚3
] (22) 

Where 𝑒𝑟𝑒𝑓 are the emissions in reference condition and %𝑂2 and %𝑂2,𝑟𝑒𝑓 is the oxygen content 

of exhaust respectively in real condition and reference condition. 

In this model the emissions of NOx and CO are neglected due the low quantity (ppm) and thus 
are not interacting in the model because they are inert inside the fuel cell [14]. 

Once the ICE exhaust mass flow is determined, the other ones are dependent on the molar flow 
of CO2 inside the ICE exhaust. In Figure 14 is reported a simplify version of the inlet flows 
involved in the MCFC. 
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Figure 14 – MCFC inlet flows 

On cathode side there is the reduction reaction (23) of air and flue gases of ICE producing 
carbonate ions. 

1

2
𝑂2 + 𝐶𝑂2 + 2𝑒− → 𝐶𝑂3

= (23) 

In this model only a part of the CO2 present in the exhaust is used as a fuel in the cell, the CO2 

utilization factor 𝑈𝐶𝑂2
 can be defined as the ratio between the flow rate of CO2 transferred 

through the cell as carbonate 𝐶𝑂3
= ions and the CO2 flow rate introduced at the cathode inlet. 

𝑈𝐶𝑂2
=

𝑛̇𝐶𝑂2,𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑛̇𝐶𝑂2,𝑖𝑛 

 (24) 

In this case is chosen to apply a CO2 utilization factor 𝑈𝐶𝑂2
 of 0.75 [9] in order to maintain an 

excess of cathodic reagent for the correct functioning of the cell and to limit losses due to the 
diffusion of reagents in the cell. 

First, is evaluated the total current 𝐼𝑡𝑜𝑡 produced by the CO2 flow (26) using the Faraday’s law 

(25) where 𝑧𝑖 is the charge number of a chemical specie i and 𝐹 is the Faraday constant (96,487 
C/mol). 

Once the current is calculated using again the Faraday’s law (25) the oxygen molar flow 𝑛̇𝑂2
 is 

evaluated imposing a charge number of 4. 

𝑛̇𝑖 =
𝐼

𝑧𝑖 ∙ 𝐹
          [

𝑚𝑜𝑙

𝑠
] (25) 

𝐼𝑡𝑜𝑡 = 𝑈𝐶𝑂2
∙ 𝑛̇𝐶𝑂2,𝑖𝑛 ∙ 2 ∙ 𝐹          [𝐴] (26) 

𝑛̇𝑂2
=

𝐼𝑡𝑜𝑡

𝑧𝑂2
∙ 𝐹

          [
𝑚𝑜𝑙

𝑠
] (27) 

At the cell anode the oxidation reaction of the reformed natural gas occurs. The natural gas 
mixture has different hydrocarbons that participate in the reforming reactions. 

For each of them, the molar flow is evaluated with the Faraday’s law (25). 
As for the cathode, in the anode only a part of the fuel reacts inside the cell. The fuel utilization 
factor FU (32) is defined as the ratio between the stoichiometric molar flow needed for the 
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reaction and the total molar flow sent at the anode, as reported in equations (28), (29), and (30). 
In this model is chosen to have a FU of 0.75 [9] to maintain an excess of anodic reagent for the 
correct functioning of the cell and to limit losses due to fuel diffusion. 
The charge numbers of hydrocarbons are evaluated with relation (31) and for methane, ethane 
and propane the charge numbers are respectively 8, 14 and 20. 
The flow of fuel needed is calculated as a weighed contribution of each hydrocarbon in the 
mixture (33). 
The molar flow of natural gas (34) is evaluated as the fuel molar flow (33) divided the molar 
fraction of hydrocarbons in the mixture considering that in natural gas there is also an inert 
(nitrogen) as reported in Table 2. 

𝑛̇𝐶𝐻4
=

𝐼𝑡𝑜𝑡

𝑧𝐶𝐻4
∙ 𝐹 ∙ 𝐹𝑈

          [
𝑚𝑜𝑙

𝑠
] (28) 

𝑛̇𝐶2𝐻6
=

𝐼𝑡𝑜𝑡

𝑧𝐶2𝐻6
∙ 𝐹 ∙ 𝐹𝑈

          [
𝑚𝑜𝑙

𝑠
] (29) 

𝑛̇𝐶3𝐻8
=

𝐼𝑡𝑜𝑡

𝑧𝐶3𝐻8
∙ 𝐹 ∙ 𝐹𝑈

          [
𝑚𝑜𝑙

𝑠
] (30) 

𝑧𝐶𝑥𝐻𝑦
= 4𝑥 + 𝑦 (31) 

𝐹𝑈 =
𝑛̇𝑓𝑢𝑒𝑙,𝑠𝑡

𝑛̇𝑓𝑢𝑒𝑙,𝑡𝑜𝑡

 (32) 

𝑛̇𝐹𝑈𝐸𝐿 = 𝑦𝐶𝐻4
∙ 𝑛̇𝐶𝐻4

+ 𝑦𝐶2𝐻6
∙ 𝑛̇𝐶2𝐻6

+ 𝑦𝐶3𝐻8
∙ 𝑛̇𝐶3𝐻8

          [
𝑚𝑜𝑙

𝑠
] (33) 

𝑛̇𝑁𝐺 =
𝑛̇𝐹𝑈𝐸𝐿

𝑦ℎ𝑐

          [
𝑚𝑜𝑙

𝑠
] (34) 

3.5 Reformer   

Inside the reformer, steam (produced onsite) react with the fuel (natural gas) in a set of reaction 
to produce mainly hydrogen, carbon dioxide and carbon monoxide. The main reactions of natural 
gas steam reforming are:  

𝐶𝐻4 + 𝐻2𝑂 ↔ 3𝐻2 + 𝐶𝑂          Δ𝐻298 𝐾
0 = 206.4 [𝑘𝐽/𝑚𝑜𝑙] (35) 

𝐶𝑛𝐻𝑚 + 𝑛𝐻2𝑂 → (
𝑚

2
+ 𝑛) 𝐻2 + 𝑛𝐶𝑂          Δ𝐻298 𝐾

0 > 0 (36) 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐻2 + 𝐶𝑂2          Δ𝐻298 𝐾
0 = −41.2 [𝑘𝐽/𝑚𝑜𝑙] (37) 

Reaction (36) represent the steam reforming of hydrocarbon heavier than methane contained in 
natural gas. 
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The concurrent water gas shift reaction (37) is a slightly exothermic reaction and convert the 
carbon monoxide produced in (35) and (36) into hydrogen and carbon dioxide. Globally the 
overall process is endothermic (heat is requested to support the reaction). 

Because of the endothermic nature of natural gas steam reforming, a heat input is required.  
The reformer reactor can be classified according to the heat source: 

a. External: heat is supplied by an external source (e.g. heat recovery from system or with a 
dedicated NG-fed burner). 

b. Internal indirect: heat is supplied by the fuel cell reaction, which is exothermic, but 
reforming does not take place on the cell anode. The two reactions are kept separated and 
are only thermally connected. 

c. Internal direct: reforming reaction happens directly on the anode of the fuel cell. This 
could create cold areas on the anode and should be limited to around 50% maximum and 
the remaining part should be reformed with the previous options. 

In steam reforming other reaction may occurs as CO2 reforming or dry reforming (38), methane 
decomposition (39) and Boundouard reaction (40) [36]. The last two reactions produce carbon 
deposits.  

𝐶𝐻4 + 𝐶𝑂2 → 2𝐻2 + 2𝐶𝑂          Δ𝐻298 𝐾
0 = 247.3 [𝑘𝐽/𝑚𝑜𝑙] (38) 

𝐶𝐻4 → 𝐶 + 𝐻2         Δ𝐻298 𝐾
0 = 74.9 [𝑘𝐽/𝑚𝑜𝑙] (39) 

2𝐶𝑂 → 𝐶 + 𝐶𝑂2          Δ𝐻298 𝐾
0 = −172.5 [𝑘𝐽/𝑚𝑜𝑙] (40) 

The reaction bed in which the reforming occurs normally contains a catalyst, mainly based on 
nickel, that improve kinetics of (35) and (36), decreasing the reformer temperature, but can be 
poisoned by sulfur compounds and carbon deposit (solid particles) causing the catalyst 
deactivation.  
To avoid carbon deposition an oxygen carrier is added to the fuel, such as H2O, CO2 and O2, the 
most used are water and oxygen. 
This generate a mixture that is thermodynamically stable towards separation of C in solid form. 
The Steam to Carbon ratio (S/C) (41) is a parameter defined to avoid carbon deposition in the 
cell, in this model is chosen a S/C of 3.5 [6]–[8]. A design specification tool is used to guarantee 
the defined S/C ratio. 

𝑆/𝐶 =
𝑛̇𝐻2𝑂

𝑛̇𝐶𝐻4

 (41) 

In S/C definition is used the molar flow of methane due the fact that it is the prevalent 
hydrocarbon in the supposed mixture as reported in Table 2 

In this model it is assumed that reactions (35) and (36) are completely moved on the product side 
thanks to the abundant quantity of steam added to the fuel mixture imposed by (41) and WGS 
(37) is supposed to reach the thermodynamic equilibrium at the operating temperature. 

The main operating variables that influence the process are temperature, pressure and the molar 
Steam to Carbon ratio (S/C) (41).  

In this model is chosen to adopt an internal indirect reformer, operating at 𝑝 = 1.013 bar 

(atmospheric pressure) and 𝑇 = 640 °C [37], [38]. 
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The reformer is modeled using an isothermal Gibbs reactor (reactions are supposed to reach 
equilibrium in the component).  

In this model is chosen to do an anodic recirculation of 10% of anode outlet and the remaining 
is sent to the carbon capture section, in this way the high temperature anodic exhaust is used to 
heat up the mixture of steam and natural gas with the optics of the heat recovery and to decrease 
the consumption of steam. In this design specification is manipulated the steam molar flow to 
guarantee the imposed S/C ratio. 

3.6 Molten Carbonate Fuel Cell 

At the cell anode the oxidation reaction (42) of the reformed fuel occurs, in this model it is 
assumed that the only fuel is hydrogen and the remaining carbon monoxide and hydrocarbons 
undergo a second reforming reaction on the anode thanks to the abundant quantity of steam 
used.  

On cathode side there is the reduction reaction (43) of air and flue gases of ICE producing 
carbonate ions needed in reaction (42) 

𝐻2 + 𝐶𝑂3
= → 𝐻2𝑂 + 𝐶𝑂2 + 2𝑒− (42) 

1

2
𝑂2 + 𝐶𝑂2 + 2𝑒− → 𝐶𝑂3

= (43) 

In Aspen Plus it is not possible to model the cell as a single component and use ions inside the 
simulation, so the carbonate ion 𝐶𝑂3

= stream is divided in two streams, one for CO2 and another 
for O2 moving from cathode towards to anode. 
The anode is simulated using an isothermal Gibbs reactor, at the operating conditions of 1.013 
bar (ambient pressure) and 660 °C where the fuel oxidation occurs producing heat and power. 
This temperature is chosen to simulate a temperature gradient of 20 °C inside the anode, due to 
the electrochemical reaction, and obtain an average temperature of 650 °C. 
For the cathode, a separator block is used, which separate the components needed at the anode 
and send to the chimney (atmosphere) the other components not used. 
In Figure 15 is reported the scheme of the MCFC with the reformer used in Aspen Plus. 

The inlet molar flows are imposed by an Aspen calculator. 

In the calculator is used directly the molar flow of CO2 (𝑛̇𝐶𝑂2,𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑) sent to the anode (stream 

CO2) because the utilization factor 𝑈𝐶𝑂2
 is imposed as the split fraction inside the separator 

definitions. In the calculator, 𝐼𝑡𝑜𝑡 is an export parameter evaluated using 𝑛̇𝐶𝑂2,𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (imported 

variable of CO2 stream) and 𝑛̇𝑂2
 is an export block variable that overwrite the flow fraction of 

O2 in the separator block (cathode). The molar flow of each hydrocarbon of the natural gas 

(𝑛̇𝐶𝐻4
, 𝑛̇𝐶2𝐻6

, 𝑛̇𝐶3𝐻8
, and 𝑛̇𝐹𝑈𝐸𝐿) is evaluated as export parameters while 𝑛̇𝑁𝐺 is an export stream 

variable that overwrite the initial molar flow of natural gas (stream NG1). 
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Figure 15 – MCFC in Aspen Plus 

3.6.1 Electrochemical model 

The cell voltage and performance in this model are evaluated by a calculator tool starting from 

reversible Nernst potential 𝑂𝐶𝑉𝑁𝑒𝑟𝑛𝑠𝑡 (44) [19]. 

𝑂𝐶𝑉𝑁𝑒𝑟𝑛𝑠𝑡 =
Δ𝐺

𝑧𝑖𝐹
+

𝑅𝑇

𝑧𝑖𝐹
ln [

𝑝𝐻2,𝑎𝑛 ∙ (𝑝𝑂2,𝑐𝑎𝑡)
0.5

∙ 𝑝𝐶𝑂2,𝑐𝑎𝑡

𝑝𝐻2𝑂,𝑎𝑛 ∙ 𝑝𝐶𝑂2,𝑎𝑛

]          [𝑉] (44) 

Where 𝑧𝑖 is the charge number of chemical species i, in this case is equal 2 because the hydrogen 
dissociated, F is the Faraday constant, R is the gas constant, T the cell operating temperature and 

𝑝𝑖 is the partial pressure of chemical specie i. 

The Gibbs free energy variation Δ𝐺, which only depends on the thermodynamic properties of 
the chemical species involved in hydrogen oxidation, is calculated by the approximate relation 
(45) [39] depending on the cell operating temperature expressed in Kelvin. 

Δ𝐺 = 242,000 − 45.8 ∙ 𝑇          [
𝐽

𝑚𝑜𝑙 ∙ 𝐾
] (45) 

In literature various authors [13], [40]–[43] use the experimental model proposed by Campanari 
et al. [9], the same electrochemical model is adopted here. 
In the model the cell losses are evaluated as a cell resistance divided among anode and cathode 
overpotential and the ohmic potential (46) [44]–[46]: 

𝑉𝑐𝑒𝑙𝑙 = 𝑂𝐶𝑉𝑁𝑒𝑟𝑛𝑠𝑡 − (𝑅𝑎𝑛 + 𝑅𝑐𝑎𝑡+𝑅𝑜ℎ𝑚) ∙ 𝑖𝑐𝑒𝑙𝑙           [𝑉] (46) 

Where 𝑅𝑎𝑛 is the anodic resistance, 𝑅𝑐𝑎𝑡 is the cathodic resistance, 𝑅𝑜ℎ𝑚 is the ohmic resistance 

and 𝑖𝑐𝑒𝑙𝑙 is the current density evaluated as (47): 
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𝑖𝑐𝑒𝑙𝑙 =
𝐼𝑡𝑜𝑡

𝑛𝑐𝑒𝑙𝑙
𝑜 ∙ 𝐴𝑐𝑒𝑙𝑙

          [
Ω

𝑚2
] (47) 

Where 𝑛𝑐𝑒𝑙𝑙
𝑜  are the number of cell in a stack and 𝐴𝑐𝑒𝑙𝑙 is the cell area. 

In this model is chosen to impose a current density and evaluate the number of stacks needed 
imposing a defined cell area. 

