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Abstract 
 

 

Solid oxide fuel cells are considered as one of the most promising types of fuel cell for since 
characterized by an high efficiency power generators. The main problem of this kind of fuel cell 
is the high temperature operation so many research efforts have been placed on the materials, 
cell and stack designs, and improvements in power density in order to lowering the operating 
temperature.  

Since an accurate design of flow distributors can allocate the fuel and the air uniformly into the 
anode and the cathode for achieving consistent diffusion processes through porous electrodes. 
The use of computational fluid dynamics is fundamental to maximise the performance, reducing 
the number of experimental tests to be performed, and so making the work less costly and time-
consuming. 

The thesis work consists on the analysis of the diffusion of the fuel in the anode. Considering a 
1D simulation models where the fuel cell is represented by ordinary differential equations and 
the variation of parameters along the other two directions are negligible.  

A planar SOFCs is analysed, so the dimension is usually determined by the gaseous flow 
direction in the fuel cell. Measuring the gas diffusivity in an electrode is an important aspect 
since gas diffusivity correlates with both polarization loss and electrode parameters including 
porosity, thickness and tortuosity.  

The electrochemical part of the model has been implemented in the software tool MATLAB. It 
allows determining the local current density and the distribution of gas species, obtain at the end 
a polarization curve. A fitting procedure is done, starting from data taken from literature as 
experimental dataset, utile the experimental curve and the one obtained from the modal are 
similar.  

After the theoretical description and the mathematical model carried out using MATLAB, the 
SOFC module is also built using Aspen Plus.  

In this part a real application is considered so the SOFC is feed with biogas, that is a mixture of 
carbon dioxide and methane, the output of Aspen Plus are used as input for the MATLAB code 
to obtain the final results.  
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Symbols   
 

 

�̇�      [mol/s]                      Molar flow 

I          [A]                         Current 

Z          [-]                          Charge number 

F     [C/mol]                       Faraday constant 

ϕ        [W]                          Heat flux 

W      [W]                          Power 

h      [J/kg]                         Specific enthalpy 

s     [ J/kgK]                      Specific entropy 

T   [°C] or [K]                   Temperature 

p       [bar]                          Pressure 

l       [J/kg]                         Specific work 

q      [J/Kg]                        Specific heat 

Δg   [kJ/mol]                     Giggs free energy variation 

E         [V]                         Nernst voltage 

ν          [-]                          Stoichiometric coefficient 

R    [J/molK]                     Universal molar constant of gas 

A       [cm2]                       Area 

i    [A/ cm2]                      Specific current 

η           [-]                         Efficiency 

OCV        [V]                     Open circuit voltage 

ASR   [ Ωcm2]                  Area specific resistance 

V             [V]                      Voltage 

i0             [A]                      Exchange current 

β               [-]                      Symmetric factor 

ρ       [ kg/m3 ]                   Density 

Deff   [cm2 s-1 ]                  Effective diffusion coefficient 

D       [cm2 s-1 ]                   Molecular bulk diffusion coefficient 
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ε                [-]                      Porosity 

τ                [-]                      Tortuosity 

R              [Ω]                      Resistance 

ρ             [Ωm]                     Resistivity 

Vop          [V]                      Operational voltage 

E0             [V]                      Gibbs voltage 

VTN         [V]                     Thermoneutral voltage 

G           [ kg/s]                     Mass flow rate 

cp            [kJ/kgK]                Specific heat 

c               []                          concentration 

MM          [g/mol]                Molecular mass 

M             [g/mol]                Molar mass 

Na       [Particle/mol]           Number of Avogadro 

qe-              [C]                    Charge of an electron 

y                  [-]                     Molar fraction 

ηact                  [V]                   Activation overvoltage 

ηohm              [V]                    Ohmic overvoltage 

ηconc                      [V]                    Concentration overvoltage 

α                    [-]                     Transfer coefficient  

δ                    [cm]                  Thickness 

Vi                  [-]                      Füller diffusion volume 

FU                 [-]                      Fuel utilization 

SC                 [-]                       Steam to carbon ration 

 λ                   [-]                       Fuel equivalent ration 

la                  [m]                        Anode thickness  

lc                  [m]                        Cathode thickness  

le                 [m]                         Electrolyte thickness  

σ                      [A]                      Collision diameter  

ΩD                    [-]                        Collision integral 

γ                       [A/m2]                         Activation energy paramenter  

Eact                     [KJ/mol]                Activation energy  
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Introduction 
 

 

Climate change requires urgent attention. If we continue to emit CO2 at current levels, only ten 
years remaining in the global carbon budget before we reach the 1.5 °C threshold, emphasising 
the need for immediate action.  

To this issue, governments are responding with increasingly ambitious decarbonisation targets. 
At the time of the 2019 UN Climate Summit, 66 countries had announced their intent to meet 
net-zero carbon emissions targets by 2050. 

 In the EU, regulation includes potential fines for failure to meet targets, and a Green Deal was 
recently announced to support the net-zero emissions target. 

To decarbonize the energy system the four main actions needed are: improving energy 
efficiency, developing renewable energy sources, switching to low/zero carbon energy carriers, 
and implementing carbon capture and storage (CCS) as well as utilization (CCU).  

This will radically change energy supply and demand. Transitioning towards a low-carbon 
economy will radically change the share of energy supply and require large scale investments.  

The need for an energy transition is nowadays widely understood; however, the implications and 
challenges related to the use of the renewable energy sources that must be resolved are still 
significant. These technologies, such as wind power and solar energy, strongly dependent on 
atmospheric conditions and meteorological fluctuations.   

This often leads to a mismatch between the demand and the production. To solve this problem 
the need of storage system and energy vectors such as hydrogen or electricity is fundamental. 

Electrochemical systems, such as fuel cells, are alternative technologies for directly converting 
the chemical energy into electrical energy. Hydrogen has the potential to be a powerful enabler 
of this transition, as it offers a clean, sustainable, and flexible option due to its simple production 
using renewable or nuclear energy, water electrolysis, allows producing hydrogen without direct 
CO2 emissions and greenhouse gas emission.  

Among the several types of fuel cell, solid oxide fuel cells (SOFCs) are perceived to be the most 
viable candidates for future power plants due to their high efficiency and fuel flexibility. SOFC 
is a clean energy conversion device, which undergoes improvement of performance 
continuously. Accurate modeling of the mass transport is imperative for development of better 
fuel cell designs. 
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The aim of this work is to model using MATLAB the diffusion of the fuel inside the electrodes, 
focusing on the anode side, since these phenomena are strictly related to the operating 
performances of the cell. 
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1.Climate change and current situation  
 

 

1.1Effect of Covid-19 in the energy demand  
 

 

The Covid-19 pandemic had far-reaching impacts on energy demand in 2020, reducing global 
CO2 emissions by 5.1%. However, the world has experienced an extremely rapid economic 
recovery since then, driven by unprecedented fiscal and monetary stimulus and a fast – although 
uneven – roll-out of vaccines. The recovery of energy demand in 2021 was compounded by 
adverse weather and energy market conditions, which led to more coal being burnt despite 
renewable power generation registering its largest ever annual growth.  

Emissions increased by over 2.0 Gt from 2020 levels. This puts 2021 above 2010 as the largest 
ever year-on-year increase in energy-related CO2 emissions in absolute terms. The rebound in 
2021 more than reversed the pandemic-induced decline in emissions of close to 1.9 Gt 
experienced in 2020. CO2 emissions in 2021 rose to around 180 megatons (Mt) above the pre-
pandemic level of 2019.[7] 

 

 

 

Figure 1- Global CO2 emission[7] 

 

The biggest increase in CO2 emissions by sector in 2021 took place in electricity and heat 
production, where they jumped by more than 900 Mt. This accounted for 46% of the global 
increase in emissions, since the use of all fossil fuels increased to help meet electricity demand 
growth. Global CO2 emissions from the buildings and industry sectors rebounded back to their 
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2019 levels, driven by increases in both advanced economies and emerging market and 
developing economies. Transport was the only sector in which global CO2 emissions remained 
well below 2019 levels.[7] 

 

 

Figure 2- Share of the CO2 emission in several sector[7] 

 

The recourse to coal-fired electricity generation in 2021 was compounded by record high natural 
gas prices. 

Despite the rebound in coal use, renewable energy sources and nuclear power provided a higher 
share of global electricity generation than coal in 2021. 

Renewable energy use increased 3% in 2020 as demand for all other fuels declined. The primary 
driver was an almost 7% growth in electricity generation from renewable sources. Long-term 
contracts, priority access to the grid, and continuous installation of new plants underpinned 
renewables growth despite lower electricity demand, supply chain challenges, and construction 
delays in many parts of the world. Accordingly, the share of renewables in global electricity 
generation jumped to 29% in 2020, up from 27% in 2019. Bioenergy use in industry grew 3%, 
but was largely offset by a decline in biofuels as lower oil demand also reduced the use of 
blended biofuels.[8] 
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Figure 3 -Renewable energy source partition[8] 

 

 

1.2 Global warming and Energy transition 
 

Compounding crises underscore the pressing need to accelerate the global energy transition. 
Events of recent years have accentuated the cost to the global economy of a centralised energy 
system highly dependent on fossil fuels. Oil and gas prices are soaring to new highs, with the 
crisis in Ukraine bringing new levels of concern and uncertainty.  

The COVID-19 pandemic continues to hamper recovery efforts, while citizens worldwide worry 
about the affordability of their energy bills. At the same time, the impacts of human caused 
climate change are increasingly evident around the globe. The Intergovernmental Panel on 
Climate Change (IPCC) warns that between 3.3 and 3.6 billion people already live in settings 
highly vulnerable to climate change.  

Short-term interventions to ameliorate immediate challenges must be accompanied by a steadfast 
focus on a successful energy transition in the medium and long term. Governments today 
shoulder the challenging task of tackling seemingly opposing agendas of energy security, 
resilience, and affordable energy for all. In the face of uncertainty, policy makers must be guided 
by the overarching goals of arresting climate change and ensuring sustainable development.[22] 

Climate change is increasing the frequency and intensity of extreme weather events such as heat 
waves, droughts, floods and tropical cyclones, aggravating water management problems, 
reducing agricultural production and food security, increasing health risks, damaging critical 
infrastructure and interrupting the provision of basic services such water and sanitation, 
education, energy and transport.[1] 

2011-2020 was the warmest decade recorded, with global average temperature reaching 1.1°C 
above pre-industrial levels in 2019. Human-induced global warming is presently increasing at a 
rate of 0.2°C per decade. 
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An increase of 2°C compared to the temperature in pre-industrial times is associated with serious 
negative impacts on to the natural environment and human health and wellbeing, including a 
much higher risk that dangerous and possibly catastrophic changes in the global environment 
will occur. 

For this reason, the international community has recognised the need to keep warming well 
below 2°C and pursue efforts to limit it to 1.5°C. 
The main driver of climate change is the greenhouse effect. Some gases in the Earth's 
atmosphere act a bit like the glass in a greenhouse, trapping the sun's heat and stopping it from 
leaking back into space and causing global warming. 

Many of these greenhouse gases occur naturally, but human activities are increasing the 
concentrations of some of them in the atmosphere, in particular: 

• carbon dioxide (CO2) 
• methane 
• nitrous oxide 
• fluorinated gases 

CO2 produced by human activities is the largest contributor to global warming. By 2020, its 
concentration in the atmosphere had risen to 48% above its pre-industrial level (before 1750). 