The resistances are calculated according to equation (48), (49), and (50) proposed by Hao [45]: 

𝑅𝑎𝑛 = 2.27 ∙ 10−9 ∙ exp (
𝐸𝑎𝑐𝑡,𝑎𝑛

𝑅𝑇
) ∙ 𝑝𝐻2

−0.42 ∙ 𝑝𝐶𝑂2

−0.17 ∙ 𝑝𝐻2𝑂
−1.0           [

Ω

𝑚2
] (48) 

𝑅𝑐𝑎𝑡 = 7.505 ∙ 10−10 ∙ exp (
𝐸𝑎𝑐𝑡,𝑐𝑎𝑡

𝑅𝑇
) ∙ 𝑝𝑂2

−0.43 ∙ 𝑝𝐶𝑂2

−0.09           [
Ω

𝑚2
] (49) 

𝑅𝑜ℎ𝑚 = 0.5 ∙ 10−4 ∙ exp [3016 (
1

𝑇
−

1

923
)]          [

Ω

𝑚2
] (50) 

𝑝𝑖 =
𝑦𝑖 ∙ 𝑝𝑡𝑜𝑡

𝑝0

 (51) 

Where  

• 𝑝𝑘 (51) is the partial pressure (non-dimensional with respect to 1 atm) of i-th specie. 

• 𝐸𝑎𝑐𝑡 is the anode and cathode activation energy (assumed 𝐸𝑎𝑐𝑡,𝑎𝑛=53500 kJ/mol and 

𝐸𝑎𝑐𝑡,𝑐𝑎𝑡=77229 kJ/mol [47]). 

• 𝑇 is the cell temperature calculated as the average value between the anode conditions at 
inlet and outlet, expressed in Kelvin. 

The results of the electrochemical model are reported in Table 5. In the evaluation of 𝑅𝑜ℎ𝑚 the 
coefficient 0.5 is modified to 1.1 to fit the model results found in [9]. 
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Table 5 – Electrochemical model result 

Parameter Value  Unit  

𝑝𝐻2,𝑎𝑛 0.47 [-] 

𝑝𝐻2𝑂,𝑎𝑛 0.46 [-] 

𝑝𝐶𝑂2,𝑎𝑛 0.43 [-] 

𝑝𝑂2,𝑐𝑎𝑡 0.10 [-] 

𝑝𝐶𝑂2,𝑐𝑎𝑡 0.04 [-] 

𝑅𝑜ℎ𝑚 1.10E-4 [Ω/m2] 

𝑅𝑎𝑛 8.24E-6 [Ω/m2] 

𝑅𝑐𝑎𝑡 6.32E-5 [Ω/m2] 

Δ𝐺 199.7 [kJ/molK] 

𝑂𝐶𝑉𝑁𝑒𝑟𝑛𝑠𝑡 0.97 [V] 

The polarization curve of this model can be drawn by varying the current density, as reported in 
Figure 16, showing the typical linear behavior of MCFC that differs to the other fuel cell 
polarization curve. 
The model curve is confronted with the results provided in Campanari et al. [9] to validate it. 
The error between the two curves is evaluated as: 

𝑒𝑟𝑟𝑜𝑟 =
|𝑉𝑚𝑜𝑑𝑒𝑙,𝑗 − 𝑉𝑟𝑒𝑓,𝑗|

𝑉𝑟𝑒𝑓,𝑗

 (52) 

Where 𝑉𝑚𝑜𝑑𝑒𝑙,𝑖 is the model voltage for a current density j and 𝑉𝑟𝑒𝑓,𝑗 is the voltage of Campanari 

reference for a current density j. 
The average error between the two curves is 3.8% with a maximum value of 6.9%.  
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Figure 16 – Polarization curve 

In this model the total current is imposed by the carbon dioxide molar flow through the Faraday’s 
law (26), the number of stack necessary and the power produced by the cell are dependent on 
the imposed current density of the cell. 
The electrical power (53), heat produced (54) and efficiency (55) of cell can be evaluated as: 

𝑊𝑒𝑙,𝐹𝐶,𝐷𝐶 = 𝑉𝑐𝑒𝑙𝑙 ∙ 𝐼𝑡𝑜𝑡          [𝑊] (53) 

𝜙 = (−
Δℎ̃𝑟𝑒𝑎𝑐𝑡

𝑧𝑖𝐹
− 𝑉𝑐𝑒𝑙𝑙) ∙ 𝐼𝑡𝑜𝑡 = −Δ𝐻𝑟𝑒𝑎𝑐𝑡 − 𝑉𝑐𝑒𝑙𝑙 ∙ 𝐼𝑡𝑜𝑡          [𝑊] (54) 

𝜂𝑒𝑙,𝐹𝐶 =
𝑊𝑒𝑙,𝐹𝐶,𝐷𝐶

𝐺𝑓𝑢𝑒𝑙,𝐹𝐶 ∙ 𝐿𝐻𝑉𝑁𝐺

 (55) 

Where Δ𝐻𝑟𝑒𝑎𝑐𝑡 is the net duty of the Gibbs reactor, used to simulate the anode, and is the global 
heat produced by the electrochemical reaction. 

High power is obtained when using low current density and high voltage. Imposing a low current 
density means an increase of cells to obtain the same current output, so is necessary a tradeoff. 
In this model a cell area of 100 cm2 is assumed, and each stack contain 100 cells.  

From Figure 17, increasing the current density initially have a good response because there is a 
high decrease of number of stacks, compared to energy production, but for high current density 
there is a big drop in energy production despise the stack reduction, so in the model is choose to 
operate with a current density of 1300 A/m2, in this way the number of stack is not excessive, 
351 stacks, and the electric power produced is around 336 kW (DC). 
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Figure 17 – Number of stack and electric power depending on the current density 

In Table 6 the main feature of the fuel cell, working at the chosen current density of 1300 A/m2, 
are reported. 

Table 6 – Fuel Cell performance 

Parameter Value Unit 

𝑉𝑐𝑒𝑙𝑙 0.74 [V] 

𝑊𝑒𝑙,𝐷𝐶,𝐹𝐶 335.9 [kW] 

𝜙𝑐𝑒𝑙𝑙 236.6 [kW] 

𝑛° 𝑐𝑒𝑙𝑙𝑠 35050 [-] 

𝑛° 𝑠𝑡𝑎𝑐𝑘𝑠 351 [-] 

𝜂𝑒𝑙,𝐷𝐶,𝐹𝐶 53.0 % [-] 

3.6.2 Thermal Balance 

The electrochemical reaction is an exothermal process, some of this heat is used to sustain the 
reformer which is an endothermic process. The remaining heat need to be removed with an 
excess of air. 

The heat removed by air 𝜙𝑎𝑖𝑟 is evaluated through a first principle balance (56) applied to the 
cell, it is also considered the heat used in the reformer. 

∑ 𝜙𝑗

𝑛

𝑗=1

− 𝑊𝑡 − 𝑊0 =
𝜕𝑈𝑡𝑜𝑡

𝜕𝑡
+ ∑ 𝐺𝑘 ∙ ℎ𝑘

𝑡𝑜𝑡

𝑛𝑐

𝑘=1

 (56) 

𝜙𝑎𝑖𝑟 = −Δ𝐻𝑟𝑒𝑎𝑐𝑡−𝜙𝑟𝑒𝑓 − 𝑊𝑒𝑙   (57) 
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Where Δ𝐻𝑟𝑒𝑎𝑐𝑡 is the heat generated by the electrochemical reaction,  𝜙𝑟𝑒𝑓 is the heat used in the 

reformer and 𝑊𝑒𝑙 is the electric power generated by the cell. 

The heat needed to be removed by air is evaluated with an Aspen calculator using a first principle 

balance (57) where Δ𝐻𝑟𝑒𝑎𝑐𝑡 and 𝜙𝑟𝑒𝑓 are the net duty of Gibbs reactors for anode and reformer 

and 𝑊𝑒𝑙 is imported from the excel calculator of electrochemical model. 

When 𝜙𝑎𝑖𝑟 is calculated, a design specification is needed to apply a cathodic air mass flow able 
to remove it. To perform this manipulation a fictitious heat exchanger (HX-RAF in Figure 18) is 
added before the cathode to simulate the temperature gradient inside the cathode, in this model 
is set a temperature difference of 32 °C. 

 
Figure 18 – Aspen layout 

In the design specification the target is that the two heat flux are the same as (58), where 𝜙𝐻𝑋 is 
the heat duty of the fictitious heat exchanger (HX-RAF) 

The air flow needed 𝑛̇𝑎𝑖𝑟,𝑟𝑒𝑎𝑙 is evaluated as (59), where AU is the Air Utilization factor defined as 
(60). The design specification manipulates the AU factor. 

𝜙𝑎𝑖𝑟 = 𝜙𝐻𝑋 (58) 

𝑛̇𝑎𝑖𝑟,𝑟𝑒𝑎𝑙 = 𝐴𝑈 ∙
𝑛̇𝑂2,𝑠𝑡

0.21
 (59) 

𝐴𝑈 =
𝑛̇𝑎𝑖𝑟,𝑟𝑒𝑎𝑙

𝑛̇𝑎𝑖𝑟,𝑠𝑡

 (60) 

With the same method used to defining 𝑈𝐶𝑂2
, the O2 utilization factor it can be defined as (61): 
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𝑈𝑂2
=

𝑛̇𝑂2 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑛̇𝑂2 𝑖𝑛 

 (61) 

For a given composition at the cathode inlet, 𝑈𝑂2
 and 𝑈𝐶𝑂2

 are related as half a mole of O2 is 

required to react with one mole of CO2 to originate a mole of 𝐶𝑂3
= while 𝑛̇𝑂2 𝑖𝑛  are the total 

molar flow of oxygen sent to the cathode, in this simulation is obtained 𝑈𝑂2
= 0.13.  

To conclude the MCFC section, Table 7 report all the inlet stream of the model. 

Table 7 – Fuel cell inlet streams 

Stream Symbol Value Unit 

Steam 𝐺𝑠𝑡𝑒𝑎𝑚 0.038 [kg/s] 

Natural gas 𝐺𝑓𝑢𝑒𝑙,𝐹𝐶 0.013 [kg/s] 

Air 𝐺𝑎𝑖𝑟,𝐹𝐶 0.093 [kg/s] 

ICE flue gases 𝐺𝑒𝑥ℎ,𝑤𝑒𝑡,𝐶𝐻𝑃
∗  2.354 [kg/s] 

3.7 Pressure drops evaluation  

In this model a pressure drop of 500 mbar for both cathode and anode lines is set (assumption 
based on experience with real sites [48], [49]), so 2 compressors are added to the air stream and 
natural gas stream to compensate the pressure drops of the plant, making the assumption of 

electric-mechanical efficiency 𝜂𝑒𝑙 of 0.98, isentropic efficiency 𝜂𝑐 of  0.82 and mechanical 
efficiency 𝜂𝑚 of 0.97. In the model, the pressure drop is assumed concentrated and modelled 
with a valve after the compressor. 
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Figure 19 – Pressure drops in Aspen Plus 

For the steam generation line, the pressure drop should be covered by a pump but it is neglected 
because the low energy consumption.  

For the natural gas is assumed a supply pressure of 1.023 bar and temperature 15 °C, according 
to “Codice di Rete - Allegato 11/A” [50], while the air is assumed at 1.013 bar and 20 °C. 

The mechanical and electric consumptions for each compressor are reported in Table 8. 

Table 8 – Compressors consumptions 

Parameter Name Value Unit 

𝑊𝑚,𝑎𝑖𝑟 
Air compressor 

mechanical power 
4.18 [kW] 

𝑊𝑒𝑙,𝑎𝑖𝑟 
Air compressor 
electrical power 

4.26 [kW] 

𝑊𝑚,𝑁𝐺 
NG compressor 

mechanical power 
0.95 [kW] 

𝑊𝑒𝑙,𝑁𝐺 
NG compressor 
electrical power 

0.97 [kW] 
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3.8 Carbon capture section 

The anode outlet that is not recirculated back to the reformer is sent to the carbon sequestration 
section. The composition of the anodic mixture is composed mainly of steam and carbon dioxide 
as anodic reaction products and a small fraction of residual unreacted fuel and nitrogen. 

The stream S1 is at 660 °C and is cooled down to 102 °C with a heat exchanger, performing at 
the same time heat recovery, then the stream S2 enter in a condenser where the water is removed. 
The condenser works at 1.013 bar and in a range between 102 °C and 95 °C, the condensed water 
(W1) can be used again for the steam reforming reaction as the condensed water flow rate is 
greater than that needed by the reformer. 
The outlet stream (S3) is composed mainly by CO2 at 95 °C that need to be further cooled to 40 
°C before entering in the compression unit.  

 
Figure 20 – Carbon Capture line 

The stream S4 is compressed to 150 bar by a intercooled compression train. At the exit of the 
compression unit (S5) the CO2 is still in gas form and can be injected in a pipeline or used inside 
the plant.  

The intercooled compression train is composed by 4 radial compressors and 2 intercoolers that 
cool the stream to 40 °C, reducing the duty of the compressors. Table 9 shows the data used for 
the compressor train [51] in the Aspen Plus model 

Table 9 – Compressors train data 

Parameter Name Value Unit 

𝛽 Pressure ratio 3.5 [-] 

𝜂𝑐 
Isentropic 
efficiency 

0.82 [-] 

𝜂𝑚 
Mechanical 
efficiency 

0.97 [-] 

𝜂𝑒𝑙 
Electric-mechanic 

efficiency 
0.98 [-] 

𝑝𝑜𝑢𝑡 Discharge pressure 150 [bar] 

The discharge conditions are 150 bar and 40 °C following [52]: in this model is assumed that the 
plant is connected to a CO2 pipeline where the compressed mixture is injected. 

The CO2 pipeline quality [19] are reported in Table 10: 
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Table 10 – Pipeline quality requirements 

Component Concentration  Related problems 

H2O 500 ppm Corrosion (hydrates formation) 

H2S 200 ppm Toxicity 

CO 2000 ppm Toxicity 

CH4 Aquifer < 4 vol.%, EOR < 2 vol.% Increase compression work 

N2 <4 vol.% (all non-condensable gasses) Increase compression work 

Ar <4 vol.% (all non-condensable gasses) Increase compression work 

H2 <4 vol.% (all non-condensable gasses) Increase compression work 

CO2 >95.5% / 

Two methods are studied to purify the CO2: the first using a membrane and the second using an 
oxy-combustor. 

3.8.1 Carbon capture section with H2 membranes 

Before entering the compressor train, the gas mixture is further purified through a membrane for 
hydrogen capture. In Figure 21 is reported the carbon capture line with membrane layout. The 
recovered hydrogen could be reused in the cell or for other applications (e.g. green mobility). 

 
Figure 21 – Carbon Capture line with membrane 

A hydrogen membrane is chosen because these technologies are the most common used while 
CO2 membrane are yet under study and development. There are three categories of H2-selective 
membrane [53].  

The first are metallic membranes, generally based on palladium, can produce hydrogen with a 
purity of 99.99%, the diffusion of hydrogen inside the membrane is influenced by metal surface 
roughness, purity, metallic lattice, and temperature, Pd membrane usually work at high 
temperature. Pd membranes have some problems which reduce their application for large scale 
hydrogen separation. One is the phase change that happen at low temperature (< 300 °C) causing 
catastrophic failure due to hydrogen embrittlement. Another problem is the presence of 
contaminants that can damage the membrane. The biggest issues are the limited lifespan of Pd 
membrane, often months, and the cost due the fact that Pd is a precious metal. 
The second category are porous membrane, they can be also applied to the separation of H2 from 
CO2. The range of inorganic materials used include alumina, zeolites, nitrides, oxides, and silica. 
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This type of membranes is based on the molecular size, so have a pore structure carefully 
controlled, hydrogen diffuse inside the membrane through the pores. 
Usually they work at temperature between 100 °C and 450 °C and suffer from the presence of 
stream inside the mixture. 

The last are polymeric membranes operating by the solution diffusion mechanism. In this type 
of membrane, the gas dissolves into the polymer at one face on the membrane, diffuse inside the 
membrane and then desorbed at the other face, the permeability is a function of both solubility 
and gas diffusivity. The H2 selective polymeric membrane are characterized by high diffusivity 
exploited and limited low solubility, usually applied in hydrogen recovery in the refining and 
chemical industry, operating at temperatures lower than 100 °C. For hydrogen separation from 
CO2 a wide range of polymeric membranes can be used, a type are glassy polymeric membranes, 
operating at temperature below the glass transition temperature, provide high H2/CO2 selectivity 
due to a larger void fraction within the polymeric matrix. 

Between these categories, a polymeric membrane is the most suitable for the plant under study 
because the stream reaches low temperature before the compression stage with low molar flow.  

In this model, the membrane is modeled in a simple way (as a separator), after the condenser, 
without considering any pressure gradient between the faces of the membrane or assuming a 
specific operating temperature because these conditions are related to the type and material of 
the membrane. 

A parameter used to estimate the CO2 capture efficiency is the Carbon Capture Ratio (CCR) 
which is defined as (62): 

𝐶𝐶𝑅 =
𝑛̇𝐶𝑂2 𝑟𝑒𝑚𝑜𝑣𝑒𝑑

𝑛̇𝐶 𝑓𝑢𝑒𝑙

 (62) 

Where 𝑛̇𝐶 𝑓𝑢𝑒𝑙 is the molar flow rate of carbon contained in the input fuel. 

The plant is able to capture all the carbon contained in the natural gas introduced in the MCFC 

and the fraction 𝑈𝐶𝑂2
 of the fuel burnt in the ICE, the CCR can be also written as (63): 

𝐶𝐶𝑅 =
𝑈𝐶𝑂2

∙ 𝐺𝑓𝑢𝑒𝑙,𝐼𝐶𝐸 + 𝐺𝑓𝑢𝑒𝑙,𝐹𝐶

𝐺𝑓𝑢𝑒𝑙,𝐼𝐶𝐸 + 𝐺𝑓𝑢𝑒𝑙,𝐹𝐶

 (63) 

The carbon capture main results are reported in Table 11: 

Table 11 – CO2 parameters 

Parameter Value Unit 

𝐶𝑂2 𝑝𝑢𝑟𝑖𝑡𝑦 91.6 % [-] 

𝐶𝐶𝑅 78.9 % [-] 

𝐺𝐻2,𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 3.4 [kg/h] 

𝐺𝐻2𝑂,𝑟𝑒𝑚𝑜𝑣𝑒𝑑 204.2 [kg/h] 

The CO2 purity does not satisfy the pipeline requirements (Table 10). The biggest impurity inside 
the stream is the unreacted carbon monoxide in the cell anode (7%). 
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In Figure 22 and in Figure 23 is reported a sensitivity analysis of the CO2 purity and CCR when 

FU (32) or 𝑈𝐶𝑂2
 is modified. 

 
Figure 22 – CO2 purity sensitivity 

 
Figure 23 – CCR sensitivity 

From the base point of 0.75 for both utilization ratios, the purity of carbon dioxide does not 
change when the utilization factor of CO2 is changed (at a constant fuel utilization) but the CCR 
does because it is proportional to 𝑈𝐶𝑂2

. 

Vice versa changing the FU factor, the CCR decrease a bit because the consumption of natural 
gas in the fuel cell decreases but the purity increases up to 96.9% because less unreacted carbon 
monoxide reaches the CCS unit. The CO value is still too high (2.1%) compared to a pipeline 
requirement of 2000 ppm (0.2%). 
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3.8.2 Carbon capture section with oxy-combustion 

In this option of CCS an oxy-combustor is installed, as reported in Figure 24, to convert all the 

unreacted fuel in water and carbon dioxide and recover the remaining chemical energy. 

The oxygen needed is produced on site with an Air Separation Unit (ASU) with a purity of 98 

vol.% and a power consumption of 0.295 [
𝑘𝑊ℎ𝑒𝑙

𝑘𝑔𝑃𝑈𝑅𝐸 𝑂2

] [9]. 

 

Figure 24 – Carbon capture with oxy-combustor 

The reaction involved in the burner are: 

𝐻2 +
1

2
 𝑂2 → 𝐻2𝑂 (64) 

𝐶𝑂 +
1

2
 𝑂2 → 𝐶𝑂2 (65) 

𝐶𝐻4 + 2 𝑂2 → 𝐶𝑂2 + 2 𝐻2𝑂 (66) 

𝐶3𝐻8 + 5 𝑂2 → 3 𝐶𝑂2 + 4 𝐻2𝑂 (67) 

𝐶2𝐻6 +
7

2
 𝑂2 → 2 𝐶𝑂2 + 3 𝐻2𝑂 (68) 

The burner operates in stoichiometric conditions but a small excess (5%) is added, the oxygen 

needed to be provided by the ASU unit is evaluated solving equation (69) with the calculator tool. 

𝑛̇𝑂2
= 1.05 ∙ (

1

2
∙ 𝑛̇𝐻2

+
1

2
∙ 𝑛̇𝐶𝑂 + 3 ∙ 𝑛̇𝐶𝐻4

+ 5 ∙ 𝑛̇𝐶3𝐻8
+

7

2
∙ 𝑛̇𝐶2𝐻6

)          [
𝑚𝑜𝑙

𝑠
] (69) 

The oxygen mass flow needed is 42.1 
𝑘𝑔

ℎ
 and the ASU energy consumption can be evaluated as: 

 𝑊𝑒𝑙,𝐴𝑆𝑈 = 0.295 ∙ 𝐺𝑂2
= 0.295 ∙ 42.1 = 12.4          [𝑘𝑊] (70) 

The CCR is the same as the membrane case (78.9%) but the CO2 purity is 97.9% with negligible 

CO residues (<700 ppm). In Figure 25 is reported a sensitivity analysis about the ASU 

consumption when FU or 𝑈𝐶𝑂2
 change. When the FU increase the fuel excess decrease, so less 

oxygen is needed and the ASU energy consumption decrease. When 𝑈𝐶𝑂2
 increase more fuel is 
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needed but, with a fixed FU, the quantity of unreached fuel increase and more energy is required 

due to the higher quantity of oxygen needed. 

 

Figure 25 – ASU consumption sensitivity 

3.9 Thermal integration with pinch analysis methodology 

The model is now completed but there are some streams that need to be heated and other need 
to be cooled, as reported in Figure 26, so a pinch analysis [54] is performed to achieve heat 
recovery and decrease the consumption of external resources. The pinch analysis is applied firstly 
to the membrane case. 

 
Figure 26 – Streams involved in the Pinch Analysis 
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The streams are: 

1. The reforming reaction require steam that need to be produced from water. 
2. The mixture of flue gases and air need to be heated up to the cell operating temperature. 
3. The cathodic exhaust needs to be cooled down before reach the chimney. 
4. The mixture of steam, fuel and anodic recirculation need to be heated up to the reforming 

temperature. 
5. The anodic exhaust needs to be cooled down to remove water  
6. The CO2 stream need to be cooled before entering the compression train. 
7. The cathodic air needs to be heated up before mixing with the ICE exhausts. 

The streams list is reported in Table 12 with the corresponding temperature variation. 

Table 12 – Stream list 

Stream Type Tin [°C] Tout [°C] 

1 Cold 95 230 

2 Cold 369.42 625 

3 Hot 660 120 

4 Cold 283.85 640 

5 Hot 660 95 

6 Hot 95 40 

7 Cold 57.44 170 

In the Aspen Plus model the heat requirement for each stream 𝜙𝑖 is known, the product 𝐺 ∙ 𝑐𝑖 
is evaluated as (71): 

𝐺𝑐𝑖 =
𝜙𝑖

𝑇𝑖𝑛,𝑖 − 𝑇𝑜𝑢𝑡,𝑖

 (71) 

In this pinch analysis the analytic method is used, a minimum temperature difference 𝛥𝑇𝑚𝑖𝑛 of 

15 °C is imposed. The corrected temperature 𝑇𝑖
∗ are calculated using (72) for cold fluids and (73) 

for hot fluids. 

𝑇𝑖
∗ = 𝑇𝑖 +

Δ𝑇𝑚𝑖𝑛  

2
 (72) 

𝑇𝑖
∗ = 𝑇𝑖 −

Δ𝑇𝑚𝑖𝑛  

2
 (73) 

To consider the variation of the specific heat, each fluid is divided in subintervals to consider 
phase changes, when water is involved, or to split a large temperature variation. Table 13 report 
those, the corresponding Gc and the corrected temperature of each of them.  
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Table 13 – Fluids subdivisions 

 # Type 𝐓𝐢𝐧 [°C] 𝐓𝐨𝐮𝐭 [°C] Gc [kW/K] 𝝓 [kW] 𝐓𝐢𝐧
∗  [°C] 𝐓𝐨𝐮𝐭

∗  [°C] 

1a F 95 102 12.89 -90.2 102.5 109.5 

1b F 102 230 0.07 -9.4 109.5 237.5 

2a F 370.65 450 2.77 -219.7 378.15 457.5 

2b F 450 628 2.85 -507.9 457.5 632.5 

3a C 660 470 2.71 514.4 652.5 462.5 

3b C 470 120 2.55 893.3 462.5 112.5 

4a F 283.85 450 0.15 -25.2 291.35 457.5 

4b F 450 640 0.17 -31.4 457.5 647.5 

5a C 660 300 0.29 103.9 652.5 292.5 

5b C 300 102 0.26 51.5 292.5 94.5 

5c C 102 95 19.37 135.6 94.5 87.5 

6 C 95 40 0.18 9.7 87.5 32.5 

7 F 63.17 170 0.09 -10.1 70.67 177.5 

The thermal cumulative curve is obtained sorting in descending order the corrected temperatures 
and reporting all the fluid present in each interval with their Gc, as showed in Table 14. 
For each temperature interval is supposed that all fluids are mixed together uniformly, so for 
each interval is evaluated the global Gc as (74):  

𝐺𝑐𝑡𝑜𝑡 = ∑ 𝐺𝑐ℎ𝑜𝑡 − ∑ 𝐺𝑐𝑐𝑜𝑙𝑑𝑐𝑜𝑙𝑑ℎ𝑜𝑡   (74) 

After, the heat flux of each temperature interval is calculated as (75): 

𝜙𝑖 = 𝐺𝑐𝑡𝑜𝑡(𝑇𝑖
∗ − 𝑇𝑖−1

∗ )  (75) 

The last step is to calculate the cumulative curve: this evaluation is useful to identify the minimum 
thermal energy requirements and the pinch point of the plant. This divide the plant in two parts: 
the hot one above this point and the cold one under this point. 
In a pinch analysis a negative cumulative is unacceptable because one of its rules is to avoid heat 
exchange between the pinch point and having a negative value means breaking the rule. 

The first try set 0 the initial value of the cumulative, as reported in the last column of Table 14, 

then for each interval the cumulative 𝐶𝑖 is evaluated as (76):  

𝐶𝑖 = 𝐶𝑖−1 + 𝜙𝑖  (76) 
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Once the first cumulative is completed, the procedure is to identify the lowest value inside the 
cumulative, change its sign if negative and set as the first value of the next cumulative. 
In this case the lowest value is 0 so the cumulative is already acceptable.  
The pinch point of the plant is evaluated using the reverse formula of (72) and (73) obtaining 

𝑇𝑝𝑝,ℎ𝑜𝑡=660 °C and 𝑇𝑝𝑝,𝑐𝑜𝑙𝑑=645 °C. 

The first value of the cumulative represent the heat requirement from an external source while 
the last value represent the cooling requirement with an external source: in this case no heat is 
needed but 814.5 kW needed to be extracted from the plant by a cooling system. Part of this 
cooling requirement will be used to produce thermal energy while the remaining low temperature 
part will be dissipated. 

In Figure 27 is reported the cumulative of the plant. 

 
Figure 27 – Thermal Cumulative 
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Table 14 – Cumulative construction 

T* [K] 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b 5c 6 7 Gc [kW/K] 𝝓 [kW] C 

652.50                           - - 0 

647.50         ↓       ↓         3.00 15.0 15.0 

635.50         ↓     ↑ ↓         2.83 34.0 48.9 

462.50       ↑ ↓     ↑ ↓         -0.02 -3.9 45.1 

457.50       ↑   ↓   ↑ ↓         -0.18 -0.9 44.2 

378.15     ↑     ↓ ↑   ↓         -0.08 -6.3 37.9 

292.50          ↓ ↑   ↓         2.69 230.3 268.2 

291.35           ↓ ↑     ↓       2.66 3.1 271.3 

237.50           ↓       ↓       2.81 151.4 422.7 

177.50   ↑       ↓       ↓       2.74 164.3 587.1 

112.50   ↑       ↓       ↓     ↑ 2.64 171.9 758.9 

109.50  ↑               ↓     ↑ 0.09 0.3 759.2 

102.50 ↑                 ↓     ↑ -12.72 -89.1 670.2 

94.50                   ↓     ↑ 0.17 1.3 671.5 

87.50                     ↓   ↑ 19.27 134.9 806.4 

70.67                       ↓ ↑ 0.08 1.4 807.8 

32.50                       ↓   0.18 6.8 814.5 

The network of heat exchangers is now drawn considering the following rules: 

1. The Gc product must be: 
a. Above pinch point: 

𝐺𝑐ℎ𝑜𝑡 𝑓𝑙𝑢𝑖𝑑𝑠 ≤ 𝐺𝑐𝑐𝑜𝑙𝑑 𝑓𝑙𝑢𝑖𝑑𝑠 

b. Under pinch point: 

𝐺𝑐ℎ𝑜𝑡 𝑓𝑙𝑢𝑖𝑑𝑠 ≥ 𝐺𝑐𝑐𝑜𝑙𝑑 𝑓𝑙𝑢𝑖𝑑𝑠 

2. The number of fluids must be: 
a. Above pinch point: 

𝑛°ℎ𝑜𝑡 𝑓𝑙𝑢𝑖𝑑𝑠 ≤ 𝑛°𝑐𝑜𝑙𝑑 𝑓𝑙𝑢𝑖𝑑𝑠 
b. Under pinch point: 

𝑛°ℎ𝑜𝑡 𝑓𝑙𝑢𝑖𝑑𝑠 ≥ 𝑛°𝑐𝑜𝑙𝑑 𝑓𝑙𝑢𝑖𝑑𝑠 
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3. Completely cooling of hot fluids above the pinch point and completely heating of cold 
fluids under the pinch point. 

From the cumulative estimation the plant is all under the pinch point, for the drawing of the heat 
exchanger network are followed the rules regarding only the part under the pinch point. 