Other greenhouse gases are emitted by human activities in smaller quantities. Methane is a more 
powerful greenhouse gas than CO2 but has a shorter atmospheric lifetime. Nitrous oxide, like 
CO2, is a long-lived greenhouse gas that accumulates in the atmosphere over decades to 
centuries. Non-greenhouse gas pollutants, including aerosols like soot, have different warming 
and cooling effects and are also associated with other issues such as poor air quality.[2] 

 

The gap between aspiration and the reality in tackling climate change remains as significant as 
ever, despite mounting evidence of the harm that climate change is causing. Negative effects of 
climate change are becoming more evident year by year. Yet global energy-related CO2 
emissions, despite levelling off periodically, have risen by 1% per year on average over the last 
decade.[18] 
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Figure 4 -Global mean temperature difference[18] 

 

The year 2020 was one of the three warmest on record, and rivalled 2016 for the top spot, 
according to a consolidation of five leading international datasets by the World Meteorological 
Organization (WMO). A naturally occurring cooling climate phenomenon, La Niña, put a brake 
on the heat only at the very end of the year. 

All five datasets surveyed by WMO concur that 2011-2020 was the warmest decade on record, 
in a persistent long-term climate change trend. The warmest six years have all been since 2015, 
with 2016, 2019 and 2020 being the top three. The differences in average global temperatures 
among the three warmest years – 2016, 2019 and 2020 – are indistinguishably small.  The 
average global temperature in 2020 was about 14.9°C, 1.2 (± 0.1) °C above the pre-industrial 
(1850-1900) level.[19] 

Temperature is just one of the indicators of climate change. The others are: greenhouse gas 
concentrations; ocean heat content; ocean pH; global mean sea level; glacial mass; sea ice extent 
and extreme events.[19] 

Under the 2015 Paris Agreement, countries agreed to cut greenhouse gas emissions with a view 
to ‘holding the increase in the global average temperature to well below 2°C above pre-industrial 
levels and pursuing efforts to limit the temperature increase to 1.5°C above pre-industrial levels’.  

To answer the question of how close we to are 1.5°C of warming, we need to first be clear about 
how both terms are defined in this Special Report. The choice of pre-industrial reference period, 
along with the method used to calculate global average temperature, can alter scientists’ 

estimates of historical warming by a couple of tenths of a degree Celsius.  

In this report, warming is defined as the increase in the 30-year global average of combined air 
temperature over land and water temperature at the ocean surface. The 30-year timespan 
accounts for the effect of natural variability, which can cause global temperatures to fluctuate 
from one year to the next. In the decade 2006–2015, warming reached 0.87°C (±0.12°C) relative 
to 1850–1900, predominantly due to human activity increasing the amount of greenhouse gases 

https://storymaps.arcgis.com/stories/6942683c7ed54e51b433bbc0c50fbdea
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in the atmosphere. Given that global temperature is currently rising by 0.2°C (±0.1°C) per 
decade, human-induced warming reached 1°C above pre-industrial levels around 2017 and, if 
this pace of warming continues, would reach 1.5°C around 2040. 

While the change in global average temperature tells researchers about how the planet as a whole 
is changing, looking more closely at specific regions, countries and seasons reveals important 
details. Since the 1970s, most land regions have been warming faster than the global average, for 
example. This means that warming in many regions has already exceeded 1.5°C above pre-
industrial levels .Over a fifth of the global population live in regions that have already 
experienced warming in at least one season that is greater than 1.5°C above pre-industrial 
levels.[3] 

 

Figure 5-evolution of the global temperature[3] 

Some 80% of the global population lives in countries that are net energy importers. With the 
abundance of renewable potential yet to be harnessed, this percentage can be dramatically 
reduced. Such a profound shift would make countries less dependent on energy imports through 
diversified supply options and help decouple economies from wide swings in the prices of fossil 
fuels.[22] 

 

The 1.5°C Scenario outlined in the 2021 WETO envisions six technological avenues of an 
energy transition compatible with meeting the 1.5°C Paris climate goal:  

1. Renewables: Renewable electricity generation sources such as solar PV, wind etc., and the 
direct use of renewable energy, such as solar thermal and biomass. 

 2. Energy conservation and efficiency: Measures to reduce energy demand and increase the 
energy efficiency of end-use applications, including structural changes (e.g. relocation of steel 
production with direct reduced iron, a modal shift in transport) and circular economy practices 
(e.g. alternative cement materials).  
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3. Electrification of end-use sectors: Direct use of clean electricity in transport and heat 
applications.  

4. Hydrogen and its derivatives: Direct use of clean hydrogen (predominantly green hydrogen) 
along with synthetic fuels (green ammonia and methanol) and clean hydrogen-based feedstocks.  

5. Carbon capture and storage (CCS): The carbon captured and stored from point-source 
fossil fuelbased and other emitting processes, mainly in industry. 6. Bioenergy coupled with 
carbon capture and storage (BECCS) and other carbon removal measures: Bioenergy coupled 
with carbon is captured and stored: in electricity, heat generation and industrial process (e.g. 
cement kilns and chemical production). Pursuing these six technological avenues at a rapid pace 
would result in significant emission reductions between today and 2050, paving the way to a net 
zero carbon world by mid-century.[22] 

 

 

Figure 6-Reducing emissions by 2050 through six technological avenue[22] 

 

1.3 Possible future scenarios 
 

 

In a momentous period for the future of energy and emissions, the uses several long-term 
scenarios to illustrate the choices that face the world’s decision makers in the run-up to the 
crucial 26th Conference of the Parties (COP26) in November and beyond. A key variable in 
determining where the world goes from here is action taken by governments. 

The main scenarios in this Outlook are:  
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- Net Zero Emissions by 2050 Scenario (NZE), which sets out a narrow but achievable 
pathway for the global energy sector to achieve net zero CO2 emissions by 2050.  

-Announced Pledges Scenario (APS), which assumes that all climate commitments made by 
governments around the world, including Nationally Determined Contributions (NDCs) and 
longer term net zero targets, will be met in full and on time.  

-Stated Policies Scenario (STEPS), which reflects current policy settings based on a sector-by-
sector assessment of the specific policies that are in place, as well as those that have been 
announced by governments around the world.[4] 

 

 

Figure 7--Possible future scenarios[4] 

 

The path to net-zero emission is narrow: staying on it requires immediate and massive 
deployment of all available clean and efficient energy technologies. 

Emissions reductions from the energy sector are not limited to CO2: in our pathway, methane em
issions from fossil fuel supply fall by 75% over the next ten years as a result of a glob. 

Reaching net zero by 2050 requires further rapid deployment of available technologies as well as 
widespread use of technologies that are not on the market yet. Major innovation effort must 
occur over this decade in order to bring these new technologies to market time. 

The biggest innovation opportunities concern advanced batteries, hydrogen electrolysers, and 
direct air capture and storage. Together, 
these three technology areas make vital contributions the reductions in CO2 emissions 
between 2030 and 2050 in our pathway. [5] 

In 2020, renewable electricity generation rose ~7%, with wind and solar PV technologies 
together accounting for almost 60% of this increase. The share of renewables in global electricity 
generation reached almost 29% in 2020, a record annual increase of two percentage points. 
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However, the drop in electricity demand caused by the Covid-19 slowdown in economic activity 
and mobility is a key reason for this record. 
 
Renewable power deployment as a whole still needs to expand significantly to meet the Net Zero 
Emissions by 2050 Scenario share of more than 60% of generation by 2030. Yearly generation 
must increase at an average rate of nearly 12% during 2021-2030, almost twice as much as in 
2011-2020.[6] 
 
 

 
Figure 8-Net zero emissions scenarios[6] 

 

 

Energy efficiency improvements must be scaled up rapidly and substantially. Energy efficiency 
and renewable energy are the two key solutions to enable the global energy transformation.  

Of all energy sources in the electricity sector, only the use of renewables expanded in 2020, 
despite economic disruptions caused by Covid-19. Renewables-based electricity generation 
increased by 7.1% (a record 505 TWh) – almost 20% higher than average annual percentage 
growth since 2010. 

Solar PV and wind each accounted for about one-third of total 2020 renewable electricity 
generation growth, with hydro representing another 25% and bioenergy the remainder. The first 
annual decrease in electricity demand since the financial crisis of 2008, combined with record 
PV and wind capacity additions in 2020, prompted the renewables share in total electricity 
generation to increase a record two percentage points. The share of renewables in the global 
electricity supply reached 28.6% in 2020, the highest level ever recorded. 

Renewable power generation needs to continue expanding almost 12% annually over 2021-2030 
to meet the Net Zero level. Despite record renewable capacity additions, generation growth was 
still significantly below the necessary level in 2020. Much faster deployment of all renewable 
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technologies will be needed to put the world on track with the Net Zero Emissions by 2050 
Scenario.[6] 
 

There are two general approaches to reducing emissions to zero: completely decarbonising all 
energy and industrial processes so that no CO2 is emitted at all (the “zero” emissions approach), 

and offsetting any remaining emissions through the use of CDR to achieve net-zero emissions 
(the “net-zero” emissions approach). Examples of CDR include reforestation, afforestation, 

direct air capture, enhanced weathering and bioenergy CCS.[19] 

 

It shows the relative contributions in four categories: 

 1) Renewable energy, including direct uses of renewable energy (e.g., biofuels, solar thermal), 
renewable power and both direct (e.g., EVs, heat pumps) and indirect electrification (e.g., green 
hydrogen, synthetic fuels); 

 2) Energy efficiency, including structural changes (e.g., circular economy, modal shifts) and 
behavioural changes (e.g., flying less);  

3) Carbon management solutions, including CDR (e.g., reforestation, direct air capture), bio-
energy with carbon capture and storage (BECCS), CCS, and carbon capture, utilisation and 
storage (CCUS) (including blue hydrogen);  

 4) Nuclear energy.[19] 

To achieve this goal the hydrogen play an important role. 

 

 

 

Figure 9-Achievement of emission reduction[18] 
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1.4 The role of the hydrogen  
 

 

 

The increase of renewable electric energy production is crucial for replacing fossil fuels in 
transport, industrial and residential sectors. In this scenario, the development of suitable electric 
energy storage system is crucial in order to handle the unpredictability and the fluctuations 
typical of some renewable energy sources, such as wind and solar. 

In this framework, one of the most attractive technologies is represented by hydrogen, when 
coupled with electrolyser, fuel cells and gas storage technologies. The basic principle of this 
technology lies in the use of the excess renewable electricity to produce hydrogen, using an 
electrolyser driven by renewable electricity. The produced hydrogen can be stored in suitable 
(pressurized tanks, metal hydrates, liquefied hydrogen, etc.) and subsequently supplied to a fuel 
cell to produce electricity, when the user demand is higher than the renewable production.  

By coupling a reversible fuel cell with a photovoltaic (PV) or a wind turbine (WT) system, the 
fluctuations of the production of electricity can be limited thanks to the conversion into 
hydrogen. That solution, also called “green hydrogen production” allows one to store energy 

when renewable electricity production is higher than user demand and vice versa.[9] 

Because hydrogen can be stored or used in a variety of sectors, converting electricity to 
hydrogen can help with the matching of variable energy supply and demand, both temporally and 
geographically, alongside alternatives such as pumped-storage hydropower, batteries and grid 
upgrades. If renewable power generation becomes sufficiently cheap and widespread, it can be 
used not only to provide low-carbon electricity, but also to create low-carbon hydrogen that can 
displace fossil fuels in transport, heating and industrial raw materials, and indeed almost any 
application not susceptible to electrification. All this makes hydrogen one of a suite of 
technologies that work well together to support the growth of low-carbon energy at the level of 
the overall energy system.[21] 

Hydrogen can offer a solution for types of energy demand that are hard to directly electrify. 
Today almost all of this hydrogen comes from fossil fuels or from electricity generated by fossil 
fuels, with a high carbon footprint. Green hydrogen is produced by renewable electricity through 
electrolysis, and costs are falling fast. Green hydrogen will become cost competitive with “blue” 

hydrogen (produced from fossil fuels combined with carbon capture and storage [CCS]) in the 
next few years in locations with favourable low-cost renewable electricity.  

 

Hydrogen can be processed further into hydrocarbons or ammonia, which can then help reduce 
emissions in shipping and aviation. The natural gas industry is also looking at hydrogen as a 
promising solution for greening the gas system and extending the life of existing infrastructure. 
However, this approach must be viewed with caution in light of unclear prospects of actually 
being able to significantly reduce emissions of the gas system and the potential to lock in carbon-
intensive infrastructure. 

https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/electric-energy-storage
https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/electric-energy-storage
https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/electrolyzer
https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/produce-hydrogen
https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/photovoltaics
https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/wind-turbines
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 A hydrogen commodity trade is nascent, but hydrogen could become the clean energy vector 
that makes it possible to tap into ample remote, low-cost renewable energy resources – a 
development that could have important geopolitical implications as well as further accelerating 
the demand for renewable power generation. [18] 

 

Figure 10-Evolving hydrogen production [18] 

 

 

 

A colour-code system is commonly used to refer to different hydrogen production methods. 
Most hydrogen today is “grey” hydrogen, which is produced using fossil fuels, notably through 

steam methane reforming of natural gas or gasification of coal.7 These fossil fuel-based 
production methods, which account for 95% of today’s hydrogen supply, result in a substantial 
CO2 footprint and are not compatible with moving towards net zero emissions.[23] 
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Figure 11-Colour code hydrogen production [23] 

 

 

 

Two main routes are under consideration to replace grey hydrogen with a clean form of 
production: green and blue hydrogen.  

Green hydrogen production is fully consistent with the net zero route. It relies on technologies 
that have long been well known, based on water electrolysis powered by renewable electricity. 
Currently, hydrogen production from renewable sources is limited, but this is set to change with 
the global focus on its potential.  

Blue hydrogen is produced from fossil fuels with CCS. Retrofitting CCS to grey hydrogen 
production facilities would allow continued use of these assets with lower greenhouse gas 
emissions. However, blue hydrogen relies on fossil gas, which brings risks of upstream or 
midstream leakages of methane, a much more potent greenhouse gas than CO2. Blue hydrogen 
can thus yield very low greenhouse gas emissions, only if methane leakage emissions do not 
exceed 0.2%,8 with close to 100% carbon capture.[23] 

 

Hydrogen holds long-term promise in many sectors beyond existing industrial applications. The 
transport, buildings and power sectors all have potential to use hydrogen if the costs of 
production and utilisation develop favourably relative to other options. The complex processes 
involved in developing and deploying hydrogen, however, mean that carefully crafted policy 
support will be critical.[21] 

Power generation offers many opportunities for hydrogen and hydrogen-based fuels. In the near 
term ammonia could be co-fired in coal-fired power plants to reduce CO2 emissions. Hydrogen 
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and ammonia can be flexible generation options when used in gas turbines or fuel cells. At the 
low capacity factors typical of flexible power plants, hydrogen costing under USD 2.5/kg has 
good potential to compete. Key low-carbon competitors for such services include natural gas 
with CCUS and biogas. In the longer term, hydrogen can play a role in large scale and long-term 
storage to balance seasonal variations.[21] 

 

Fuel cells are a further option to convert hydrogen into electricity and heat, producing water and 
no direct emissions. Fuel cell technologies for stationary power applications Various fuel cell 
technologies exist for stationary power applications:  

 

1. Polymer electrolyte membrane fuel cells (PEMFCs) operate at relatively low 
temperatures (below 100°C) and have a quick start-up time. They require, however, a 
pure hydrogen stream, or an external reformer if natural gas is used as fuel. PEMFCs are 
used today as micro co-generation units, operating with natural gas or LPG in residential 
buildings.  

 

2. Phosphoric acid fuel cells (PAFCs), based on phosphoric acid as electrolyte, are used 
today as stationary power generators with outputs in the 100–400 kW range. In addition 
to electricity, they also produce heat at around 180°C, with potential uses for space and 
water heating.  

 

3. Molten carbonate fuel cells (MCFCs) and solid oxide fuel cells (SOFCs) operate at 
higher temperatures, 600°C and 800–1 000°C respectively, which allow them to run on 
different hydrocarbon fuels without the need for an external reformer to produce 
hydrogen first. MCFCs are used in the MW scale for power generation (due their low 
power density, resulting in a relatively large size). The produced heat can be used for 
heating or cooling purposes in buildings and industrial applications.  

 

SOFCs have similar application areas, often at smaller scale in the kW range, such as micro co-
generation units or for off-grid power supply.[21] 

Global installed stationary fuel cell capacity has been rapidly growing over the last ten years, 
reaching almost 1.6 GW in 2018, although only around 70 MW uses hydrogen as fuel; most of 
the existing fuel cells today run on natural gas. 
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Figure 12-Global installed stationary fuel cell capacity growth[21] 

 

The provision of back-up power and off-grid electricity is today often still dominated by diesel 
generators. Fuel cells represent a possible alternative, in many cases reducing local air pollution 
as well as the need for imported diesel. Fuel cell systems, relying on bottled hydrogen, methanol 
or ammonia as fuel, offer an alternative to diesel generators or battery systems.  

Compared to battery systems, fuel cells can operate in environments from -40°C to 50°C without 
the need for any cooling. (It has been also reported that compared to diesel generators, PV 
systems and batteries, fuel cells and their fuel appear less attractive to thieves.) Fuel cell systems, 
relying on bottled hydrogen, methanol or ammonia as fuel, offer an alternative to diesel 
generators or battery systems.  

They can be manufactured with electronics industry techniques, and installed quickly and on a 
modular basis in densely populated areas. They run quietly without NOx emissions and provide 
resilience against power grid outages by using the natural gas grid, thus avoiding the need for on-
site fuel storage.  

The modular nature of fuel cells means that they lend themselves to real-time monitoring and 
servicing of components without downtime, which fits well with the trend towards more 
digitalisation in operations and branding. To reduce emissions they could switch to be run on 
hydrogen in the future or fitted with CO2 capture if a system for collecting the CO2 were 
available, for example for geological storage.[21] 

Fuel cells can be deployed in stationary applications (at large-scale power plants, for instance); 
they can also be used in transport applications, such as fuel cell electric cars, trucks, buses, 
forklifts, ferries and ships, and aircraft. Historically, most policy support for hydrogen went to 
fuel cell electric vehicles and hydrogen refuelling stations . Global shipments of fuel cells have 
grown at a relatively modest pace, however. In 2020, 1.3 GW of fuel cells were sold globally. 
Most of the capacity went into cars, buses and trucks in Asia; some 8 000 FCEVs were sold in. 
Although it is the highest number on record, the figure pales compared with the 3 million electric 
cars sold globally the same year.[23] 
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Figure 13-Fuel cell sales, by region of adoption, 2016-2020 [23] 
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2.Solide oxide fuel cell 
 

2.1 Technologies and processes 
 

 

Clean, affordable, efficient, and sustainable are the key features of an excellent power generator. 
One example is a solid oxide fuel cell (SOFC), a power generator that produces electricity from 
an electrochemical reaction between a fuel and an oxidant. An electrochemical cell is a device 
able to both convert chemical energy into electrical one, fuel cell, and also to convert the 
electrical energy into chemical one, electrolyser. 

SOFC is a cogeneration device equipped with high fuel flexibility that permits cheap, safe, and 
readily available fuels such as hydrocarbons, coal gas, biomass, hydrogen, and syngas. In 
addition, SOFC can reform hydrocarbon fuels internally and tolerate some degree of common 
fossil fuel impurities, such as ammonia and chlorides.  

Some of the advantages of the SOFC are low carbon emissions, long-term stability, and high 
output efficiency. Nowadays, the three application segments of the SOFC industry include 
stationary, transportation, and portable applications.[8] 

SOFCs use a solid ceramic electrolyte, such as zirconium oxide stabilised with yttrium oxide, 
instead of a liquid or membrane. Their high operating temperature means that fuels can be 
reformed within the fuel cell itself, eliminating the need for external reforming and allowing the 
units to be used with a variety of hydrocarbon fuels. They are also relatively resistant to small 
quantities of sulphur in the fuel, compared to other types of fuel cell, and can hence be used with 
coal gas. 

A further advantage of the high operating temperature is that the reaction kinetics are improved, 
removing the need for a metal catalyst. There are however some disadvantages to the high 
temperature: these cells take longer to start up and reach operating temperature, they must be 
constructed of robust, heat-resistant materials, and they must be shielded to prevent heat 
loss.[24] 

 

The high operating temperature in addition to being a cause of problems (mechanical and 
chemical stability of materials used, higher start-up times than in other cells) allows the 
realization of internal reforming reactions to the cell itself. 

An essential aspect related to SOFC cells is also the wide possibility of using the heat produced 
by the electrochemical reaction, mainly linked to ohmic losses and those of activation of the 
electrodes. The heat produced is used to keep high the operating temperatures of the cell, to 

https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/materials-science/electrochemical-reaction
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preheat the cathodic reagent flow and to heat recovery for cogeneration uses. Electrical power 
and heat are the two useful products of a SOFC stack. 

There are three different SOFC geometries of SOFC: planar, coplanar and micro-tubular. In the 
planar design, components are assembled in flat stacks where the air and hydrogen traditionally 
flow though the unit via channels built into the anode and cathode. In the tubular design, air is 
supplied to the inside of an extended solid oxide tube (which is sealed at one end) while fuel 
flows round the outside of the tube. The tube itself forms the cathode and the cell components 
are constructed in layers around the tube.[24] 

The two main used configurations are planar and tubular. These two different configurations 
then have variants, for example exist planar cells with a circular disc shape fuelled with fuel in 
correspondence central axis, or square planar configurations in which the fuel is fed at the outer 
edges.  

Tubular cells can be classified according to the size of the diameter.  In both cases, in typical 
operating conditions a single cell is able to produce a lower amount of voltage so is fundamental 
to connect several cells is series.  

Focusing on the planar configuration, the key requirements that a cell must have with planar 
configuration are: 

• Good electrical characteristics: the configuration of the cell must be such as to reduce 
ohmic losses in the stack. Current flow paths in the components must be as short as 
possible. 

• Good electrochemical characteristics: configuration must ensure high open circuit 
voltages and minimal losses due to polarization. 

• Thermal management: refers to the fact that the configuration must be such to have a 
uniform temperature distribution in the cell. 

• Good mechanical characteristics: mechanical resistance must be maintained suitable for 
manufacture, assembly and operation. 

The fuel cell is made of four basic functional components, two porous electrodes: anode and 
cathode, a dense electrolyte (between anode and cathode) and the interconnector. Is able to 
conduct a complete redox reaction. The oxidation occurs at the anode side while the reduction at 
the cathode. 

 

The electrode mechanisms are more complicated and composition, morphology and thickness of 
the electrodes have to be’ carefully optimised in order to obtain good performance. Whatever the 
nature of the electrolyte is, the phenomena that takes place in the electrodes, for example in a 
cathode, can be summarised as follows: 
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1. transport of electrons from the current collector to the reaction site through an electronic 
conductor;  

2. electrochemical reaction at an electrochemically active site, a point where the reactive 
gas, the electronic conductor and the ionic conductor are present at the same time (three 
phase boundary, TPB);  

3. transport of ions from the reaction site to the electrolyte through the ionic conductor.  