Now are reported the calculations of the heat exchangers network while the complete heat 
exchangers network is reported in Figure 28. 

𝜙𝐴1 = 𝐺𝑐2𝑏(𝑇𝑜𝑢𝑡,2𝑏 − 𝑇𝑖𝑛,2𝑏) = 507.9          [𝑘𝑊]  

(77) 

𝑇𝑜𝑢𝑡,3𝑎,𝐴1 = 𝑇𝑖𝑛,3𝑎 −
𝜙𝐴1

𝐺𝑐3𝑎

= 472.41          [°𝐶]  

  

𝜙𝐴2 = 𝐺𝑐3𝑎(𝑇𝑖𝑛3𝑎,𝐴1 − 𝑇𝑜𝑢𝑡,3𝑎) = 6.5          [𝑘𝑊]  

(78) 

𝑇𝑖𝑛,2𝑎,𝐴2 = 𝑇𝑜𝑢𝑡,2𝑎 −
𝜙𝐴2

𝐺𝑐2𝑎

= 447.64          [°𝐶]  

  

𝜙𝐴3 = 𝐺𝑐2𝑎(𝑇𝑖𝑛,2𝑎,𝐴1 − 𝑇𝑖𝑛,2𝑎) = 213.1          [𝑘𝑊]  

(79) 

𝑇𝑖𝑛,3𝑏,𝐴3 = 𝑇𝑜𝑢𝑡,3𝑏 −
𝜙𝐴3

𝐺𝑐3𝑏

= 386.52          [°𝐶]  

  

𝜙𝐵1 = 𝐺𝑐4𝑏(𝑇𝑜𝑢𝑡,4𝑏 − 𝑇𝑖𝑛,4𝑏) = 31.4         [𝑘𝑊]  

(80) 

𝑇𝑜𝑢𝑡,5𝑎,𝐵1 = 𝑇𝑖𝑛,5𝑎 −
𝜙𝐵1

𝐺𝑐5𝑎

= 551.24          [°𝐶]  

  

𝜙𝐵2 = 𝐺𝑐4𝑎(𝑇𝑜𝑢𝑡,4𝑎 − 𝑇𝑖𝑛,4𝑎) = 25.2          [𝑘𝑊]  

(81) 

𝑇𝑜𝑢𝑡,5𝑎,𝐵2 = 𝑇𝑜𝑢𝑡,5𝑎,𝐵1 −
𝜙𝐵2

𝐺𝑐5𝑎

= 463.96          [°𝐶]  

  

𝜙𝐷 = 𝐺𝑐1𝑎(𝑇𝑜𝑢𝑡,1𝑎 − 𝑇𝑖𝑛,1𝑎) = 90.2          [𝑘𝑊]  

(82) 

𝑇𝑜𝑢𝑡,3𝑏,𝐷 = 𝑇𝑜𝑢𝑡,3𝑏,𝐴3 −
𝜙𝐷

𝐺𝑐3𝑏

= 351.17          [°𝐶]  
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𝜙𝐸 = 𝐺𝑐1𝑏(𝑇𝑜𝑢𝑡,1𝑏 − 𝑇𝑖𝑛,1𝑏) = 9.4          [𝑘𝑊]  

(83) 

𝑇𝑜𝑢𝑡,5𝑎,𝐸 = 𝑇𝑜𝑢𝑡,5𝑎,𝐵2 −
𝜙𝐸

𝐺𝑐5𝑎

= 431.36          [°𝐶]  

  

𝜙𝐹 = 𝐺𝑐7(𝑇𝑜𝑢𝑡,7 − 𝑇𝑖𝑛,7) = 10.1          [𝑘𝑊]  

(84) 

𝑇𝑜𝑢𝑡,5𝑎,𝐹 = 𝑇𝑜𝑢𝑡,5𝑎,𝐸 −
𝜙𝐹

𝐺𝑐5𝑎

= 396.38          [°𝐶]  

In the evaluation of heat exchanger A3 (79) and D (82), the rule 1.b. about Gc is broken but 
having a sufficient difference between the fluids temperatures guarantee that both side of the 
heat exchangers the minimum temperature difference of 15 °C is respected. 

Once all the cold fluids are heated, coolers are introduced for hot fluids.  

𝐶𝑜𝑜𝑙𝑒𝑟1 = 𝐺𝑐3𝑏(𝑇𝑜𝑢𝑡,3𝑏,𝐷 − 𝑇𝑜𝑢𝑡,3𝑏) = 590.0          [𝑘𝑊]  (85) 

𝐶𝑜𝑜𝑙𝑒𝑟2𝑎 = 𝐺𝑐5𝑎(𝑇𝑜𝑢𝑡,5𝑎,𝐹 − 𝑇𝑜𝑢𝑡,5𝑎) = 27.8          [𝑘𝑊]  (86) 

𝐶𝑜𝑜𝑙𝑒𝑟2𝑏 = 𝐺𝑐5𝑏(𝑇𝑖𝑛,5𝑏 − 𝑇𝑜𝑢𝑡,5𝑏) = 51.5          [𝑘𝑊]  (87) 

𝐶𝑜𝑜𝑙𝑒𝑟2𝑐 = 𝐺𝑐5𝑐(𝑇𝑖𝑛,5𝑐 − 𝑇𝑜𝑢𝑡,5𝑐) = 135.6          [𝑘𝑊]  (88) 

𝐶𝑜𝑜𝑙𝑒𝑟3 = 𝐺𝑐6(𝑇𝑖𝑛,6 − 𝑇𝑜𝑢𝑡,6) = 9.7          [𝑘𝑊]  (89) 
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Figure 28 – Heat exchangers network 

The first three heat exchangers named A1, A2 and A3, evaluated in (77), (78) and (79), link together 
the streams 2a, 2b, 3a and 3b that in reality are stream 2 and 3 so these heat exchangers became 
one, called A. 

Same story for heat exchanger B1 and B2, evaluated in (80) and (81), that became B and Cooler2a 
and Cooler2b, evaluated in (86) and (87). 

The values find are under the hypothesis of constant specific heat, so in Aspen Plus is needed to 
slightly correct those values because the specific heat is a temperature function. 

In conclusion the real heat exchanger network is reported in Figure 29 (Pinch Analysis result) 
and Figure 30 (Aspen Plus layout) with a  thermal power recovered of: 

𝜙𝑅𝐸𝐶,𝐹𝐶 = 𝜙𝑅𝐸𝐶1 + 𝜙𝑅𝐸𝐶2 + 𝜙𝐶𝑂𝑁𝐷 = 804.8          [𝑘𝑊] (90) 
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Figure 29 – Real heat exchangers network 

 

 

Figure 30 – Complete Aspen Plus layout with pinch analysis (membrane case) 

For the second case with the oxy-combustor, the burner increases only the temperature of the 

anodic exhaust (stream 5 in Figure 29) not affecting the heat exchanger network but only shifting 

the temperature along all the stream. In this model is considered that the oxy-combustor is placed 

at the end of the module (Figure 31), where the exhaust temperature are still high, because is a 

part of the CCS line and it is a component not foreseen within the traditional MCFC module. 
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Figure 31 – Aspen Plus layout with pinch analysis (oxy-combustor case) 

However, placing it before the heat recovery unit can reach a recover thermal power of 1168.1 

kW. 

3.10  Plant performance 

Before addressing the energy analysis, the main results obtained and some considerations on the 
overall performance, regarding the two analyzed configurations, are reported in this section. 

In the system CHP+MCFC+CCS, the CHP works continuously in full load mode. From the 
Appendix I: JMS 420 G8 B02 datasheet the main energy data are reported in Table 15. 

Table 15 – JMS 420 performance data 

Parameter Value Unit 

𝑊𝑒𝑙,𝐶𝐻𝑃 1413 [kW] 

𝜙
𝑡ℎ,𝐶𝐻𝑃

 897 [kW] 

𝜙
𝑡ℎ,𝐶𝐻𝑃,𝑒𝑥ℎ𝑎𝑢𝑠𝑡 𝑐𝑜𝑜𝑙𝑒𝑑 @ 120 °𝐶

 641 [kW] 

𝜙
𝑡ℎ,𝐶𝐻𝑃,𝑡𝑜𝑡

 1538 [kW] 

𝜂𝑒𝑙,𝐶𝐻𝑃 41.4 % [-] 

𝜂𝑡ℎ,𝐶𝐻𝑃 45.0 % [-] 

𝜂𝑔,𝐶𝐻𝑃 86.4 % [-] 

𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃
∗  257.6 [kg/h] 
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For the MCFC module the energy consumptions are resumed in Table 16: 

Table 16 – MCFC module performance 

Parameter Value Unit 

𝑉𝑐𝑒𝑙𝑙 0.74 [V] 

𝑊𝑒𝑙,𝐷𝐶,𝐹𝐶 336 [kW] 

𝑛° 𝑠𝑡𝑎𝑐𝑘𝑠 351 [-] 

𝜂𝑒𝑙,𝐷𝐶,𝐹𝐶 53.0 % [-] 

𝐺𝑓𝑢𝑒𝑙,𝐹𝐶  0.013 [kg/s] 

𝑊𝑒𝑙,𝑎𝑖𝑟 4.63 [kW] 

𝑊𝑒𝑙,𝑁𝐺 0.97 [kW] 

The net electric power of the MCFC module 𝑊𝑒𝑙,𝑛𝑒𝑡,𝐹𝐶  is given by (91): 

𝑊𝑒𝑙,𝑛𝑒𝑡,𝐹𝐶 = 𝑊𝑒𝑙,𝐷𝐶,𝐹𝐶 ∙ 𝜂𝑖𝑛𝑣 − 𝑊𝑒𝑙,𝑎𝑖𝑟 − 𝑊𝑒𝑙,𝑁𝐺 = 314          [𝑘𝑊] (91) 

Where 𝜂𝑖𝑛𝑣 is the inverter efficiency used for DC/AC conversion assumed 0.95. 

The MCFC module support the electric energy demand of the CCS unit. The two CCS option 
influence the compression train work because is related to the purity of the CO2 stream. Also, 
the CCS configuration determine the quantity of heat recovered. In the heat recovery unit, the 
maximum value achievable is when the flue gases are cooled down to 120 °C for both 
configurations. 

For the first case, membrane case, the compression train energy demand and the heat recovered 
are reported in Table 17. 

Table 17 – Performance of CCS with membrane 

Parameter Name Value Unit 

𝑊𝑚,𝑐𝑡 
Mechanical work 
compression train 

68.7 [kW] 

𝑊𝑒𝑙,𝑐𝑡 
Electrical power 

compression train 
70.1 [kW] 

𝜙𝑐𝑜𝑜𝑙 Heat removed 92.9 [kW] 

𝜙𝑟𝑒𝑐,𝑚𝑎𝑥,𝐹𝐶 
Maximum heat 

recovered 
805 [kW] 

The useful electric power output of the MCFC module is evaluated as: 

𝑊𝑒𝑙,𝑀𝐶𝐹𝐶 = 𝑊𝑒𝑙,𝐷𝐶,𝐹𝐶 ∙ 𝜂𝑖𝑛𝑣 − 𝑊𝑒𝑙,𝑎𝑖𝑟 − 𝑊𝑒𝑙,𝑁𝐺 − 𝑊𝑒𝑙,𝑐𝑡 = 244          [𝑘𝑊] (92) 

For the second case, oxy-combustor case, the heat recovered, the compression train and ASU 
energy demand are reported in Table 18. 
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Table 18 – Performance of CCS with oxy-combustion 

Parameter Value Unit 

𝑊𝑚,𝑐𝑡 68.6 [kW] 

𝑊𝑒𝑙,𝑐𝑡 70.0 [kW] 

𝜙𝑐𝑜𝑜𝑙 97.5 [kW] 

𝑊𝑒𝑙,𝐴𝑆𝑈 12.4 [kW] 

𝜙𝑟𝑒𝑐,𝑚𝑎𝑥,𝐹𝐶 1168 [kW] 

The useful electric power of the MCFC module, in this configuration, is evaluated as: 

𝑊𝑒𝑙,𝑀𝐶𝐹𝐶 = 𝑊𝑒𝑙,𝐷𝐶,𝐹𝐶 ∙ 𝜂𝑖𝑛𝑣 − 𝑊𝑒𝑙,𝑎𝑖𝑟 − 𝑊𝑒𝑙,𝑁𝐺 − 𝑊𝑒𝑙,𝑐𝑡 − 𝑊𝑒𝑙,𝐴𝑆𝑈 = 232    [𝑘𝑊] (93) 

The global electric efficiency of the plant 𝜂𝑒𝑙,𝑝 is evaluated as (94): 

𝜂𝑒𝑙,𝑝𝑙 =
𝑊𝑒𝑙,𝐶𝐻𝑃 + 𝑊𝑒𝑙,𝑀𝐶𝐹𝐶

(𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃
∗ + 𝐺𝑓𝑢𝑒𝑙,𝐹𝐶) ∙ 𝐿𝐻𝑉𝑁𝐺

 (94) 

Where 𝑊𝑒𝑙,𝐶𝐻𝑃 and 𝑊𝑒𝑙,𝑀𝐶𝐹𝐶 are the electric power of CHP and MCFC module, 𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃
∗  and  

𝐺𝑓𝑢𝑒𝑙,𝐹𝐶 are the fuel mass flow of CHP and MCFC and 𝐿𝐻𝑉𝑁𝐺 is the Lower Heating Value of 

the fuel (natural gas). 

The global thermal efficiency of the plant 𝜂𝑡ℎ,𝑝 is evaluated as (95): 

𝜂𝑡ℎ,𝑚𝑎𝑥,𝑝𝑙 =
𝜙𝑡ℎ,𝐶𝐻𝑃 + 𝜙𝑟𝑒𝑐,𝑚𝑎𝑥,𝐹𝐶

(𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃
∗ + 𝐺𝑓𝑢𝑒𝑙,𝐹𝐶) ∙ 𝐿𝐻𝑉𝑁𝐺

 (95) 

Where 𝜙𝑡ℎ,𝐶𝐻𝑃 is the heat recovered in the CHP unit and 𝜙𝑟𝑒𝑐,𝑚𝑎𝑥,𝐹𝐶  is the maximum heat 

recovered achievable from the exhausts of the MCFC module.  