An analogous framework holds for the anode. So, the electrode must be formed by a mixture of 
ionic conductor/electronic conductor materials, and porosities must be present in the structure so 
that the gas can reach the active sites. Two parameters are of great importance for good electrode 
performances: an efficient three-phase boundary area, that is the active area for the 
electrochemical reaction, and a high level of ionic and electronic conductivities.[30] 

Hydrogen-rich fuel is supplied to the anode side of the SOFC and undergoes a process known as 
fuel oxidation, where H2 is oxidised and release electrons. At the same time the O2- that are 
produced at the cathode side, that is supplied with air or pure oxygen, achieved through the 
electrolyte that is an ion-conducting ceramic solid layer, the anode where the water is released.  

 

 

 

Figure 14-SOFC cross section[34] 

 

 

The main reactions for anode and cathode of the SOFC, respectively are given in the following: 

𝐻2 + 𝑂2− → 𝐻2𝑂 + 2𝑒−         (1) 
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1

2
𝑂2 + 2𝑒− → 𝑂2−      (2) 

 

And the total reaction is as follows: 

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂    (3) 

 

The released electrons would then travel through external circuit called interconnector that is 
used to electrically connect each single cells. Single cell comprises of anode, electrolyte and 
cathode. Interconnector are placed between single cells.  

Several cells are connected in series forming the stack, because the voltage produce by a single 
cell is very low, in the order of magnitude of 0.8V, connecting in series a certain amount of cell a 
reasonable voltage is reached. 

The interconnect acts also as a gas barrier separating the air on the cathode electrode and 
hydrogen on the anode electrode of adjacent repeating unit cell, to avoid the contact to the two 
gases that lead to the damage of the cell.  

In the planar configuration to further avoid this leakages phenomenon a sealant, normally a glass 
sealant, due to the higher operating temperature, is used. 

 

 

 

Figure 15-SOFC layer components [35] 
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These two semi-reactions generate a charge separation which leads to a voltage gradient. The 
difference between the anodic voltage gradient and the cathodic voltage gradient is defined as 
the voltage gradient of the cell. Considering the total number of cell, the voltage gradient od the 
stack is obtained.  

 

The materials used for each component should have the following characteristics: 

• Each component must have suitable electrical properties to achieve its function within the 
cell.  

• Adequate chemical and structural stability at high temperatures during the operation of 
the cell as well as during the stages of manufacture. 

• Minimal reactivity and diffusivity between the different components of the cell. 
• Compatible thermal expansion between the various components of the cell. 

 

Cathode  

 

The cathode must have the following properties: 

• High electronic conductivity. 
• Chemical and structural stability during cell operation operations and during the 

manufacture of interconnections, the electrolyte layer and the anodic one  
• Coefficient of thermal expansion compatible with the other components of the cell. 
• Minimal reactivity and affinity with electrolyte and interconnects, components with 

which the cathode comes into contact. 
• Sufficient porosity to facilitate molecular oxygen transport from the phase gaseous at the 

cathode-electrolyte interface. 

The main material used for the cathode is the (LSM) strontium doped lanthanum manganite, that 
is a mixed ionic electronic conductor (MIEC) material.  LSM is a p-type semiconductor, with 
good ionic and electronic conductivity. This component is characterized by a porous structure, to 
allows the mass transport of the reactant and of the product gases. 

 

Electrolyte  

 

The electrolyte must have some characteristics to be used successfully: 

• It has to be dense. 
• Must have proper composition to give good ion conduction to the operating temperatures. 
• It must be thin to reduce ionic resistance. 
• It must be extended as a surface to maximize current capacity. 
• It must have thermal shock resistance. 
• It must be easily machinable. 
• Coefficient of thermal expansion similar to the other components. 
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The most effective material for the electrolyte is Y2O3-stabilized ZrO2 (YSZ), Yttria stabilized 
zirconia materials. The SOFC operates at 600–1000◦C where the ceramic electrolyte becomes 

conductive to oxygen ions, O2−, but not conductive to electrons. Due to the high operating 
temperatures the improvement of transport phenomena and the possibility to exploit non-
precious catalysts is guaranteed.  

At the same time the use of high-quality steel for auxiliary components is necessary. Other 
materials can be considered for the electrolyte layer with higher values of oxygen ion 
conductivity for example CeO2, but they are less stable at low oxygen partial pressure. 

 

 

Anode 

 

The anode must have the following properties: 

• High electronic conductivity. 
• Chemical and structural stability during cell operation operations and during the 

manufacture. 
• Coefficient of thermal expansion compatible with the other components of the cell. 
• Minimal reactivity and affinity with electrolyte and interconnects, components with 

which comes into contact. 
• Sufficient porosity to facilitate molecular oxygen transport from the phase gaseous at the 

cathode-electrolyte interface. 
 
 

Typically, the anode is made of nickel/ yttria-stabilized zirconia (Ni/YSZ) cermet. Nickel has the 
functions of both catalyst and electronic phase. The anode should be porous, typical value are in 
the range of 15%-40%, for the same reason explained for the cathode. 

 

Interconnector  

 

In general terms, the interconnect has to meet the following demands:  

• Excellent electrical conductivity. The acceptable area-specific resistance (ASR) level is 
considered to be below 0.1 Ωcm2. 

• Adequate stability in terms of dimensions, microstructure, chemistry and phases at 
operating temperature around 800◦C in both oxidizing and reducing atmospheres. 

• Excellent imperviousness for oxygen and hydrogen to prevent direct combination of 
oxidant and fuel during operation. 

• Coefficient of thermal expansion matching those of electrodes and electrolyte. 
• Low cost, as well as easy to fabrication and shaping.  
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Nowadays the material mainly used for the interconnector is Crofer 22 APU, that is a ferritic 
stainless steel doped with 22 wt% of chromium. 

 

 

Sealant 

Anther fundamental aspect is related to the sealing material, to obtain gas-tightness and to 
prevent gas leakages. Material choice is not trivial, since must guarantee: 

• Good adhesion with both ceramic electrodes and metallic interconnector, that are 
intrinsically different.  

• The capability to join the different cell with the interconnector has to be guaranteed for 
different temperature ranges, so has to be able to sustain thermal cycles. 

• Coefficient of thermal expansion similar to the other component. 
• Good electronic resistivity   

  The stare o art for the sealant is a glass-ceramic materials, typically an aluminium silicate. 

 

 

2.2 Solid Oxide Fuel Cell configuration  
 

 

Among the three different geometries of SOFC: planar, coplanar and micro-tubular. The two 
main used are the tubular and planar. 

However, tubular SOFCs have been limited mainly due to practical fabrication procedures for 
such geometry into multiple assemblies. On the other hand, planar SOFC received much 
attention for their higher current density alongside straightforward and short-time fabrication 
process and assembly. 

For single SOFCs, which are there is another distinction: 

• Self-supported  
• Externally-supported 

As for the self-supported category, the layer that is the thickest functions as support for the 
structural cell; hence, it could be adopted as electrolyte supported, anode-supported or cathode-
supported. 

On the other hand, in that of externally-supported, thin layers of single cell are set upon substrate 
that is porous in nature. Both these two configurations possess benefits and drawbacks. 

For electrolyte-supported SOFCs, elevated ohmic resistance from the thick electrolyte support 
contributes to low power density and is not commonly used. As an alternative, anode-supported 
SOFC is favoured due to its lower polarisation with additional improved electrochemical 
performance relative to cathode-supported SOFC. 
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Also, due to the demand for high power density at a lower operating temperature, SOFC designs 
primarily focus on a thin electrolyte film deposited on a porous electrode substrate. Nonetheless, 
anode, electrolyte, and cathode components in the SOFC design insinuate polarisation resistance 
due to electrode/electrolyte interfaces.[8] 

Another possible option is the electrolyte (layer)-free fuel cell (EFFC). EFFC performs the fuel 
cell functions of converting H2 and O2 during cell operation, just like traditional SOFC. EFFC 
operates similarly to a single cell’s electrochemical process, however, the geometry of the EFFC 
is significantly different from the conventional three-layer SOFC.  

The structure of EFFC is a homomorphous layer constituted by a mixture of semiconductor and 
oxygen-ion, is considered as a single component cell that simultaneously serves as the electrodes 
and electrolyte. 

One of the issues when utilising the EFFC is the risk of gas crisscross between the oxidant and 
fuel without dense electrolytes as the gas separator. 

 

 

 

Figure 16- Planar SOFC configuration[8] 

 

 

In the Figure 16 all the three configurations are represented. The support layer is the thickest 
one, so in the first is the anode, then cathode and the last in the electrolyte.  

In the third picture electrolyte is the thickest and serves as the mechanical support for the whole 
cell. However, due to the high Ohmic resistance of the relatively thick electrolyte layer, the 
electrolyte supported design has been gradually replaced by the new electrode supported cells, in 
which one of the porous electrodes is the supporting structure.  

Moreover, since cathode supported cell usually gives higher resistance, and is much harder to 
fabricate due to the mismatched thermal expansion coefficient of cathode support and functional 
layer, the anode supported cell (ASC) is the most widely accepted design in current SOFC 
research.[8] 

To overcome the problems related to the high temperature operation of SOFC and enhance the 
performances, the research is focused on developing of new materials and configurations which 
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provides better or similar performance. An important aspect of reducing the operating 
temperature is the consequent reduction in the ionic conductivity of the electrolyte that led to 
higher ohmic overpotential.  

The ohmic overpotential can be minimized by using electrode supported configuration of SOFC, 
in this way the thickness of the electrolyte is reduced. However, in electrode-supported cells, the 
contribution associated to the concentration overpotential, due to resistance to transport of 
reactants to the reaction sites becomes significant.  

All these aspects point out that the thicknesses of different components of SOFC should be 
optimized in order to minimize both ohmic and concentration overpotentials to provides better 
performance.  

The resistance to the flow of reactant species through the void spaces of the porous layers results 
in lower reactant concentration at the reaction sites. The mass transport limitation, so the 
concentration overpotential, is referred to loss in cell potential.  

To minimize this concentration overpotential, that occurs mainly at higher current densities, an 
accurate determination of the rate of mass transport inside the porous electrodes is extremely 
important.  

The rate of mass transport inside the porous electrodes of SOFC depends on the operating and 
design parameters such as temperature, pressure, fuel composition, pore size, porosity and 
tortuosity.[31] 

The configuration of a SOFC anode can be simply modeled as shown in Figure-17. For 
modeling, the coupled electrochemical reaction and mass transfer in a composite anode and the 
reaction processes can be summarized as:  

1. transport of reactant H2 to the reaction sites through the pores of the anode and transport 
of O2− from the electrolyte to the reaction sites through the ionic conducting particles;  

2. electrochemical reaction of H2 and O2− to form H2O and electrons at the active sites;  
3. transport of electrons from the active sites to the current collector through the electronic 

conducting particles and transport of the H2O product to the anode surface via the pores 
of the anode.  

The configuration of the composite cathode of a SOFC also consists of both electronic and ionic 
conducting particles. Therefore, the mathematical model of the cathode side can be formed in the 
similar manner.[15] 
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Figure 17-Model configuration of SOFC anode[15] 

 

 

In this work the anode support cell is the one under study. In particular in the 
following chapters the modelling is done considering a circular shape. 