The global efficiency of the plant is evaluated as (96): 

𝜂𝑔,𝑚𝑎𝑥,𝑝𝑙 =
𝑊𝑒𝑙,𝐶𝐻𝑃 + 𝑊𝑒𝑙,𝑀𝐶𝐹𝐶 + 𝜙𝑡ℎ,𝐶𝐻𝑃 + 𝜙𝑟𝑒𝑐,𝑚𝑎𝑥,𝐹𝐶

(𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃
∗ + 𝐺𝑓𝑢𝑒𝑙,𝐹𝐶) ∙ 𝐿𝐻𝑉𝑁𝐺

 (96) 

To conclude, in Table 19 are reported the main results when both configurations operate in the 
same conditions. 
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Table 19 – Global performance 

Parameter Membrane Oxy-combustor Unit 

𝑊𝑒𝑙,𝑀𝐶𝐹𝐶  244 232 [kWel] 

𝜙𝑟𝑒𝑐,𝑚𝑎𝑥,𝐹𝐶 805 1168 [kWth] 

𝜂𝑒𝑙,𝑝𝑙 40.9 % 40.6 % [-] 

𝜂𝑡ℎ,𝑚𝑎𝑥,𝑝𝑙 42.0 % 51.0 % [-] 

𝜂𝑔,𝑚𝑎𝑥,𝑝𝑙 82.9 % 91.9 % [-] 

𝐶𝑂2 𝑝𝑢𝑟𝑖𝑡𝑦 91.6 % 97.9 % [-] 

𝐺𝐶𝑂2,𝑒𝑚 34.6 34.6 [g/s] 

𝐺𝐶𝑂2,𝑠𝑒𝑞 128.1 137.9 [g/s] 

When working in the same condition, the second case achieves a lower electric power, due to 
ASU consumption, but obtain a higher purity of CO2 that can be injected in the pipeline or used, 
while the first case has a not negligible quantity of CO in the stream that need to be removed 
before entering in the pipeline. The oxy-combustor can increase the heat production of the 
system, with a maximum of 1168 kWth, consequently the maximum thermal and global efficiency 
are higher than the other case. 
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4 Energy analysis 

In this section an energy index analysis is carried to better understand the performance of the 
model respect to other configurations that can be chosen for cogeneration applications. 

4.1 Primary Energy Saving (PES) 

The Primary Energy Saving (PES) is the most used index to evaluate the energetic performance 
of a cogeneration plant. 
The PES indicator expresses the amount of energy savings achieved by a CHP plant, with respect 
to the separate production of the same quantity of heat and electricity. 
It was introduced with the Directive 2004/08/EC [55] and it is defined as (97). 

𝑃𝐸𝑆 =
Δ𝐸𝑝

𝐸𝑒𝑙,𝐶𝐻𝑃

𝜂𝑒𝑙,𝑠
+

𝐸𝑡ℎ,𝐶𝐻𝑃

𝜂𝑡ℎ,𝑠

= 1 −
𝐸𝑓,𝐶𝐻𝑃

𝐸𝑒𝑙,𝐶𝐻𝑃

𝜂𝑒𝑙,𝑠
+

𝐸𝑡ℎ,𝐶𝐻𝑃

𝜂𝑡ℎ,𝑠

= 1 −
1

𝜂𝑒𝑙,𝐶𝐻𝑃

𝜂𝑒𝑙,𝑠
+

𝜂𝑡ℎ,𝐶𝐻𝑃

𝜂𝑡ℎ,𝑠

 
(97) 

Where Δ𝐸𝑝 is the avoided primary energy consumption respect to the separated production and 

it is defined as (98): 

Δ𝐸𝑝 = (
𝐸𝑒𝑙,𝐶𝐻𝑃

𝜂𝑒𝑙,𝑠

+
𝐸𝑡ℎ,𝐶𝐻𝑃

𝜂𝑡ℎ,𝑠

) −𝐸𝑓,𝐶𝐻𝑃 (98) 

Where 𝐸𝑓,𝐶𝐻𝑃 is the total energy of fuel input in CHP in the reference period, 𝐸𝑒𝑙,𝐶𝐻𝑃 is the 

electricity produced (net of auxiliaries) and 𝐸𝑒𝑙,𝐶𝐻𝑃 is the useful thermal energy recovered from 

the CHP unit, measured at the CHP outlet, in the same period.  

𝜂𝑒𝑙,𝐶𝐻𝑃 and 𝜂𝑡ℎ,𝐶𝐻𝑃 are the CHP electric efficiency and the CHP thermal efficiency respectively 

defined as (99) and (100): 

𝜂𝑒𝑙,𝐶𝐻𝑃 =
𝐸𝑒𝑙,𝐶𝐻𝑃

𝐸𝑓,𝐶𝐻𝑃

 (99) 

𝜂𝑡ℎ,𝐶𝐻𝑃 =
𝐸𝑡ℎ,𝐶𝐻𝑃

𝐸𝑓,𝐶𝐻𝑃

 (100) 

The electric efficiency of separated production 𝜂𝑒𝑙,𝑠 is defined as (101), following the instruction 

of attachment I and IV of “Regolamento Delegato (UE) 2015/2402” (Appendix II: Regolamento 
Delegato (UE) 2015/2402), corrected with the percentages of electric energy injected in the grid 
and electric energy auto consumed. 

𝜂𝑒𝑙,𝑠 = 𝜂𝑒𝑙,𝑠,𝑟𝑒𝑓 ∙ (𝐶𝑓,𝑒𝑥𝑡 ∙ %𝐺𝑟𝑖𝑑 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 + 𝐶𝑓,𝑖𝑛𝑡 ∙ %𝐴𝑢𝑡𝑜 𝑐𝑜𝑚𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛) (101) 

Where 𝜂𝑒𝑙,𝑠,𝑟𝑒𝑓 is the harmonized reference efficiency for separate electric power generation 

defined in attachment I. In this case for a plant using natural gas (category G10) and built after 

2016, 𝜂𝑒𝑙,𝑠,𝑟𝑒𝑓 = 53.0%. 
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𝐶𝑓,𝑒𝑥𝑡 and 𝐶𝑓,𝑖𝑛𝑡 are the correction factors related to the avoided grid losses related to the 

connection voltage defined in attachment IV. In this case for the energy injected in Low Voltage 

(LV) 𝐶𝑓,𝑒𝑥𝑡 = 0.888 while for the energy auto consumed in LV 𝐶𝑓,𝑖𝑛𝑡 = 0.851. 

For each scenario is defined 𝜂𝑒𝑙,𝑠 depending to the percentage of electricity auto consumed and 

grid injected. 

The thermal efficiency of separated production 𝜂𝑡ℎ,𝑠 is defined following the instruction of 

attachment II of “Regolamento Delegato (UE) 2015/2402”. 

In this analysis is assumed that both hot water and steam are generated, so it is chosen 𝜂𝑡ℎ,𝑠 equal 

90%. 

4.2 Energy Utilization Factor (EUF) 

Another index that can be introduced is the total Energy Utilization Factor (EUF) of a CHP 

plant defined as (102) [56]: 

𝐸𝑈𝐹 =
𝐸𝑡ℎ,𝐶𝐻𝑃 + 𝐸𝑒𝑙,𝐶𝐻𝑃

𝐸𝑓,𝐶𝐻𝑃

= 𝜂𝑒𝑙,𝐶𝐻𝑃 + 𝜂𝑡ℎ,𝐶𝐻𝑃 (102) 

The combined production is recognized by European Parliament as an important measure among 

those required to meet the achievement of the Kyoto Protocol targets. 

The concept of “High Efficiency Cogeneration (HEC)” is introduced by the Directive 

2004/8/EC. HEC is obtained when the combined production of electric and thermal energy 

guarantees a significant Primary Energy Savings compared to traditional production. 

For CHP units composed by an Internal Combustion Engine (ICE) or a fuel cell technology or 

a combination of both technologies and rated higher than 1 MWel, the requirements to obtain 

the HEC status are PES>10% and EUF>75% [57]. 

4.3 CO2 emissions factors 

The CO2 specific emission is an important value to compare different scenario considering the 

mass of CO2 released and the energy produced by the system. 

For a better evaluation between different CHP systems, two different emission factors are 

considered: one regarding only the electric energy production (103) and the other the overall 

energy production (104) (electric and thermal). 

𝑒𝐶𝑂2,𝑒𝑙 =
𝐺𝐶𝑂2,𝑒𝑙

𝐸𝑒𝑙

          [
𝑔𝐶𝑂2

𝑘𝑊ℎ𝑒𝑙

] (103) 

𝑒𝐶𝑂2,𝑔 =
𝐺𝐶𝑂2

𝐸𝑒𝑙 + 𝐸𝑡ℎ

          [
𝑔𝐶𝑂2

𝑘𝑊ℎ
] (104) 
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4.4 Scenarios analyzed 

Five scenarios have been analyzed considering traditional options and different configuration of 
the MCFC+CHP system. The scenarios are: 

1. Separated production 

2. CHP system 

3. MCFC+CHP system 

4. MCFC+CHP+CCS with membrane 

5. MCFC+CHP+CCS with oxy-combustion 

To perform this analysis some assumptions are made to better compare different configuration: 

• All scenarios have the same capacity factor (hwork 7000 hours/year). 

• The plant energy demand is the same for all the scenarios. The energy analysis is focused 
on CCS scenarios, for which the energy requirement of the plant is chosen using these 
scenarios as a reference. In order not to favor a scenario too much, it was chosen to use 
the electrical production of the scenario with oxy-combustion as the electrical demand, 
while for the thermal demand the annual thermal production of the scenario with the 
membrane was taken as reference. 
The electric energy demand is 11.5 GWhyear and the thermal energy demand is 11.9 GWhyear. 

• If the thermal production is higher than the demand, the excess is not used and is dissipated 
by modifying the outlet temperature of the exhaust gas heat recovery (in case of MCFC the 
cathodic exhaust heat recovery). 

• If the electric energy production is higher than the demand the surplus is introduced in the 
grid, if the production is lower than the requested demand the deficit is grid supplied.  

• For separated energy production the efficiencies are defined following the indications 
found in “Regolamento Delegato (UE) 2015/2402”, assuming an annual average 
temperature of 15 °C.  

• For separated production, the CO2 emission factors are chosen according to the ISPRA 
2020 report [58] and assuming a boiler efficiency of 94.5%.  

4.4.1 Separated production 

In this scenario all the energy demand is produced separately: the electric energy demand (𝐸𝑒𝑙 =
11.5 𝐺𝑊ℎ𝑦𝑒𝑎𝑟) is supplied from the national grid while the thermal energy demand (𝐸𝑡ℎ =

11.9 𝐺𝑊ℎ𝑦𝑒𝑎𝑟) is covered by a boiler as showed in Figure 32. 

 
Figure 32 – Scenario 1: separated production  
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The electric efficiency of separated production 𝜂𝑒𝑙,𝑠 is defined as (101), following the instruction 

of attachment I and IV of “Regolamento Delegato (UE) 2015/2402”, corrected with the 
percentages of electric energy injected in the grid and electric energy auto consumed. 

In this case all the energy is auto consumed in LV so only 𝐶𝑓,𝑖𝑛𝑡 = 0.851 is considered. The 

electric efficiency 𝜂𝑒𝑙,𝑠 of this scenario is 45.1%.  

The thermal efficiency of separated production 𝜂𝑡ℎ,𝑠 is 90% defined following the instruction of 

attachment II of “Regolamento Delegato (UE) 2015/2402”. 

In this case, the fuel consumption for electric energy production 𝐸𝑓,𝑒𝑙 and the fuel consumption 

for thermal energy production 𝐸𝑓,𝑡ℎ are evaluated as (105) and (106): 

𝐸𝑓,𝑒𝑙 =
𝐸𝑒𝑙

𝜂𝑒𝑙,𝑠

=
11.5

0.451
= 25.5          [𝑘𝑊ℎ𝑓] (105) 

𝐸𝑓,𝑡ℎ =
𝐸𝑡ℎ

𝜂𝑡ℎ,𝑠

=
11.9

0.9
= 13.2         [𝑘𝑊ℎ𝑓] (106) 

The avoided primary energy consumption Δ𝐸𝑝 in this case is 0, consequently the PES is also 0. 

For this scenario is possible to evaluate a corrected definition of EUF, called Overall Energy 
Utilization Factor (OEUF) [56] defined as (107): 

𝑂𝐸𝑈𝐹 =
𝐸𝑒𝑙 + 𝐸𝑡ℎ

𝐸𝑓,𝑒𝑙 + 𝐸𝑓,𝑡ℎ

=
11.5 + 11.9

25.5 + 13.2
= 60.4% (107) 

The CO2 emission factors and the quantity of CO2 emitted are now evaluated.  

For separated production, the emission factors are defined according to ISPRA.  

The emission factor for electric energy production is 𝑒𝐶𝑂2,𝑒𝑙 = 284.50 
𝑔𝐶𝑂2

𝑘𝑊ℎ𝑒𝑙
. 

The emission factor related to natural gas used for thermal energy production is 𝑒𝐶𝑂2,𝑓 =

206.88 
𝑔𝐶𝑂2

𝑘𝑊ℎ𝑒𝑙
 (assuming a boiler efficiency of 94.5%). 

The quantity of CO2 produced in a year by the electric energy production can be evaluated as 
(108): 

𝑀𝐶𝑂2,𝑒𝑙 = 𝑒𝐶𝑂2,𝑒𝑙 ∙ 𝐸𝑒𝑙 = 284.50 ∙ 11.5 ∙ 103 = 3.3 ∙ 106         [𝑘𝑔𝐶𝑂2
] (108) 

The quantity of CO2 produced in a year by the thermal energy production can be evaluated as 
(109): 

𝑀𝐶𝑂2,𝑡ℎ = 𝑒𝐶𝑂2,𝑓 ∙ 𝐸𝑓,𝑡ℎ = 206.88 ∙ 13.2 ∙ 103 = 2.7 ∙ 106         [𝑘𝑔𝐶𝑂2
] (109) 

To conclude, the CO2 emission factor related to electric and thermal energy production is: 

𝑒𝐶𝑂2,𝑔 =
𝑀𝐶𝑂2,𝑒𝑙 + 𝑀𝐶𝑂2,𝑡ℎ

𝐸𝑒𝑙 + 𝐸𝑡ℎ

=
(3.3 + 2.7) ∙ 103

11.5 + 11.9
= 256.7         [

𝑔𝐶𝑂2

𝑘𝑊ℎ
] (110) 
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4.4.2 CHP system 

In this scenario a CHP system is installed, the CHP used is the JMS 420 G8 B02 adopted in the 
MCFC+CHP model.  

In this configuration the CHP can produce an electric power 𝑊𝑒𝑙,𝐶𝐻𝑃 of 1413 kW and a thermal 

power 𝜙𝑡ℎ,𝐶𝐻𝑃,𝑡𝑜𝑡 of 1538 kW. 
The thermal production in this case consider also the heat recovered from the flue gases cooled 
to 120 °C. 
The electric energy (111) and thermal energy (112) produced by the CHP system are: 

𝐸𝑒𝑙,𝐶𝐻𝑃 = ℎ𝑤𝑜𝑟𝑘 ∙ 𝑊𝑒𝑙,𝐶𝐻𝑃 = 7000 ∙ 1413 = 9.9          [𝐺𝑊ℎ𝑒𝑙] (111) 

𝐸𝑡ℎ,𝐶𝐻𝑃 = ℎ𝑤𝑜𝑟𝑘 ∙ 𝜙
𝑡ℎ,𝐶𝐻𝑃,𝑡𝑜𝑡

= 7000 ∙ 1538 = 10.8         [𝐺𝑊ℎ𝑡ℎ] (112) 

This system is not sufficient to fully cover the energy needs, so is necessary to cover the difference 
with a separate production of electric energy (113) and thermal energy (114).  

𝐸𝑒𝑙,𝑠 = 𝐸𝑒𝑙 − 𝐸𝑒𝑙,𝐶𝐻𝑃 = 11.5 − 9.9 = 1.6          [𝐺𝑊ℎ𝑒𝑙] (113) 

𝐸𝑡ℎ,𝑠 = 𝐸𝑡ℎ − 𝐸𝑡ℎ,𝐶𝐻𝑃 = 11.9 − 10.8 = 1.1         [𝐺𝑊ℎ𝑡ℎ] (114) 

Figure 33 shows how the energy demand is covered. 
 

 
Figure 33 – Scenario 2: CHP system 

In this scenario, for separated production, are used the same electric efficiency 𝜂𝑒𝑙,𝑠 = 45.1% 

and thermal efficiency 𝜂𝑡ℎ,𝑠 = 90% of previous scenario because the operating conditions are 

the same. 
As before, the fuel consumptions for separated production of electricity and heat are: 

𝐸𝑓,𝑒𝑙,𝑠 =
𝐸𝑒𝑙,𝑠

𝜂𝑒𝑙,𝑠

=
1.6

0.451
= 3.6     [𝐺𝑊ℎ𝑓] (115) 
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𝐸𝑓,𝑡ℎ,𝑠 =
𝐸𝑡ℎ,𝑠

𝜂𝑡ℎ,𝑠

=
1.1

0.9
= 1.3     [𝐺𝑊ℎ𝑓] (116) 

The CHP system operate in the same conditions adopted in the model, so the fuel consumption 

is  𝐺𝑓𝑢𝑒𝑙
∗  evaluated in section 3.4 using (12). 

The fuel energy consumed in a year is evaluated as (117): 

𝐸𝑓,𝐶𝐻𝑃 = 𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃
∗ ∙ 𝐿𝐻𝑉𝑁𝐺 ∙ ℎ𝑤𝑜𝑟𝑘 = 0.0716 ∙ 47.7 ∙ 7 ∙ 106 = 23.9       [𝐺𝑊ℎ𝑓]  (117) 

The electric and thermal efficiencies of CHP plant are evaluated as (118) and (119): 

𝜂𝑒𝑙,𝐶𝐻𝑃 =
𝐸𝑒𝑙,𝐶𝐻𝑃

𝐸𝑓,𝐶𝐻𝑃

=
9.9

23.9
= 41.4% (118) 

𝜂𝑡ℎ,𝐶𝐻𝑃 =
𝐸𝑡ℎ,𝐶𝐻𝑃

𝐸𝑓,𝐶𝐻𝑃

=
10.8

23.9
= 45.0% (119) 

For the CHP part of the system are also evaluated the cogeneration ratio 𝜆 (120) and the specific 

net consumption 𝑞𝑓,𝑛𝑒𝑡,𝐶𝐻𝑃 (121). 

𝜆𝐶𝐻𝑃 =
𝐸𝑡ℎ,𝐶𝐻𝑃

𝐸𝑒𝑙,𝐶𝐻𝑃

=
10.8

9.9
= 1,1 (120) 

𝑞𝑓,𝑛𝑒𝑡,𝐶𝐻𝑃 =

𝐸𝑓,𝐶𝐻𝑃 −
𝐸𝑡ℎ,𝐶𝐻𝑃

𝜂𝑡ℎ,𝑠

𝐸𝑒𝑙,𝐶𝐻𝑃

=
23.9 −

10.8
0.9

9.9
= 1,2 

(121) 

The avoided primary energy consumption Δ𝐸𝑝 of this scenario is evaluated in (122) considering 

only the electric energy and thermal energy produced by the CHP unit. 

Δ𝐸𝑝 = (
𝐸𝑒𝑙,𝐶𝐻𝑃

𝜂𝑒𝑙,𝑠

+
𝐸𝑡ℎ,𝐶𝐻𝑃

𝜂𝑡ℎ,𝑠

) −𝐸𝑓,𝐶𝐻𝑃 = (
9.9

0.451
+

10.8

0.9
) − 23.9 = 10.0     [𝐺𝑊ℎ] (122) 

The PES and the EUF of the CHP unit can be evaluated using (123) and (124). 

𝑃𝐸𝑆𝐶𝐻𝑃 = 1 −
1

𝜂𝑒𝑙,𝐶𝐻𝑃

𝜂𝑒𝑙,𝑠
+

𝜂𝑡ℎ,𝐶𝐻𝑃

𝜂𝑡ℎ,𝑠

= 1 −
1

41.4
45.1

+
45.0
0.9

= 29.4% (123) 

𝐸𝑈𝐹𝐶𝐻𝑃 = 𝜂𝑒𝑙,𝐶𝐻𝑃 + 𝜂𝑡ℎ,𝐶𝐻𝑃 = 41.4 + 45.0 = 86.4% (124) 

These evaluations do not clearly represent the scenario’s performance because part of the energy 

is produced separately. 

The PES definition (97) need to be modified in order to take into account the separated 

production contribution, the Overall Primary Energy Saving [56] is introduced (125): 
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𝑂𝑃𝐸𝑆 =
Δ𝐸𝑝

𝐸𝑒𝑙,𝐶𝐻𝑃 + 𝐸𝑒𝑙,𝑠

𝜂𝑒𝑙,𝑠
+

𝐸𝑡ℎ,𝐶𝐻𝑃 + 𝐸𝑡ℎ,𝑠

𝜂𝑡ℎ,𝑠

=
10.0

9.9 + 1.6
0.451

+
10.8 + 1.1

0.9

= 25.7% 
(125) 

Also, the EUF definition (102) need to be modified to introduce the Overall Energy Utilization 
Factor (126): 

𝑂𝐸𝑈𝐹 =
𝐸𝑡ℎ + 𝐸𝑒𝑙

𝐸𝑓,𝐶𝐻𝑃 + 𝐸𝑓,𝑒𝑙,𝑠 + 𝐸𝑓,𝑡ℎ,𝑠

=
11.5 + 11.9

23.9 + 3.6 + 1.3
= 81.4% (126) 

Now the CO2 emission factors are evaluated. 

For separated production, the emission factors are defined according to ISPRA. The emission 

factor for electric energy production is 𝑒𝐶𝑂2,𝑒𝑙 = 284.50 
𝑔𝐶𝑂2

𝑘𝑊ℎ𝑒𝑙
 and the emission factor related 

to natural gas used for thermal energy production is 𝑒𝐶𝑂2,𝑓 = 206.88 
𝑔𝐶𝑂2

𝑘𝑊ℎ𝑒𝑙
 (assuming a boiler 

efficiency of 94.5%). 

For the CHP unit the CO2 mass flow 𝐺𝐶𝑂2,𝐶𝐻𝑃 is the same used in the Aspen model. 

The quantity of CO2 produced in a year by the CHP unit can be evaluated as: 

𝑀𝐶𝑂2,𝐶𝐻𝑃 = 𝐺𝐶𝑂2,𝐶𝐻𝑃 ∙ ℎ𝑤𝑜𝑟𝑘 = 0.139 ∙ 7000 ∙ 3600 = 3.5 ∙ 106         [𝑘𝑔𝐶𝑂2
] (127) 

The quantity of CO2 produced in a year for the electric energy due to separated production can 
be evaluated as: 

𝑀𝐶𝑂2,𝑒𝑙 = 𝑒𝐶𝑂2,𝑒𝑙 ∙ 𝐸𝑒𝑙 = 284.50 ∙ 1.6 ∙ 103 = 4.6 ∙ 105         [𝑘𝑔𝐶𝑂2
] (128) 

The quantity of CO2 produced in a year by the thermal energy due to separated production can 
be evaluated as: 

𝑀𝐶𝑂2,𝑡ℎ = 𝑒𝐶𝑂2,𝑓 ∙ 𝐸𝑓,𝑡ℎ = 206.88 ∙ 1.3 ∙ 103 = 2.6 ∙ 105         [𝑘𝑔𝐶𝑂2
] (129) 

The total quantity of CO2 produced in a year is: 

𝑀𝐶𝑂2
= 𝑀𝐶𝑂2,𝐶𝐻𝑃 + 𝑀𝐶𝑂2,𝑒𝑙 + 𝑀𝐶𝑂2,𝑡ℎ = 3.5 + 0.49 + 0.26 = 4.2 ∙ 106 [𝑘𝑔𝐶𝑂2

] (130) 

To conclude, the CO2 emission factor related to only electric production and both electric and 
thermal energy production are: 

𝑒𝐶𝑂2,𝑒𝑙 =
𝑀𝐶𝑂2,𝐶𝐻𝑃 + 𝑀𝐶𝑂2,𝑒𝑙

𝐸𝑒𝑙

=
(3.5 ∙ 106 + 4.6 ∙ 105) ∙ 103

11.5 ∙ 106
= 343.4   [

𝑔𝐶𝑂2

𝑘𝑊ℎ𝑒𝑙

] (131) 

𝑒𝐶𝑂2,𝑔 =
𝑀𝐶𝑂2

𝐸𝑒𝑙 + 𝐸𝑡ℎ

=
4.2 ∙ 103

11.5 + 11.9
= 180.4         [

𝑔𝐶𝑂2

𝑘𝑊ℎ
] (132) 
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4.4.3 MCFC+CHP system 

In this scenario a CHP unit and a MCFC module without CCS is installed.  
The MCFC module is a modified version of the Aspen model (Figure 34). The MCFC module 
operate in the same condition of the CCS cases but in this scenario both anode and cathode 
exhausts are mixed and burn together to recover the remaining chemical energy present in the 
exhausts. The burnt exhaust is used to perform a heat recovery. 
 

 
Figure 34 – MCFC-CHP layout 

In this configuration the CHP unit operate in the same conditions of CCS cases with a net electric 

power 𝑊𝑒𝑙,𝐶𝐻𝑃 of 1413 kW and a thermal power 𝜙
𝑡ℎ,𝐶𝐻𝑃

 of 897 kW. 

The electric energy (133) and thermal energy (134) yearly produced by the CHP unit are: 

𝐸𝑒𝑙,𝐶𝐻𝑃 = ℎ𝑤𝑜𝑟𝑘 ∙ 𝑊𝑒𝑙,𝐶𝐻𝑃 = 7000 ∙ 1413 = 9.9          [𝐺𝑊ℎ𝑒𝑙] (133) 

𝐸𝑡ℎ,𝐶𝐻𝑃 = ℎ𝑤𝑜𝑟𝑘 ∙ 𝜙
𝑡ℎ,𝐶𝐻𝑃

= 7000 ∙ 897 = 6.3         [𝐺𝑊ℎ𝑡ℎ] (134) 

As for the MCFC module the net electric power 𝑊𝑒𝑙,𝑀𝐶𝐹𝐶  is 314 kW and the thermal power 

𝜙
𝑡ℎ,𝑀𝐶𝐹𝐶

 is 805 kW.  

The electric energy (135) and thermal energy (136) yearly produced by the MCFC are: 

𝐸𝑒𝑙,𝑀𝐶𝐹𝐶 = ℎ𝑤𝑜𝑟𝑘 ∙ 𝑊𝑒𝑙,𝑀𝐶𝐹𝐶 = 7000 ∙ 314 = 2.2          [𝐺𝑊ℎ𝑒𝑙] (135) 

𝐸𝑡ℎ,𝑀𝐶𝐹𝐶 = ℎ𝑤𝑜𝑟𝑘 ∙ 𝜙
𝑡ℎ,𝑀𝐶𝐹𝐶

= 7000 ∙ 805 = 5.6         [𝐺𝑊ℎ𝑡ℎ] (136) 

The electric energy (137) and thermal energy (138) yearly produced by the system are: 

𝐸𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃 = 𝐸𝑒𝑙,𝐶𝐻𝑃 + 𝐸𝑒𝑙,𝑀𝐶𝐹𝐶 = 9.9 + 2.2 = 12.1          [𝐺𝑊ℎ𝑒𝑙] (137) 

𝐸𝑡ℎ,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃 = 𝐸𝑡ℎ,𝐶𝐻𝑃 + 𝐸𝑡ℎ,𝑀𝐶𝐹𝐶 = 6.3 + 5.6 = 11.9         [𝐺𝑊ℎ𝑡ℎ] (138) 

In this case the electric energy produced is higher than the plant demand (11.5 𝐺𝑊ℎ𝑒𝑙), this 
surplus of electricity is introduced into the electric grid. 
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𝐸𝑒𝑙,𝑠𝑢𝑟𝑝𝑙𝑢𝑠 = 𝐸𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃 − 𝐸𝑒𝑙 = 12.1 − 11.5 = 0.6          [𝐺𝑊ℎ𝑒𝑙] (139) 

The fuel consumption of the two units can be evaluated as: 

𝐸𝑓,𝑀𝐶𝐹𝐶 = 𝐺𝑓𝑢𝑒𝑙,𝐹𝐶 ∙ 𝐿𝐻𝑉𝑁𝐺 ∙ ℎ𝑤𝑜𝑟𝑘 = 0.013 ∙ 47.7 ∙ 7 ∙ 106 = 4.43     [𝐺𝑊ℎ𝑓] (140) 

𝐸𝑓,𝐶𝐻𝑃 = 𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃
∗ ∙ 𝐿𝐻𝑉𝑁𝐺 ∙ ℎ𝑤𝑜𝑟𝑘 = 0.072 ∙ 47.7 ∙ 7 ∙ 106 = 23.92    [𝐺𝑊ℎ𝑓] (141) 

Where 𝐺𝑓𝑢𝑒𝑙,𝐹𝐶  is fuel mass flow rate of MCFC evaluated from Aspen plus (Table 16) and 

𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃
∗  is the fuel mass flow rate of CHP, evaluated in (12). 

The fuel consumption of the system 𝐸𝑓 can be evaluated as: 

𝐸𝑓 = 𝐸𝑓,𝑀𝐶𝐹𝐶 + 𝐸𝑓,𝐶𝐻𝑃 = 4.43 + 23.92 = 28.4          [𝐺𝑊ℎ𝑓] (142) 

In Figure 35 is reported the electric and thermal energy flux of the plant. 
 

 
Figure 35 – Scenario 3: MCFC+CHP system 

The efficiencies of this scenario are now estimated. 

The electric efficiency of the plant 𝜂𝑒𝑙  can be calculated using (143):  

𝜂𝑒𝑙 =
𝐸𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃

𝐸𝑓

=
12.1

28.4
= 42.6% (143) 

The thermal efficiency of the plant 𝜂𝑡ℎ can be calculated using (144): 

𝜂𝑡ℎ =
𝐸𝑡ℎ,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃

𝐸𝑓

=
11.9

28.4
= 42.0% (144) 

For this scenario is needed to evaluate the electric efficiency for separated production using (101) 
considering the electric energy auto consumed and the electric energy injected in the grid, those 
fractions are: %𝐺𝑟𝑖𝑑 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 = 4.8% and %𝐴𝑢𝑡𝑜 𝑐𝑜𝑚𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 95.2%. 

The electric efficiency for separated production 𝜂𝑒𝑙,𝑠 is 45.2%, considering 𝜂𝑒𝑙,𝑠,𝑟𝑒𝑓 = 53.0%, 

𝐶𝑓,𝑒𝑥𝑡 = 0.888 and 𝐶𝑓,𝑖𝑛𝑡 = 0.851. 

The thermal efficiency for separated production 𝜂𝑡ℎ,𝑠 is 0.9 as used in the other scenarios. 
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For the system MCFC+CHP are also evaluated the cogeneration ratio 𝜆 (145) and the specific 

net consumption 𝑞𝑓,𝑛𝑒𝑡 (146). 

𝜆 =
𝐸𝑡ℎ,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃

𝐸𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃

=
11.9

12.1
= 0.99 (145) 

𝑞𝑓,𝑛𝑒𝑡 =

𝐸𝑓,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃 −
𝐸𝑡ℎ,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃

𝜂𝑡ℎ,𝑠

𝐸𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃

=
28.4 −

11.9
0.9

12.1
= 1,3 

(146) 

The avoided primary energy consumption Δ𝐸𝑝 of this scenario is evaluated in (147) considering 

the electric energy and thermal energy produced by the system. 