 

 

2.3 Faraday’s Law and Nerst Equation 
 

The Faraday’s Law of electrolysis expresses the magnitude of electrolysis effects. It quantifies 

the electric current produced by the flow of electrons: 

 

�̇� =
𝐼

𝑍𝑖𝐹
     (4) 

Where:  

• �̇� is the molar flow, [mol/s] ;  
• I is the current, [A];  
• 𝑍 is the charge number [-], representing the number exchanged during the rection (gained 

by reduction and delivered by oxidation);  
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• F is the Faraday constant, equal to 96485 [C/mol], and it is obtained multiplying the 
Avogadro constant NA = 6.02214076×1023[ mol−1] and the charge of an electron qe- 
=−1.60217663x10-19 [C].  

 

𝐹 = 𝑁𝐴 ∙ 𝑞𝑒−      (5) 

 

From the molar flow the mass flow Gi can be easily obtained using the molar mass Mi: 

𝐺𝑖 = 𝑛𝑖̇ 𝑀𝑖      (6) 

  

Going on with the thermodynamic and chemical analysis of the cell, another fundamental 
equation, called the Nernst equation, is introduced. The formula is obtained under the following 
hypothesis:  

-The system is in equilibrium conditions, allowing the transition of state from the initial to the 
final conditions.  

-Steady state conditions are considered; no dynamic behaviour is assumed. 

 

 

And is written as: 

𝐸 = −
∆𝑔𝑟𝑒𝑎𝑐𝑡̂

𝑍𝐹
       (7) 

 

Where Δgrect is the Gibbs Free Energy and in the fuel cell mode operation is negative. 

This equation is obtained considering the first and second laws of thermodynamic to the cell 
system. In case of fuel cell the power is produced so is positive and the Gibbs free energy is 
negative. 

First law of thermodynamic: 

 

𝛷 − 𝑊𝑒𝑙 − (∑ 𝑛𝑖̇ ℎ�̅�
𝑛
𝑖=1 )

𝑝𝑟𝑜𝑑𝑢𝑐𝑡
+ (∑ 𝑛𝑖̇ ℎ�̅�

𝑛
𝑖=1 )

𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡
        (8) 

 

Second law of thermodynamic: 

 
𝛷

𝑇
− (∑ 𝑛𝑖̇ 𝑠�̅�

𝑛
𝑖=1 )𝑝𝑟𝑜𝑑𝑢𝑐𝑡 + (∑ 𝑛𝑖̇ 𝑠�̅�

𝑛
𝑖=1 )𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 = 0            (9) 
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These two equations can be rewritten dived by the molar flow of the fuel nf  all the terms, 
considering the stochiometric coefficient 𝜈i, the molar specific heat and the molar work: 

𝜈𝑖 =
𝑛𝑖̇

𝑛�̇�
          (10) 

 

�̅� =
𝛷

𝑛�̇� 
          (11) 

 

 

𝑙 ̅ =
𝑊𝑒𝑙

𝑛�̇�
        (12) 

So: 

�̅� − 𝑙 ̅ − (∑ 𝜈�̇�ℎ�̅�
𝑛
𝑖=1 )

𝑝𝑟𝑜𝑑𝑢𝑐𝑡
+ (∑ 𝜈�̇�ℎ�̅�

𝑛
𝑖=1 )

𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡
          (13) 

 

 
�̅�

𝑇
− (∑ 𝜈�̇�𝑠�̅�

𝑛
𝑖=1 )𝑝𝑟𝑜𝑑𝑢𝑐𝑡 + (∑ 𝜈�̇�𝑠�̅�

𝑛
𝑖=1 )𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 = 0        (14) 

 

 

 

The combination of these two equations allows the calculation of the open circuit voltage (OCV) 
that represents the voltage that would be measured during open circuit conditions, so without any 
current flow: 

 

𝑂𝑉𝐶𝑓𝑢𝑒𝑙 𝑐𝑒𝑙𝑙 = −
∆𝑔𝑟𝑒𝑎𝑐𝑡(𝑇,𝑝0)̂

𝑍𝐹
+ 𝑅𝑇𝑙𝑛

∏
𝑝

𝑖

𝑣𝑖

𝑝0

𝑟𝑒𝑎𝑐𝑡
𝑖

∏
𝑝

𝑖

𝑣𝑖

𝑝0

𝑝𝑟𝑜𝑑
𝑖

            (15) 

 

Where νi is the stoichiometric coefficient of the i-th species. 

Since there is a direct connection between the partial pressure and the concentration of a 
chemical species the previous expression can be also written in the form: 
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𝑂𝑉𝐶𝑓𝑢𝑒𝑙 𝑐𝑒𝑙𝑙 = −
∆𝑔𝑟𝑒𝑎𝑐𝑡(𝑇,𝑝0)̂

𝑍𝐹
+ 𝑅𝑇𝑙𝑛

∏
𝑐

𝑖

𝑣𝑖

𝑐0

𝑟𝑒𝑎𝑐𝑡
𝑖

∏
𝑐

𝑖

𝑣𝑖

𝑐0

𝑝𝑟𝑜𝑑
𝑖

              (16) 

 

Assuming that the gases are treat as ideal gas, the equation of the Nernst potential considering 
that the fuel cell works with hydrogen at the anode, oxygen at the cathode and producing water 
at the output, became: 

𝑂𝑉𝐶𝑓𝑢𝑒𝑙 𝑐𝑒𝑙𝑙 = −
∆𝑔𝑟𝑒𝑎𝑐𝑡(𝑇,𝑝0)̂

𝑍𝐹
+ 𝑅𝑇𝑙𝑛 (

𝑝𝐻2𝑝𝑂2

1/2

𝑝𝐻2𝑂
)                (17) 

 

 

 

2.4 Transport phenomena  
 

 

When the system is operation, the cell works not as an open circuit but close. The system in no 
more in equilibrium conditions and the transport phenomena are the one that dominates.  

The performance of a SOFC at high operating current densities is reduced mainly due to the 
mass transport losses, that is, the demand for reactants exceeds their capacity to diffuse through 
the porous anode to the reaction site at the anode–electrolyte interface.  

The multi-component mass transport in SOFC anodes is also coupled with the bulk chemical 
reactions and the resulting diffusion and reaction time scales of different species dictate the 
limiting behaviour. 

 

 The three transport phenomena in the system are: 

• The charge transfer; 
• The charge migration; 
• Molecular diffusion; 

 

All these phenomena determine a voltage drops: 

• Activation overvoltage; 
• Ohmic overvoltage; 
• Concentration overvoltage; 
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Each of these three terms can be expressed as a function of the current. 

The voltage of the cell is obtained through the formula:  

 

 
𝑉𝑐𝑒𝑙𝑙 = 𝑂𝑉𝐶 − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚 − 𝜂𝑐𝑜𝑛           (18) 

 

The terms ηconc and ηact correspond respectively to the concentration and activation 
overpotentials both at the anode or cathode side. The ohmic term is expressed as the product of 
the ohmic resistance and the current. 

 

The complete equation is: 

 

𝑉𝑐𝑒𝑙𝑙 = 𝐸𝑖=𝑜 + 𝜂𝑐𝑜𝑛𝑐
𝑎𝑛𝑜𝑑𝑒 + 𝜂𝑐𝑜𝑛𝑐

𝑐𝑎𝑡ℎ𝑜𝑑𝑒 + 𝜂𝑎𝑐𝑡
𝑎𝑛𝑜𝑑𝑒 + 𝜂𝑎𝑐𝑡

𝑐𝑎𝑡ℎ𝑜𝑑𝑒 + 𝑅𝑜ℎ𝑚𝑖             
(19)  

 

 

with Ei=0 corresponds to the Open Circuit Voltage (OCV) expressed from the Nernst’s equation: 

 

 

𝐸𝑖=𝑜 = 𝐸0(𝑇) +
𝑅𝑇

2𝐹
𝑙𝑛

𝑦𝐻2

𝑇𝐵𝐶𝐶,𝑖=0
(𝑦𝑂2

𝑇𝐵𝐶𝑎,,𝑖=0
)

0.5

𝑦𝐻2𝑂

𝑇𝐵𝐶𝐶,,𝑖=0                              (20) 

 

 

where E0(T) is the standard potential and yj the partial pressures at OCV (i = 0) or under current 
(i =/ 0). The superscripts TPBa and TPBc denote the Triple Phase Boundaries at anode and 
cathode side. 

The three-phase boundary (TPB) density is the most significant of all the microstructure 
parameters. This because the electrochemical reaction takes place in the TPBs where gas, 
electronic, and ionic phases meet. So, the TPB layer that is also called the active layer, is a 
mixed ionic and electronic conductor and is connected to the electrolyte. 
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Activation overpotentials 

 

ηact is the activation overvoltage term, which represents represent the voltage loss induced by the 
electrochemical reactions occurring at the electrodes/electrolyte interfaces and so an energy 
barrier that must be overcome to activate the electrolysis process. The equation used in case of 
high-temperature cell to describe this phenomenon is the Butler-Volmer, this equation represents 
a standard model that describes the relation between the current density and the overvoltage in an 
electrode of a cell at the temperature of reacting chemical species: 

 
 

𝑖 = 𝑖0 [𝑒𝑥𝑝 (𝛽
𝐹𝑛𝑒𝜂𝑎𝑐𝑡

𝑅𝑇
) − 𝑒𝑥𝑝 (

−(1−𝛽)𝐹𝑛𝑒𝜂𝑎𝑐𝑡

𝑅𝑇
)]                    (21) 

 
 
 
where i is the current density, β is the symmetric coefficient, i0 is the exchange current, ne is the 
number of electrons transferred per reaction. 
 
The coefficient β is fraction of the activation energy, so is considered to be the fraction of the 
change in polarization that leads to a change in the reaction rate constant. The value for β varies 

from 0 to 1 and its value is usually 0.5 for the fuel cell application. The exchange current density 
is the forward and reverse electrode reaction rate at the equilibrium potential. A high exchange 
current density means that a high electrochemical reaction rate and good fuel cell performance 
can be expected.  
 
When β=0,5: 
 
 

𝑖 = 2𝑖𝑜𝑠𝑖𝑛ℎ (
𝐹𝑛𝑒𝜂𝑎𝑐𝑡

2𝑅𝑇
)            (22) 

 
So: 

𝜂𝑎𝑐𝑡 =
2𝑅𝑇

𝐹𝑛𝑒
𝑠𝑖𝑛ℎ−1 (

𝑖

2𝑖𝑜
)           (23) 

 

the general formula con be expressed for the two electrodes, considering the transport coefficient 
α for both anode and cathode: 

 

https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/overvoltage
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𝑖 = 𝑖𝑜,𝑎𝑛𝑜𝑑𝑒 {𝑒𝑥𝑝 (
𝛼𝑎

𝑎𝑛𝐹𝜂𝑎𝑐𝑡
𝑎𝑛𝑜𝑑𝑒

𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝛼𝑐
𝑎𝑛𝐹𝜂𝑎𝑐𝑡

𝑎𝑛𝑜𝑑𝑒

𝑅𝑇
)}             (24) 

 

 

𝑖 = 𝑖𝑜,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 {𝑒𝑥𝑝 (
𝛼𝑎

𝑐𝑎𝑡𝐹𝜂𝑎𝑐𝑡
𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝛼𝑐
𝑐𝑎𝑡𝐹𝜂𝑎𝑐𝑡

𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑅𝑇
)}       (25) 

 

 

Where i0,anode and i0,cathode represent respectively the anode and cathode exchange current 
densities, defined as: 

 

𝑖𝑜,𝑎𝑛𝑜𝑑𝑒 = 𝛾𝑎𝑛(𝑦𝐻2
(𝑟))(𝑦𝐻2𝑂(𝑟)) ∙ 𝑒𝑥𝑝 (

−𝐸𝑎𝑐𝑡,𝑎𝑛

𝑅𝑇
)        (26) 

 

𝑖𝑜,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = 𝛾𝑐𝑎𝑡(𝑦𝑂2
(𝑟))

0.25
∙ 𝑒𝑥𝑝 (

−𝐸𝑎𝑐𝑡,𝑐𝑎𝑡

𝑅𝑇
)       (27) 

 

Where Eact,an and Eact,cat  are respectively the activation energies of the anodic and cathodic 
reaction, while γan and γcat  are parameters obtained from the fitting experimental data. Typical 
values for the γcat is 200∙109 A/m2, while in this thesis the γan used as adjustable parameter in the 
following chapter to fit the theoretical curve from the model with the experimental one.  From 
literature typical  value for the SOFC mode is 1.5∙109 A/m2. 