Δ𝐸𝑝 = (
𝐸𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃

𝜂𝑒𝑙,𝑠

+
𝐸𝑡ℎ,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃

𝜂𝑡ℎ,𝑠

) −𝐸𝑓,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃 = 

= (
12.1

0.452
+

11.9

0.9
) − 28.4 = 11.6         [𝐺𝑊ℎ] 

(147) 

In this scenario the OPES and OEUF are directly evaluated because all the energy is produced 

by the cogeneration system. 

The OPES is evaluated using the PES definition (97) without modifications 

𝑂𝑃𝐸𝑆 =
Δ𝐸𝑝

𝐸𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃

𝜂𝑒𝑙,𝑠
+

𝐸𝑡ℎ,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃

𝜂𝑡ℎ,𝑠

=
11.6

12.1
0.452

+
11.9
0.9

= 29.1% 
(148) 

Also, the OEUF is evaluated using definition (102) without modification 

𝑂𝐸𝑈𝐹 = 𝜂𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃 + 𝜂𝑡ℎ,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃 = 42.6 + 42.0 = 84.6% (149) 

Now the CO2 emission factors are evaluated. 

For the MCFC+CHP system the CO2 mass flow 𝐺𝐶𝑂2,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃 is evaluated from the Aspen 

model as the quantity of CO2 present in the flue gases of the afterburner. 

The quantity of CO2 produced in a year by the MCFC+CHP system can be evaluated as: 

𝑀𝐶𝑂2
= 𝐺𝐶𝑂2,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃 ∙ ℎ𝑤𝑜𝑟𝑘 = 0.172 ∙ 7000 ∙ 3600 = 4.5 ∙ 106         [𝑘𝑔𝐶𝑂2

] (150) 

To conclude, the CO2 emission factor related to only electric production and both electric and 
thermal energy production are: 

𝑒𝐶𝑂2,𝑒𝑙 =
𝑀𝐶𝑂2

𝐸𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃

=
4.5 ∙ 103

12.1
= 359.6    [

𝑔𝐶𝑂2

𝑘𝑊ℎ𝑒𝑙

] (151) 

𝑒𝐶𝑂2,𝑔 =
𝑀𝐶𝑂2

𝐸𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃 + 𝐸𝑡ℎ,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃

=
4.5 ∙ 103

12.1 + 11.9
= 181.1         [

𝑔𝐶𝑂2

𝑘𝑊ℎ
] (152) 
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4.4.4 MCFC+CHP+CCS with membrane 

In this scenario a CHP system and a MCFC module is installed with CCS, in this case a hydrogen 
membrane is used to purify the carbon dioxide.  
In this configuration the CHP unit operate in full mode condition with a net electric power 

𝑊𝑒𝑙,𝐶𝐻𝑃 of 1413 kW and a thermal power 𝜙
𝑡ℎ,𝐶𝐻𝑃

 of 897 kW. 

The electric energy (153) and thermal energy (154) yearly produced by the CHP unit are: 

𝐸𝑒𝑙,𝐶𝐻𝑃 = ℎ𝑤𝑜𝑟𝑘 ∙ 𝑊𝑒𝑙,𝐶𝐻𝑃 = 7000 ∙ 1413 = 9.9          [𝐺𝑊ℎ𝑒𝑙] (153) 

𝐸𝑡ℎ,𝐶𝐻𝑃 = ℎ𝑤𝑜𝑟𝑘 ∙ 𝜙
𝑡ℎ,𝐶𝐻𝑃

= 7000 ∙ 897 = 6.3         [𝐺𝑊ℎ𝑡ℎ] (154) 

In this scenario the MCFC module fed the electric energy needed of the CCS unit, the net electric 

power 𝑊𝑒𝑙,𝑀𝐶𝐹𝐶 is 244 kW and the thermal power 𝜙
𝑡ℎ,𝑀𝐶𝐹𝐶

 is 805 kW.  

The electric energy (155) and thermal energy (156) yearly produced by the fuel cell unit are: 

𝐸𝑒𝑙,𝑀𝐶𝐹𝐶 = ℎ𝑤𝑜𝑟𝑘 ∙ 𝑊𝑒𝑙,𝑀𝐶𝐹𝐶 = 7000 ∙ 244 = 1.7          [𝐺𝑊ℎ𝑒𝑙] (155) 

𝐸𝑡ℎ,𝑀𝐶𝐹𝐶 = ℎ𝑤𝑜𝑟𝑘 ∙ 𝜙
𝑡ℎ,𝑀𝐶𝐹𝐶

= 7000 ∙ 805 = 5.6         [𝐺𝑊ℎ𝑡ℎ] (156) 

The electric energy (157) and thermal energy (158) yearly produced by the system are: 

𝐸𝑒𝑙 = 𝐸𝑒𝑙,𝐶𝐻𝑃 + 𝐸𝑒𝑙,𝑀𝐶𝐹𝐶 = 9.9 + 1.7 = 11.6          [𝐺𝑊ℎ𝑒𝑙] (157) 

𝐸𝑡ℎ = 𝐸𝑡ℎ,𝐶𝐻𝑃 + 𝐸𝑡ℎ,𝑀𝐶𝐹𝐶 = 6.3 + 5.6 = 11.9         [𝐺𝑊ℎ𝑡ℎ] (158) 

In this case the electric energy produced is higher than the plant demand (11.5 𝐺𝑊ℎ𝑒𝑙), the 
small surplus of electricity is introduced into the electric grid. 

𝐸𝑒𝑙,𝑠𝑢𝑟𝑝𝑙𝑢𝑠 = 𝐸𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃 − 𝐸𝑒𝑙 = 11.6 − 11.5 = 0.1          [𝐺𝑊ℎ𝑒𝑙] (159) 

The fuel consumption of the units can be evaluated as the previous scenario: 

𝐸𝑓,𝑀𝐶𝐹𝐶 = 𝐺𝑓𝑢𝑒𝑙,𝐹𝐶 ∙ 𝐿𝐻𝑉𝑁𝐺 ∙ ℎ𝑤𝑜𝑟𝑘 = 0.013 + 47.7 ∙ 7 ∙ 106 = 4.43     [𝐺𝑊ℎ𝑓] (160) 

𝐸𝑓,𝐶𝐻𝑃 = 𝐺𝑓𝑢𝑒𝑙,𝐶𝐻𝑃
∗ ∙ 𝐿𝐻𝑉𝑁𝐺 ∙ ℎ𝑤𝑜𝑟𝑘 = 0.072 ∙ 47.7 ∙ 7 ∙ 106 = 23.92    [𝐺𝑊ℎ𝑓] (161) 

The fuel consumption of the system can be evaluated as: 

𝐸𝑓 = 𝐸𝑓,𝑀𝐶𝐹𝐶 + 𝐸𝑓,𝐶𝐻𝑃 = 4.43 + 23.92 = 28.4          [𝐺𝑊ℎ𝑓] (162) 

In Figure 36 is reported the electric and thermal energy flux of this scenario. 
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Figure 36 – Scenario 4: MCFC+CHP+CCS (membrane) 

Now the efficiencies of this scenario are reported. 

The electric efficiency of the plant 𝜂𝑒𝑙 can be calculated using (163) while the thermal efficiency 

of the plant 𝜂𝑡ℎ can be calculated using (164): 

𝜂𝑒𝑙 =
𝐸𝑒𝑙

𝐸𝑓

=
11.6

28.4
= 40.9% (163) 

𝜂𝑡ℎ =
𝐸𝑡ℎ

𝐸𝑓

=
11.9

28.4
= 42.0% (164) 

For this scenario is needed to evaluate the electric efficiency for separated production using (101) 
considering the electric energy auto consumed and the electric energy injected in the grid, those 
fractions are: %𝐺𝑟𝑖𝑑 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 = 0.7% and %𝐴𝑢𝑡𝑜 𝑐𝑜𝑚𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 99.3%. 

The electric efficiency for separated production 𝜂𝑒𝑙,𝑠 is 45.1%, considering 𝜂𝑒𝑙,𝑠,𝑟𝑒𝑓 = 53.0%, 

𝐶𝑓,𝑒𝑥𝑡 = 0.888 and 𝐶𝑓,𝑖𝑛𝑡 = 0.851. 

The thermal efficiency for separated production 𝜂𝑡ℎ,𝑠 is 0.9 as used in the other scenarios. 

Also, for this scenario are evaluated the cogeneration ratio 𝜆 (165) and the specific net 

consumption 𝑞𝑓,𝑛𝑒𝑡 (166). 

𝜆 =
𝐸𝑡ℎ

𝐸𝑒𝑙

=
11.9

11.6
= 1.03 (165) 

𝑞𝑓,𝑛𝑒𝑡 =

𝐸𝑓 −
𝐸𝑡ℎ

𝜂𝑡ℎ,𝑠

𝐸𝑒𝑙

=
28.4 −

11.9
0.9

11.6
= 1,3 

(166) 

The avoided primary energy consumption Δ𝐸𝑝 of this scenario is evaluated in (167): 

Δ𝐸𝑝 = (
𝐸𝑒𝑙

𝜂𝑒𝑙,𝑠

+
𝐸𝑡ℎ

𝜂𝑡ℎ,𝑠

) −𝐸𝑓 = (
11.6

0.451
+

11.9

0.9
) − 28.4 = 10.6         [𝐺𝑊ℎ] (167) 
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In this scenario the OPES and OEUF are directly evaluated, as done in the previous scenario, 

because all the energy is produced by the cogeneration system. 

The OPES is evaluated using the PES definition (97) without modifications 

𝑂𝑃𝐸𝑆 =
Δ𝐸𝑝

𝐸𝑒𝑙

𝜂𝑒𝑙,𝑠
+

𝐸𝑡ℎ

𝜂𝑡ℎ,𝑠

=
10.6

11.6
0.451

+
11.9
0.9

= 27.2% 
(168) 

Also, the OEUF is evaluated using definition (102) without modification 

𝑂𝐸𝑈𝐹 = 𝜂𝑒𝑙 + 𝜂𝑡ℎ = 40.9 + 42.0 = 82.9% (169) 

Now the CO2 emission factors are evaluated. 

In this scenario the MCFC+CCS unit permits to achieve a reduction of 75% of the CO2 present 
in the CHP (ICE) exhaust. 

The remaining part that cannot be sequestrated is emitted, this mass flow 𝐺𝐶𝑂2,𝑒𝑚 is evaluated 

from the Aspen model as the quantity of CO2 present in the cathode exhaust (Table 19). 

The quantity of CO2 released in a year can be evaluated as: 

𝑀𝐶𝑂2
= 𝐺𝐶𝑂2,𝑒𝑚 ∙ ℎ𝑤𝑜𝑟𝑘 = 0.035 ∙ 7000 ∙ 3600 = 8.8 ∙ 105         [𝑘𝑔𝐶𝑂2

] (170) 

To conclude, the CO2 emission factor related to only electric production and both electric and 
thermal energy production are: 

𝑒𝐶𝑂2,𝑒𝑙 =
𝑀𝐶𝑂2

𝐸𝑒𝑙

=
8.8 ∙ 102

11.6
= 75.3    [

𝑔𝐶𝑂2

𝑘𝑊ℎ𝑒𝑙

] (171) 

𝑒𝐶𝑂2,𝑔 =
𝑀𝐶𝑂2

𝐸𝑒𝑙 + 𝐸𝑡ℎ

=
8.8 ∙ 102

12.1 + 11.9
= 37.1         [

𝑔𝐶𝑂2

𝑘𝑊ℎ
] (172) 

4.4.5 MCFC+CHP+CCS with oxy-combustion 

In this scenario a CHP system and a MCFC module is installed with CCS, in this case an oxy-
combustion is used to purify the carbon dioxide.  
In this configuration the CHP unit operate in the same conditions of the last two cases with a 

net electric power 𝑊𝑒𝑙,𝐶𝐻𝑃 of 1413 kW and a thermal power 𝜙
𝑡ℎ,𝐶𝐻𝑃

 of 897 kW, consequently 

the energy production is the same (𝐸𝑒𝑙,𝐶𝐻𝑃 = 9.9 𝐺𝑊ℎ𝑒𝑙 and 𝐸𝑡ℎ,𝐶𝐻𝑃 = 6.3 𝐺𝑊ℎ𝑡ℎ). 
As for the MCFC module, in this scenario the CCS unit is fed by the fuel cell determining a net 

electric power 𝑊𝑒𝑙,𝑀𝐶𝐹𝐶 is 232 kW and the thermal power 𝜙
𝑡ℎ,𝑀𝐶𝐹𝐶

 is 805 kW.  

The electric energy (173) and thermal energy (174) yearly produced by the MCFC are: 

𝐸𝑒𝑙,𝑀𝐶𝐹𝐶 = ℎ𝑤𝑜𝑟𝑘 ∙ 𝑊𝑒𝑙,𝑀𝐶𝐹𝐶 = 7000 ∙ 232 = 1.6          [𝐺𝑊ℎ𝑒𝑙] (173) 

𝐸𝑡ℎ,𝑀𝐶𝐹𝐶 = ℎ𝑤𝑜𝑟𝑘 ∙ 𝜙
𝑡ℎ,𝑀𝐶𝐹𝐶

= 7000 ∙ 805 = 5.6         [𝐺𝑊ℎ𝑡ℎ] (174) 

The electric energy (175) and thermal energy (176) produced by the system in a year are: 
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𝐸𝑒𝑙 = 𝐸𝑒𝑙,𝐶𝐻𝑃 + 𝐸𝑒𝑙,𝑀𝐶𝐹𝐶 = 9.9 + 1.6 = 11.5          [𝐺𝑊ℎ𝑒𝑙] (175) 

𝐸𝑡ℎ = 𝐸𝑡ℎ,𝐶𝐻𝑃 + 𝐸𝑡ℎ,𝑀𝐶𝐹𝐶 = 6.3 + 5.6 = 11.9         [𝐺𝑊ℎ𝑡ℎ] (176) 

The two units, MCFC and CHP, operate in the same condition of the previous scenarios, 
consequently the fuel consumption 𝐸𝑓,𝐶𝐻𝑃 is the same amount (28.4 𝐺𝑊ℎ𝑓) with 𝐸𝑓,𝑀𝐶𝐹𝐶 =

4.43 𝐺𝑊ℎ𝑓 and 𝐸𝑓,𝐶𝐻𝑃 = 23.92 𝐺𝑊ℎ𝑓.   

Figure 37 represent the energy flux of this scenario. 
 

 
Figure 37 – Scenario 5: MCFC+CHP+CCS (oxy-combustion) 

Now the efficiencies of this scenario are reported. 

The electric efficiency of the plant 𝜂𝑒𝑙 can be calculated using (177) while the thermal efficiency 

of the plant 𝜂𝑡ℎ can be calculated using (178): 

𝜂𝑒𝑙 =
𝐸𝑒𝑙

𝐸𝑓

=
11.5

28.4
= 40.6% (177) 

𝜂𝑡ℎ =
𝐸𝑡ℎ

𝐸𝑓

=
11.9

28.4
= 42.0% (178) 

In this scenario the electric efficiency for separated production can be evaluated as done in 

scenario 1 and scenario 2, considering only auto consumption, determining 𝜂𝑒𝑙,𝑠 = 45.1% 

The thermal efficiency for separated production 𝜂𝑡ℎ,𝑠 is 0.9 as used in the other scenarios. 