In this case α is the transfer coefficient and can be expressed both for the anode and the cathode 

as: 

 

𝛼𝑐
𝑎𝑛 = 𝛽 ∙ 𝜂𝑒𝑙,𝑎           𝛼𝑎

𝑎𝑛 = (1 − 𝛽) ∙ 𝜂𝑒𝑙,𝑎     (28) 

 

 

𝛼𝑐
𝑐𝑎𝑡 = 𝛽 ∙ 𝜂𝑒𝑙,𝑐            𝛼𝑎

𝑐𝑎𝑡 = (1 − 𝛽) ∙ 𝜂𝑒𝑙,𝑐    (29) 

With the symmetrical factor taken equal to 0.5: 

 

𝛼𝑐
𝑎𝑛 = 𝛼𝑎

𝑎𝑛           𝛼𝑎
𝑐𝑎𝑡 = 𝛼𝑐

𝑐𝑎𝑡    (30) 
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 The activation overpotentials can be derived from the equation: 

 

 

𝜂𝑎𝑐𝑡
𝑎𝑛𝑜𝑑𝑒 + 𝜂𝑎𝑐𝑡

𝑐𝑎𝑡ℎ𝑜𝑑𝑒 =
𝑅𝑇

𝐹
𝑠𝑖𝑛ℎ−1 {

𝑖

2∙𝑖𝑜,𝑎𝑛𝑜𝑑𝑒
} +

𝑅𝑇

𝐹
𝑠𝑖𝑛ℎ−1 {

𝑖

2∙𝑖𝑜,𝑐𝑎𝑡ℎ𝑜𝑑𝑒
}       (31) 

 

The exchange current densities depend on the temperature according to an Arrhenius law and to 
the reactant/product concentrations in the neighbourhood of the active sites. 

 
 
 
 
Ohmic overvoltage  
 
 
ηohm is the ohmic overvoltage term, depending on the ohmic resistance of both electrons and ions 
flows through all the components and the connectors. The equation adopted for calculating this 
term is: 
 

𝜂𝑜ℎ𝑚 = 𝑖𝐴𝑆𝑅𝑜ℎ𝑚            (32) 

 
 
where the area-specific ohmic resistance, ASRohm, is a semi-empirical function of the temperature 
and the materials. 
 
The term Rohmi denotes the pure ohmic losses including all the layers: the ionic resistance of the 
electrolyte Rel and electronic resistances of both electrodes, for the cathode Rcathote and for the 
anode Ranode. 

The global contact resistances between the electrodes and the interconnects, R 

 

𝑅𝑜𝑚ℎ = 𝑅𝑐𝑎𝑡ℎ𝑜𝑑𝑒 + 𝑅𝑎𝑛𝑜𝑑𝑒 + 𝑅𝑒𝑙 + 𝑅𝑐           (33) 

 

 

 

Where the structure of the R  is : 

𝑅 =
𝛿

𝜌
       (34) 

https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/ohmic-resistance
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Where ρ is the electrical conductivity of the material and δ the thickness of the considered layers. 
The contact resistance RC is due to the current collection between electrodes and interconnects.  

In planar configuration, electronic resistance of the electrodes is low compared to ohmic losses 
due to the electrolyte, so since the resistivity of the electrons is several orders of magnitude 
lower than the conductivity of the ions, this can be neglected. 

 

Concentration overpotentials 

 

 
ηconc is the concentration overvoltage term; it represents the voltage losses due to the mass 
transport phenomena occurring within the electrodes. The equation used to calculate this term is: 
 

𝜂𝑐𝑜𝑛 =
𝑅𝑇

𝑍𝐹
𝑙𝑛 (

𝑐0

𝑐∞
)        (35) 

 
 
where 𝑐∞ is the concentration of the reactant before the diffusion layer, while c0 is the one in the 
reactive zone.  
 
This is the simplified equation that is valid for the anode as well as for the cathode. 
There is an equation that correlate the current density with the gradient of concentration in the 
thickness δ of the diffusion layer of the reactant. 
 
 

𝑖 =  
𝑍𝐹𝐷∙(𝑐∞−𝑐0)

𝛿
        (36) 

 
Where D is the diffusion coefficient, that is widely explained in the following chapter. 
The limiting current density il is defined as the current density at which the concentration on the 
electrode surface is maximum so when c0 is null: 
 
 

𝑖𝑙 =  
𝑍𝐹𝐷(𝑐∞)

𝛿
        (37) 

 
Considering that: 
 

𝑖

𝑖𝑙
=

𝑐∞−𝑐0

𝑐∞
           (38) 
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The final expression is obtained:  
 
 

𝜂𝑐𝑜𝑛 =
𝑅𝑇

𝑍𝐹
𝑙𝑛 (1 −

𝑖

𝑖𝑙
)            (39) 

 
 
Potential losses can arise in operation because of the electrode inability to maintain the fluid 
initial composition in the gas-phase surrounding the TPBs. These concentration overpotentials 
are expressed from the Nernst’s equation. They can be caused by insufficient diffusion through 

the electrodes or insufficient steam flow rate introduced at the SOFC inlet. 

 

𝜂𝑐𝑜𝑛𝑐
𝑎𝑛𝑜𝑑𝑒 =

𝑅𝑇

2𝐹
𝑙𝑛

𝑦𝐻2𝑂
𝑇𝑃𝐵𝑐(𝑖=𝑜)∙𝑦𝐻2

𝑇𝑃𝐵𝑐(𝑖≠𝑜)

𝑦𝐻2𝑂
𝑇𝑃𝐵𝑐(𝑖≠𝑜)∙𝑦𝐻2

𝑇𝑃𝐵𝑐(𝑖=𝑜)
        (40) 

 

𝜂𝑐𝑜𝑛𝑐
𝑐𝑎𝑡ℎ𝑜𝑑𝑒 =

𝑅𝑇

4𝐹
𝑙𝑛

𝑦𝑂2

𝑇𝑃𝐵𝑎(𝑖≠𝑜)

𝑦𝑂2

𝑇𝑃𝐵𝑎(𝑖=𝑜)
                 (41) 

 

 
The concentration of diffusion overvoltage is the one related to the diffusion of molecules in the 
electrodes. Mathematical models are needed to express this phenomenon. The three main 
equations are the Fick’s law, the Stefan-Marxwell and the Dusty-Gas, that are analysed in the 
following chapter. 

2.5 Polarization curve  
 

Reliable and accurate SOFC modelling is critical to analyse and predict the output characteristics 
of SOFC systems under different operation conditions. The output V-I characteristics 
i.e., polarization curve, is used to illustrate the specific performance of SOFC systems. 

 
Each of the three major losses contributes to the characteristic shape of the current–voltage (i–V) 
curve of the electrochemical cell. The figure below shows a typical i–V curve for water 
electrolysis and for a fuel cell. These voltage losses can result from cell polarization, leading to a 
loss in potential and the inability of cells to operate at the ideal voltage. 
 
Under the standard condition with an environmental temperature of 298.15 K and atmospheric 
pressure of 1 atm, the standard electrode potential is 1.229 V, this value indicates the ideal 
electric potential energy. 
 

https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/solid-oxide-fuel-cell-systems
https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/polarization-curve
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/electrochemical-cell
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In the case of water electrolysis, the current starts to flow across the cell above the thermodynamic 
electrolysis voltage of 1.23 V. Additional voltage is required to overcome the resistances discussed 
above. At low current densities, the voltage drops cause by ohmic resistances are small, and the 
reaction activation overvoltage accounts for the dominant part of the voltage drop. 
 
The logarithmic shape of the polarization curve is attributed to the charge transfer phenomena at 
the anode and cathode. As the overvoltage increases further, the reaction activation barrier 
decreases, and the shape of the polarization curve becomes linear. This linear shape indicates that 
the ohmic resistance is now the key kinetic parameter of the cell. 
 

 
Figure 18-Polarization curve of soec(a) and sofc(b)[25] 

 
 
In the case of the fuel cell, the activation resistances mostly affect the initial part of the curve, the 
ohmic resistances are mainly apparent in the middle section of the curve, and the concentration 
resistances are significant in the tail.  
 
Although the reactions that occur in the two functioning technologies are reversible, the shapes of 
the i–V curves are not the same: the i–V curve for water electrolysis generally obeys the Butler–
Volmer model even at very high overpotentials, while the i–V curve for a fuel cell tends to show 
a constant value at high overpotentials due to the limitation in the mass transfer rate.[25] 
 

https://www.sciencedirect.com/topics/engineering/low-current-density
https://www.sciencedirect.com/topics/engineering/overvoltage
https://www.sciencedirect.com/topics/engineering/kinetic-parameter
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Figure 19- Polarization curves for a fuel cell 

 

In the figures three distinct regions of a fuel cell polarization curve are well distinguishable: 
 

• At low power densities, the cell potential drops as a result of the activation 
polarization. 
 

• At moderate current densities, the cell potential decreases linearly with current due 
to ohmic losses. 
 

• At high current densities, the cell potential drop departs from the linear relationship 
with current density as a result of a more pronounced concentration polarization. 

 
The typical polarization curve of SOFC can mainly be divided into three different parts, i.e., 
activation polarization, concentration polarization, and ohmic polarization , upon which the 
specific output V-I characteristics can be precisely described based on piecewise analysis.  
 
Particularly, the activation polarization mainly represents the delayed chemical reaction from the 
activation barrier.  
Meanwhile, the concentration polarization can effectively describe the concentration voltage 
drop result from mass transfer processes.  
 
Lastly, the ohmic polarization indicates the ohmic loss which is mainly caused by various 
resistances, i.e., ionic resistance, electronic resistance, and contact resistance. Here, the accurate 
fitting of output polarization curve of SOFC is mainly depended on the accurate identification of 
several critical parameters in SOFC model.[27] 
 
 
 

https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/concentration-polarization
https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/piecewise
https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/ohmic-loss
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3 Electrochemical model for a solid oxide fuel cell 
 

3.1 Gas diffusion model 
 

 

As already seen the three types of energy losses associated with a fuel cell are the activation loss, 
concentration polarization, and Ohmic loss. Concentration polarization is caused by the mass 
transport phenomena, so induced by the pressure gradient due to limited transport rates of 
gaseous reactant and/or product species through SOFC electrode. 

 As the cell reaction proceeds, a concentration gradient of both the reactants and the products in 
the bulk electrolyte and on the electrode surface is formed. Due to this phenomenon the reactant 
molecules or the product molecules cannot reach or depart from the reaction sites. This induces a 
formation of an excess of product and a burnout of reactants on the electrode surface. 

A thorough understanding of the gas transport mechanism along with an accurate calculation or 
measurement of concentration polarization at operating conditions is important for reducing 
polarization losses in SOFCs. The one-dimensional diffusion of gas fuel molecules in porous 
media involves molecular interactions between gas molecules as well as collisions between gas 
molecules and the porous media.[12] 

 

Diffusion transport inside the porous medium has two components:  

• Bulk molecular diffusion where molecular to molecular interaction dominates the 
transport, so is the phenomenon in case of large pore and high pressure. 

• Knudsen diffusion where molecular to solid wall interaction dominates the transport, so 
when the mean free path of the molecules is higher than the pore size. 

Several approaches have been developed to evaluate multicomponent porous media transport.  

In general, models including Fick’s model (FM), the Stefan–Maxwell model (SM) and the Dusty 
Gas model (DGM) are widely used to predict the concentration overpotential. Many researchers 
have concluded that among these three, the DGM is the most accurate and appropriate model to 
simulate gas transport phenomena inside a porous electrode such as SOFC electrodes. [14] 

In 1D simulation models, the fuel cell is represented by ordinary differential equations and the 
variation of parameters along the other two directions are negligible. In planar SOFCs, the 
dimension is usually determined by the gaseous flow direction in the fuel cell. In the 1D, the 
parameters vary along a direction parallel to the axes of the gas channels for planar SOFCs. 
Gaseous compositions, flow rates, pressures and temperatures are averaged for each gaseous 
flow channels.[15] 

In this work, a one-dimensional electrochemical model for a circular solid oxide cell operating in 
fuel cell mode is presented. The model has been developed considering the study of Laurencin et 
al. [28] and it has been implemented in MATLAB.  
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The model requires as input the voltage of the cell and the inlet flow rates of the gases entering 
and calculates as output the evolution of the molar flow rates of the chemical species on the 
electrodes by solving an implicit ODE equation obtained from the polarization equation. 

The molar flow rates obtained are needed to calculate the local current density in the cell, the 
total current of the cell is calculated considering the total area of the cell. Combined together the 
voltage and the current the whole polarization of the cell is obtained.  

3.2 Mathematical model  
 

 

To simplify the model and calculations, the following hypothesis are considered: 

 

• All gases involved are assumed to be ideal gases. 
• The flow inside the channels and porous electrodes is assumed to be laminar. 
• The electrochemical reactions are assumed to take place at the triple phase boundary 

(TPB). 
• The electrodes are assumed to be homogeneous and isotropic media with porous 

microstructures. 
• The effect of gravity is neglect. 
• The system is considered isothermal and in steady state condition. 
• The pressure drops are neglect. 
• 1D circular geometry. 
• Constant electrical potential. 

The model assumes that the gases are distributed in parallel-flow arrangement, flowing from the 
centre of the circular cell to the border on both the electrodes.  

Therefore, the system has a perfect circular symmetry, described by only one dimension, the 
radius (r); the inlet gases on both sides enter the system at r = 0 so at the centre of the cell and 
exit at r = rborder where rborder corresponds to the radius of the cell. The cell radius is about 3.87 cm 
so the total area of the cell of 47cm2. 

Reacting gases diffuse in the electrodes in the perpendicular direction respect to the radius so in 
the z direction, from the electrode surface to the TPB or from the TPB to the electrode surface; 
the TPB is assumed to be located at interface of both cathode/electrolyte and anode/electrolyte. 

The concentrations of the chemical species at the TPB are used in the calculation of the 
concentration overpotentials. These concentrations are calculated by integrating the diffusion 
equations of the Dusty Gas Model from the electrode surface to the TPB. 

Thanks to the assumption of the constant electrical potential, all the points in the electrode are 
assumed to be at the same potential, this means that the applied potential is not a function of the 
radius. This assumption is realistic considering that the electrodes are good electrical conductors. 
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The equation needed to solve the system are: 

• Mass transfer. 
• Gas flow along the anodic and cathodic channels. 
• Mass transport in the porous electrodes. 

 

Mass transfer 

 

In this case the pressure drop along the gas channels is assumed negligible, so the atmospheric 
condition has been considered for the gas-phase pressure, this means that the value of the 
pressure is PT = 1 atm. 

 

Gas flow along the anodic and cathodic channels 

 

For what concern the variation of molar fractions along the gas channel, this is caused by molar 
fluxes through the porous electrodes. This variation is calculated using the local mass balances, 
evaluated for each species along the channels, through the equation 40 in case of general planar 
configuration.  

 

𝑑𝑛𝑖̇

𝑑𝑥
= 𝛾𝑖𝑒𝑁𝑖      (42) 

 

Where ni represents the molar flow rate in the channels for the specie i, Ni the flux through the 
electrode, e is the width of the gas channel and, γi is a stoichiometric coefficient that can assume 
the values +1 or -1, is equal to −1 for the reactant species and +1 for the product species. 

Since the cell evaluated in this work are characterized by a circular shape the cylindrical 
coordinates should be considered, so the equations became the following ones considering the 
three different species, where the molar flow rates are calculated using the Faraday’s law: 

 
𝑑𝑛𝐻2(𝑟)̇

𝑑𝑟
= −

𝑖(𝑟)

2𝐹
2𝜋𝑟     (43) 

 
𝑑𝑛𝑂2(𝑟)̇

𝑑𝑟
= −

𝑖(𝑟)

4𝐹
2𝜋𝑟     (44) 

 
𝑑𝑛𝐻2𝑂(𝑟)̇

𝑑𝑟
=

𝑖(𝑟)

2𝐹
2𝜋𝑟     (45) 



52 
 

 

Where ni denotes the molar flow rate expressed in mol/s on the surface of the electrode of the I 
specie and i(r) is the local current density in A/cm2.  

 

Mass transport in the porous electrodes 

 

In porous electrodes the main phenomenon considered is the diffusive flow, the viscous one, that 
is driven by the pressure gradient, is normally considered negligible. As already seed the three 
main equations used for model the diffusion effect are the Fick’s law, Stefan-Maxwell or Dusty 
Gas Model.  

The simplest among the three diffusion models is the Fick’s law and is used in case of dilute or 

binary systems. The equation expresses the proportionality between the net flux and the gradient 
of the concentration of the corresponding species, through the effective diffusion coefficient Di

eff 
of the species which takes into account of the composition of the gas mixture. 

 

𝑁𝑖 = −
𝑃

𝑅𝑇
𝐷𝑖

𝑒𝑓𝑓 𝑑𝑦𝑖

𝑑𝑥
        (46) 

 

The calculation of Deff
i can be carried out following the equation 45. 

 

𝐷𝑖
𝑒𝑓𝑓

= 𝐷𝑏𝑢𝑙𝑘
𝜀𝑝

𝜏𝑝
         (47) 

 

Where Dbulk is the diffusion coefficient in bulk condition so before any interaction of the gas 
species with the electrode, while εP and τP are respectively the porosity and tortuosity of the 
porous electrode.  

The Stefan-Maxwell model is instead commonly used in case of multicomponent systems 
because it considers the molecular collisions among the different types of gas species.  

The Dusty Gas Model is an extension of the Stefan-Maxwell equation accounting for friction 
between gas molecules and the porous medium, which is treated as an immobile “dusty gas” 

species.  

The Dusty Gas Model further considers the interactions between the gas molecules and the solid 
pore surface leading to Knudsen diffusion. This model assumes the pore walls consist of large 
molecules that are uniformly distributed in space.  

These pseudo ‘dust’ molecules also collide with real gas molecules, which leads to the Knudsen 

diffusion effect. Moreover, the fluxes due to pressure gradient are also taken into consideration.  
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Therefore, the mass transport through the porous electrodes has been described in the frame of 
the DGM model, by combining the Stephan-Maxwell and Knudsen diffusion:  

 
𝑁𝑖

𝐷𝑖,𝑘
𝑒𝑓𝑓 + ∑

𝑦𝑗𝑁𝑖−𝑦𝑖𝑁𝑗

𝐷𝑖
𝑒𝑓𝑓

𝑛
𝑗=1,𝑗≠1 = −

𝑃𝑇

𝑅𝑇
(

𝑑𝑦𝑖

𝑑𝑥
)         (48) 

 

Where yi is the molar fraction of specie i. The effective Knudsen and binary diffusion 
coefficients, respectively Deff i,k and Deff i,j , have been determined as a function of the 
electrodes microstructure parameters that are the  mean pore radius r¯, tortuosity  τ and porosity 
ε. In porous media such as SOFC or SOEC electrodes, the following expressions are usually 

employed: 

is the theoretical diffusion coefficient of species 

 

𝐷𝑖,𝑗
𝑒𝑓𝑓

= 𝐷𝑖,𝑗
𝜀𝑝

𝜏𝑝
          (49) 

 

𝐷𝐾,𝑖
𝑒𝑓𝑓

= 𝐷𝐾,𝑖
𝜀𝑝

𝜏𝑝
        (50) 

 

In this work the binary coefficient Dij is calculated using Chapman–Enskog relations: 

 

𝐷𝑖𝑗 =
0.00266

√2

[𝑇3(𝑀𝑖+𝑀𝑗)/𝑀𝑖𝑀𝑗]
1/2

𝑃𝜎𝑖𝑗
2 𝛺𝐷

      (51) 

 

The pressure P is the total pressure of the mixture and T is one of the system, Mi represents the 
molecular weight of the species i and Mj of the species j, while the value σij is the Lennard-Jones 
characteristic length and is obtained from the expression: 

 

𝜎𝑖𝑗 =
𝜎𝑖+𝜎𝑗

2
      (52) 

 

Where in this case σi   and σj  represent the Lennard-Jones potential.  

The parameter ΩD is the collision integral and is a dimensionless parameter calculated through 
this formula: 
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𝛺𝐷 =
𝐴

𝑇𝑁
𝐵 +

𝐶

𝑒𝑥𝑝 (𝐷𝑇𝑁)
+

𝐸

𝑒𝑥𝑝 (𝐹𝑇𝑁)
+

𝐺

𝑒𝑥𝑝 (𝐻𝑇𝑁)
      (53) 

 

In this expression, the coefficients have respectively these values:  

A=1,06036; B=0,1561; C=0,193; D=0,47635; E=1,03587; F=1,52996; G=1,76474; H=3,89411. 

The dimensionless temperature TN is obtained considering the Bolztman constant k and the term  
εij obtained from the characteristic Lennard-Jones energy of the species i according to: 

 

𝜀𝑖𝑗 = (𝜀𝑖𝜀𝑗)
1/2

       (54) 

So: 

 

𝑇𝑁 =
𝑘𝑇

𝜀𝑖𝑗 
                (55) 

 

For what concern the Knudsen diffusion coefficient, can be assessed according to the kinetic 
theory of gases: 

𝐷𝐾,𝑖 =
2

3
(

8𝑅𝑇

𝜋𝑀𝑖
)

1

2
�̅�         (56) 

 

Where Mi denotes the molecular weight for the gas i and �̅� is the mean pore radius that in this 
case is assumed equal to 0.5μm considering typical values founded in litterature. 

Since both these two mechanisms are present when the gas diffuses inside the porous electrode, 
to consider both of them a single diffusion coefficient is evaluated combined together the 
previous two, using the Bosanquet formula the final diffusion coefficient is obtained for each 
molecular species: 

1

𝐷(𝑒𝑓𝑓)
=

𝜏

𝜀
(

1

𝐷𝑖,𝑗
+

1

𝐷𝐾,𝑖
) =

1

𝐷𝑖,𝑗
𝑒𝑓𝑓 +

1

𝐷𝐾,𝑖
𝑒𝑓𝑓           (57) 
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3.3 Solving procedure 
 

Integrating the DGM the different molar fractions are obtained for all the species involved 
evaluated at the TPB of the electrodes. At the anode considering the hydrogen and the water, for 
the cathode the air and the nitrogen or in general the dilution stream.  