Also, for this scenario are evaluated the cogeneration ratio 𝜆 (179) and the specific net 

consumption 𝑞𝑓,𝑛𝑒𝑡 (180). 

𝜆 =
𝐸𝑡ℎ

𝐸𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃+𝐶𝐶𝑆𝑜𝑥𝑦

=
11.9

11.5
= 1.03 (179) 

𝑞𝑓,𝑛𝑒𝑡 =

𝐸𝑓 −
𝐸𝑡ℎ

𝜂𝑡ℎ,𝑠

𝐸𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃+𝐶𝐶𝑆𝑜𝑥𝑦

=
28.4 −

11.9
0.9

11.5
= 1,3 

(180) 

The avoided primary energy consumption Δ𝐸𝑝 of this scenario is evaluated in (181): 



ARNEODO Luca  65 

Δ𝐸𝑝 = (
𝐸𝑒𝑙

𝜂𝑒𝑙,𝑠

+
𝐸𝑡ℎ

𝜂𝑡ℎ,𝑠

) −𝐸𝑓 = (
11.5

0.451
+

11.9

0.9
) − 28.4 = 

= 10.4         [𝐺𝑊ℎ] 

(181) 

The OPES is evaluated using the PES definition (97) with no modifications: 

𝑂𝑃𝐸𝑆 =
Δ𝐸𝑝

𝐸𝑒𝑙

𝜂𝑒𝑙,𝑠
+

𝐸𝑡ℎ

𝜂𝑡ℎ,𝑠

=
10.4

11.5
0.451

+
11.9
0.9

= 26.9% 
(182) 

Also, the OEUF is evaluated using definition (102) with no modifications as done with the PES. 

𝑂𝐸𝑈𝐹 = 𝜂𝑒𝑙 + 𝜂𝑡ℎ = 40.6 + 42.0 = 82.6% (183) 

Now the CO2 emission factors are evaluated. 

As the previous scenario with CCS, a reduction of 75% of the CO2 present in the CHP (ICE) 

exhaust is achieved and the remaining mass flow 𝐺𝐶𝑂2,𝑒𝑚 is released in atmosphere. 

The quantity of CO2 released in a year by the system is: 

𝑀𝐶𝑂2
= 𝐺𝐶𝑂2,𝑒𝑚 ∙ ℎ𝑤𝑜𝑟𝑘 = 0.035 ∙ 7000 ∙ 3600 = 

= 8.8 ∙ 105         [𝑘𝑔𝐶𝑂2
] 

(184) 

To conclude, the CO2 emission factor related to only electric production and both electric and 
thermal energy production are: 

𝑒𝐶𝑂2,𝑒𝑙 =
𝑀𝐶𝑂2

𝐸𝑒𝑙

=
8.8 ∙ 102

11.5
= 75.8    [

𝑔𝐶𝑂2

𝑘𝑊ℎ𝑒𝑙

] (185) 

𝑒𝐶𝑂2,𝑔 =
𝑀𝐶𝑂2

𝐸𝑒𝑙 + 𝐸𝑡ℎ

=
8.8 ∙ 102

11.5 + 11.9
= 37.3         [

𝑔𝐶𝑂2

𝑘𝑊ℎ
] (186) 
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4.4.6 Scenarios comparison 

After all the scenarios have been analyzed, a comparison of the obtained results is done. 

First, a brief recap of the electric and thermal energy supplying is reported in Figure 38. 

 

 
Figure 38 – Electric and thermal energy demand supplying 

In the next charts are reported the energy index evaluated for each scenario. 

In Figure 39 is reported the electric efficiency of the scenarios, for the separate production is 
used the electric efficiency evaluated according to “Regolamento Delegato (UE) 2015/2402”. 
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Figure 39 – Electric efficiency of cogeneration unit 

The electric efficiency of the MCFC+CHP system is higher (+1.2%) respect to the CHP unit 

(𝜂𝑒𝑙,𝐶𝐻𝑃 = 41.4%) due to the high electric efficiency of the fuel cell technology but is the same 
system with a CCS unit have a lower efficiency compared to the traditional CHP due to the extra 
energy consumption needed to treat the CO2.  

The electric penalty introduced by the CCS energy consumption can be estimated introducing 
the ELectric Penalty factor (ELP) (187) [16]: 

𝐸𝐿𝑃 = 1 −
𝜂𝑒𝑙,𝐶𝐻𝑃 𝑤𝑖𝑡ℎ 𝐶𝐶𝑆

𝜂𝑒𝑙,𝐶𝐻𝑃 𝑟𝑒𝑓

 (187) 

Where 𝜂𝑒𝑙,𝐶𝐻𝑃 𝑤𝑖𝑡ℎ 𝐶𝐶𝑆 is the electric efficiency of the system with the CCS unit and 𝜂𝑒𝑙,𝐶𝐻𝑃 𝑟𝑒𝑓 

is the reference system without the CCS unit. In this case the refence system is the MCFC+CHP 
scenario. 
For the two scenarios, respectively CCS with membrane (188) and CCS with oxy-combustor 
(189), the electric penalty is: 

𝐸𝐿𝑃𝑀𝐶𝐹𝐶+𝐶𝐻𝑃+𝐶𝐶𝑆𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒
= 1 −

𝜂𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃+𝐶𝐶𝑆𝑚

𝜂𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃

= 1 −
40.9

42.6
= 4.1% (188) 

𝐸𝐿𝑃𝑀𝐶𝐹𝐶+𝐶𝐻𝑃+𝐶𝐶𝑆𝑜𝑥𝑦−𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑜𝑟
= 1 −

𝜂𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃+𝐶𝐶𝑆𝑜𝑥𝑦

𝜂𝑒𝑙,𝑀𝐶𝐹𝐶+𝐶𝐻𝑃

= 1 −
40.6

42.6
= 4.8% (189) 

The penalty introduced by the oxy-combustion system is higher due to the ASU electric energy 
consumption. 

In Figure 40 is reported the avoided primary energy consumption and in Figure 41 the Overall 
Primary Energy Saving (OPES).  
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Figure 40 – Avoided primary energy consumption 

 
Figure 41 – Overall Primary Energy Saving 

All the four cogeneration options can achieve more than 10 GWh of energy saving per year, 
respect to the separated production, and OPES higher than 25% 

The MCFC+CHP is the best option with 11.6 GWh of primary energy saved and with OPES 
equal 29.1%.  

The two configurations of MCFC+CHP with CCS are better than the CHP solution with OPES 
around 27%. 

The CHP scenario has the lower primary energy consumption avoided. The PES of the CHP 
unit is higher than the other solutions (29.4%) but the energy demand of the plant require a 
supply from separated production, this introduce a penalty in the OPES (-3.8%) that make this 
option the worse among the four.  
In Figure 42 the Overall Energy Utilization Factor (OEUF) is reported for all the five options 
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Figure 42 – Overall Energy Utilization Factor 

The OEUF index can also be considered as the global efficiency of the plant, the scenarios 
involving a MCFC are the best, with OEUF slightly higher (4% in case of only MCFC and 1% 
in case of MCFC+CCS) than the CHP solution. 

As before, the CHP option has a EUF higher between the scenarios, but the separated production 
penalized the overall value. 

Also, for the separated production the OEUF is evaluated considering the two different way of 
energy production and the related fuel consumption. 

Lastly, the CO2 emission are reported in Figure 43 and Figure 44. 

 
Figure 43 – Tons of CO2 emitted in a year by the different components of each scenario. 
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Figure 44 – CO2 emission factors 

Between all the options, the separated production is the one that produce the highest quantity of 

CO2 (more than 6000 tons) and has the higher emission factor. 

The MCFC+CHP, between the cogeneration options, is the one with the highest CO2 production 

(around 4347 tons) and emissions 181.1 
𝑔𝐶𝑂2

𝑘𝑊ℎ
 (359.6 

𝑔𝐶𝑂2

𝑘𝑊ℎ𝑒𝑙
), but slightly higher than the CHP 

option with an emission of CO2 around 4240 tons (considering also the separated production) 

and emission factor of 180.4 
𝑔𝐶𝑂2

𝑘𝑊ℎ
 (342.9 

𝑔𝐶𝑂2

𝑘𝑊ℎ𝑒𝑙
). 

The last two options with CCS show how the emission of CO2 can be reduced, the first case 

(membrane) is the best with 873 tons of CO2 and 37.1 
𝑔𝐶𝑂2

𝑘𝑊ℎ
 (75.3 

𝑔𝐶𝑂2

𝑘𝑊ℎ𝑒𝑙
) emitted. 

The other option (oxy-combustion) is slightly worse because there is a lower energy production. 

This option is still a good one with 873 tons of CO2 and 37.3 
𝑔𝐶𝑂2

𝑘𝑊ℎ
 (75.8 

𝑔𝐶𝑂2

𝑘𝑊ℎ𝑒𝑙
) emitted. 

For the options with CCS is possible to introduce the Specific Primary Energy Consumption for 

CO2 Avoided (SPECCA) index to indicate the plant achievement in terms of electric efficiency 

and CO2 specific emissions. SPECCA is defined as: 

𝑆𝑃𝐸𝐶𝐶𝐴 =

1
𝜂

−
1

𝜂𝑟𝑒𝑓

𝑒𝑟𝑒𝑓 − 𝑒
∙ 3600         [

𝑀𝐽

𝑘𝑔𝐶𝑂2

] 
(190) 

Where 𝜂 is the net electric efficiency of the plant and 𝑒 is the CO2 specific emission 
𝑘𝑔𝐶𝑂2

𝑀𝑊ℎ𝑒𝑙
 of the 

system with CCS while 𝜂𝑟𝑒𝑓 and 𝑒𝑟𝑒𝑓 are the electric efficiency and CO2 specific emission of the 

reference plant. In this evaluation the reference plant is the scenario MCFC+CHP. 

For the membrane scenario the SPECCA is 1.26 
𝑀𝐽

𝑘𝑔𝐶𝑂2

 and for the oxy-combustion case the 

SPECCA is 1.49 
𝑀𝐽

𝑘𝑔𝐶𝑂2

. 
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To conclude, all the four option for cogeneration achieve great results obtaining the HEC status 

but implementing the CCS can drastically reduce the CO2 emissions of the plant making those 

system much cleaner compared to the traditional ones. In addition, between the two CCS option, 

the oxy-combustor is the best because can achieve higher thermal energy recovery reducing the 

overall CO2 emission factor to 34.0 
𝑔𝐶𝑂2

𝑘𝑊ℎ
 and increasing the energy performance with an OPES 

of 31.6 %, OEUF of 91.9% and SPECCA of 1.30 
𝑀𝐽

𝑘𝑔𝐶𝑂2

. 
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5 Conclusions 

In this work we wanted to analyze how the application of an MCFC for CO2 capture could affect 
the performance of a traditional CHP plant, in this case consisting of an ICE. It was chosen to 
analyze two different configurations for CO2 capture: the first involves the use of a membrane 
for hydrogen capture while the second involves the use of an oxy-combustor. 

After reviewing the literature inert to the topics covered, it was possible to build and validate a 
MCFC model with Aspen Plus and develop a complete model for both chosen configurations. 
For both cases, the pinch analysis methodology was applied for heat recovery within the plant 
and minimizing thermal energy requirements. 

The two configurations were analyzed and the comparison showed that the second one (oxy-
combustor) is the best because achieve a quality of CO2 that satisfies the requirements to be 
injected into a pipeline for final sequestration, while in the first option there are non-negligible 
residues of CO (2.1%).  

The MCFC module has a power output of 314 kW without considering the CCS unit. In both 
cases the energy consumption of CCS unit is supplied by the module, the compression train 
require 70 kW (in both cases) and for the second case the ASU requires 12.4 kW. 
For the membrane case, the system can achieve an electrical efficiency of 40.9% and a thermal 
efficiency of 42.0%. In this case the installation of a MCFC module and a CCS unit increase the 
electric energy production of 244 kW (+17.2% compared to the CHP electric power). The MCFC 
installation require to remove the exhaust gas heat recovery from the CHP unit but the MCFC 
heat recovery increase the thermal production up to 805 kW, +25.6% compared to the exhaust 
gas heat recovery of the CHP. 
For the other case, the net power provided by the MCFC is 232 kW, increasing the plant power 
of 16.4%, with a plant electric efficiency of 40.6%, the presence of an oxy-combustion increase 
the thermal production up to 1168 kW (+82.2% compared to CHP exhaust gas heat recovery) 
with a plant thermal efficiency of 51.0%. 

An energy analysis of the two configurations was also carried out and compared with other 
possible options that can be adopted in the context of cogeneration, under the assumption of 
equal energy demand. Both are energetically competitive, the membrane case achieves a primary 
energy saving of 27.2% and an energy utilization factor of 82.9% while the oxy-combustion case 
achieves a primary energy saving of 26.8% and an energy utilization factor of 82.6%. Both cases 
can obtain the status of high efficiency cogeneration (HEC). 
The reference system made of MCFC+CHP is the best with a primary energy saving of 29.1% 
and an energy utilization factor of 84.7%. The CCS unit penalize the plant, compared to the 
reference, the membrane case has an electrical penalty of 4.1% while for the oxy-combustion the 
electric penalty is 4.8%. 
Despite the penalty introduced by the CCS unit, the two cases are still energetically better than 
the CHP scenario. The CHP performance is the best but the energy integration with separate 
production penalizes the CHP reducing the primary energy saving to 25.7% (-3.8% of the CHP 
value) and the energy utilization factor to 81.4% (-5% of the CHP value). 

Compared to the other scenarios (separated production, CHP, CHP+MCFC), the application of 
CCS reduces the CO2 emissions above 78%. From the analysis, the membrane case has the lowest 
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emission factor (37.1 
𝑔𝐶𝑂2

𝑘𝑊ℎ
) with a SPECCA of 1.26 

𝑀𝐽

𝑘𝑔𝐶𝑂2

 while the oxy combustion the emissions 

are slightly higher (37.3 
𝑔𝐶𝑂2

𝑘𝑊ℎ
) with a SPECCA of 1.49 

𝑀𝐽

𝑘𝑔𝐶𝑂2

. 

In conclusion, the energy analysis has demonstrated that the membrane option has higher energy 
performance than the case in which an oxy-combustion is used. Despite the higher performance, 
the membrane has non-negligible CO residues, not allowing the insertion of the captured CO2 
inside a pipeline for transport to the sequestration site. The second option is therefore better 
overall, having slightly worse performances, it still manages to capture the same amount of CO2 
ensuring an acceptable purity for transport in the pipeline. It should be added that in the case of 
oxy-combustion, the thermal production was limited during the energy analysis, so this option 
can further improve the results (already excellent) in the case of a greater thermal energy demand. 

The application of MCFCs to CCS has showed to achieve optimistic performance as a measure 
against the GHG emissions, but further research is needed to improve the maturity of this 
technology. The economic part was not dealt with in this work, as it would be interesting to start 
from a load curve of a real plant, apply the model developed and analyze the economic feasibility 
of the plant as its ones of the main barrier needed to overcome. 
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7.1 Appendix I: JMS 420 G8 B02 datasheet 
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