The mass transfer process of H2 in the porous electrode of the anode is by means of diffusion. 
Considering both Knudsen diffusion and molecular diffusion, the mass flux of hydrogen can be 
determined as express in the equation (56): 

 

𝑁𝐻2
= −

𝑃

𝑅𝑇
(

1

𝐷𝐻2,𝑘
𝑒𝑓𝑓 +

1−𝛼𝑦𝐻2

𝐷𝐻2𝑂−𝐻2,
𝑒𝑓𝑓 )

−1

(
𝑑𝑦𝐻2

𝑑𝑥
)               (58) 

  

where α = 1 – (MH2 /MH2O)1/2; and MH2 and MH2O the molecular weights of the hydrogen and 
water, respectively; and Deff H2,k and Deff H2O–H2 are the Knudsen diffusion coefficient of 
hydrogen and the binary diffusion coefficient of the mixture, respectively. 

From this formula the expression of hydrogen molar fraction is obtained. 

So as results at the anode side the solution gives the molar fraction for the hydrogen and the 
water. 

The flux ratios at steady-state are determined by the stoichiometry of the reaction. Therefore: 

 

𝑁 = 𝑁𝐻2
+ 𝑁𝐻2𝑂 = 0       (59) 

 

For equimolar counter-current: 

 

𝑁𝐻2
= −𝑁𝐻2𝑂 =

𝑖

2𝐹
     (60) 

 

Where: 

𝑁𝐻2
= −𝐷𝐻2

𝑒𝑓𝑓
∇𝑐𝐻2

+ 𝑐𝐻2
𝜈   (61) 

and : 

 

𝑁𝐻2𝑂 = 𝐷𝐻2𝑂
𝑒𝑓𝑓

∇𝑐𝐻2𝑂 + 𝑐𝐻2𝑂𝜈      (62) 
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Where c express the concentration of the hydrogen and water. 

 

In this case the two diffusion coefficients are expressed as: 

1

𝐷𝐻2

𝑒𝑓𝑓 =
1

𝐷𝐻2,𝑘
𝑒𝑓𝑓 +

1

𝐷𝐻2𝑂−𝐻2,
𝑒𝑓𝑓    (63) 

 
1

𝐷𝐻2𝑂
𝑒𝑓𝑓 =

1

𝐷𝐻2𝑂,𝑘
𝑒𝑓𝑓 +

1

𝐷𝐻2𝑂−𝐻2,
𝑒𝑓𝑓       (64) 

 

Integrating for the anode side the equation (48), the molar fraction for the three streams at this 
side are obtained. 

𝑦𝑁2𝑇𝑃𝐵(𝑟)  = 𝑦𝑁2(𝑟) ∙ 𝑒𝑥𝑝(−𝑘1𝑙𝑎𝑛)      (65) 

 

𝑦𝐻2𝑇𝑃𝐵(𝑟)  = 𝑦𝐻2(𝑟) + 𝑘2𝑙𝑎𝑛 +
𝑘3

𝑘1
(𝑦𝑁2𝑖𝑛 −𝑦𝑁2𝑖𝑛 𝑒𝑥𝑝(−𝑘1𝑙𝑎𝑛))     (66) 

 

𝑦𝐻2𝑂𝑇𝑃𝐵(𝑟)  = 𝑦𝐻2𝑂(𝑟) + 𝑘4𝑙𝑎𝑛 +
𝑘5

𝑘1
(𝑦𝑁2𝑖𝑛 −𝑦𝑁2𝑖𝑛 𝑒𝑥𝑝(−𝑘1𝑙𝑎𝑛))     (67) 

In this expressions lan is the thickness of the anode and the coefficients ki are expressed as: 

 

𝑘1 =
𝑅𝑇

𝑃
(

𝑁𝐻2  

𝐷𝑁2,𝑘
𝑒𝑓𝑓 +

𝑁𝐻2𝑂  

𝐷𝐻2𝑂−𝑁2,
𝑒𝑓𝑓 )     (68) 

 

𝑘2 =
𝑅𝑇

𝑃
(

𝑁𝐻2  

𝐷𝐻2,𝑘
𝑒𝑓𝑓 +

𝑁𝐻2𝑂  

𝐷𝐻2𝑂−𝐻2,
𝑒𝑓𝑓 )     (69) 

 

𝑘3 =
𝑅𝑇

𝑃
(

𝑁𝐻2  

𝐷𝐻2,𝑘
𝑒𝑓𝑓 −

𝑁𝐻2𝑂  

𝐷𝐻2𝑂−𝐻2,
𝑒𝑓𝑓 )     (70) 

 

 𝑘4 =
𝑅𝑇

𝑃
(

𝑁𝐻2𝑂 

𝐷𝐻2𝑂,𝑘
𝑒𝑓𝑓 +

𝑁𝐻2𝑂  

𝐷𝐻2𝑂−𝐻2,
𝑒𝑓𝑓 )     (71) 
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𝑘5 =
𝑅𝑇

𝑃
(

𝑁𝐻2𝑂  

𝐷𝐻2𝑂,𝑁2

𝑒𝑓𝑓 −
𝑁𝐻2𝑂  

𝐷𝐻2𝑂−𝐻2,
𝑒𝑓𝑓 )     (72) 

 

 

For what concern the cathode side, the transport of O2 can be described by the self-diffusion 
mechanism es express in the formula (73): 

 

𝑑𝑃𝑂2

𝑑𝑥
= −

𝑅𝑇𝑖

4𝐹𝐷𝑂2

𝑒𝑓𝑓
𝑃

(𝑃 − 𝛿𝑂2
𝑃𝑂2

)        (73) 

Where : 

𝛿𝑂2
=

𝐷𝑂2,𝑖

𝑒𝑓𝑓

𝐷𝑂2,𝑖

𝑒𝑓𝑓
+𝐷𝑂2−𝑁2

𝑒𝑓𝑓         (74) 

 

The integration led to the expression for the oxygen molar fraction: 

 

𝑦𝑂2𝑇𝑃𝐵(𝑟) =
1

𝛿𝑂2

+ (𝑦𝑂2(𝑟) −
1

𝛿𝑂2

) 𝑒𝑥𝑝 (−
𝑅𝑇𝑙𝑐𝑎𝑡𝛿𝑂2

4𝐹𝐷𝑂2

𝑒𝑓𝑓
𝑝

)       (75) 

  

The solving procedure and the MATLAB code adopted is the one developed in the thesis [33] 
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4 Model validation 
 

4.1Parametric study 
 

 

In a SOFC system, computer simulation based on theoretical modeling is known to be a very 
efficient method for predicting materials properties, reaction kinetics and unit cell performance. 
Different levels of model, depending on the objective, have been developed, each with different 
degrees of sophistication and detail. 

Theoretical modeling of SOFC can be divided into two levels: macro and micro-scale. Detailed 
understanding of fluid and mass transport shows whether heat transfer can be obtained from 
macro-scale modeling. The effects of porosity change on reactant concentration and ohmic 
overpotentials could also be considered in the macro-scale modeling, but the activation 
overpotential must be treated as a property independent of the porosity, while the 
electrochemical reactions must occur only at the interface between electrode and electrolyte 
layers. 

The macro-scale modeling is not a good predictor of the effect of electrode structure on the 
chemical reaction within SOFCs. Influence of the electrode structure on the reaction of kinetics 
at the three-phase boundary (TPB) has recently been included in micro-scale modeling of 
SOFCs. In literature for micro–scale modeling, the properties of porous electrodes and their 
effects on SOFC performance have been investigated from different aspects.[15] 

 

The porous electrodes are responsible for the transport of gas species and charges and also for 
the removal of exhaust gases. So, the porous electrode must serve as media for the transport of 
gas, heat, ions, and electrons.  

 

Parameters like tortuosity, porosity, and permeability are very important to determine the 
transport properties of the electrode. The gas transport is instead determined by intrinsic 
properties of the chemical species such as viscosity and diffusivity, which are related to the 
temperature and the gas composition. 

The effective gas diffusion coefficient and effective charge conductivity are linked to all these 
parameters. The impact of variation of them has an effect on the SOFC performance such as fuel 
utilization, current density, activation overpotential and concentration overpotential.  

The tortuosity τ is an intrinsic property of a porous material and is usually defined as the ratio 
between the shortest pathway through a porous media and the Euclidean distance between the 
starting and the ending point , so to the straight line between the two points, In this simplified 
system tortuosity is defined as the ratio of the length of the real diffusion patch, Le, to the patch 
in the straight channel case, Ls. 
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𝜏 =
𝐿𝑒

𝐿𝑠
        (76) 

 

 

Figure 20-Tortuosity [32] 

 

Tortuosity of the electrode mostly affect the limiting current density of a fuel cell electrode, this 
decreases with the increasing of the tortuosity. For most porous fuel cell electrodes, the typical 
value of tortuosity varies in the ranges from 2 to 25 and fuel cell performance can be improved 
by varying the tortuosity values in this range. 

 

 

The porosity ε is defined as the fraction of the void space volume in the media and the total 
volume, so the bulk volume. 

 

𝜀 =
𝑉𝑝𝑜𝑟𝑒

𝑉𝑏𝑢𝑙𝑘
        (77) 

 

The use of thin nanostructured electrodes is highly recommended since only relatively low 
porosity is needed to achieve high SOFC efficiencies with such electrodes. The critical porosity 
is defined as the value where concentration polarization (CP) reaches a plateau and remains 
unchanged with further increase in porosity. Typically, critical porosity value for 10 nm thick 
electrodes is 0.15, followed by 0.4, and 0.7 for 100 nm, and 500 nm anodes, respectively. [12] 
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4.2 Reference polarization curve  
 

 

To confirm the accountability of our numerical scheme and determine the goodness of the 
mathematical model implemented with MATLAB, we validated our results with available 
experimental data, compering the two polarization curves. The predicted cell performance is 
compared with the experimental data found in the literature. 

The scientific paper under evaluation is the ‘Experimental investigation of direct internal 

reforming of biogas in solid oxide fuel cells’.[29].  

The performance of the cell is predicted when the cell is supplied with 50% H2 and 50% CO2, 
while operating at a temperature of 850°C and pressure of 1 atm.  The oxidant used is the oxygen 
in the ambient air. The present model predictions agree well with the experimental results. 

In ‘Experimental investigation of direct internal reforming of biogas in solid oxide fuel cells’ 
paper the behaviour of a planar SOFC fed by different mixture composition was investigated.  

The fuel mixture are namely bio-methane and bio-hydrogen, the case of interested in the purpose 
of this thesis is only the bio-hydrogen, since the cell in this work is just feed by hydrogen at the 
anode side. 

The composition of the bio-hydrogen is mixture of H2 and CO2, in general with a volumetric 
ratio of 50/50. In the paper several tests are done at different temperatures, but only the resulting 
curve at 850°C in taken under consideration, as already mentioned. The flows were: 

 

• 500 Nml min-1 for H2, 
• 500 Nml min-1 for CO2, 
• The air flow was 1500 Nml min-1. 

 

As already mentioned, an Anode Supported Cell (ASC) was tested. The ASC used for the test 
was an 80 mm diameter anode supported cell with: 

 

• 500 mm Ni/8YSZ of porous anode support, 10 mm of a denser Ni/8YSZ anode active 
layer,  

• 5 mm 8YSZ of dense electrolyte, 
• LSM/8YSZ double cathode layer with 15 mm LSM/8YSZ active layer and 20 mm pure 

LSM porous current collector layer.  

 

 



61 
 

Summary   
Hydrogen flow rate [Nml min-1] 500 

Air flow rate [Nml min-1] 1500 
Diluted flow rate [Nml min-1] 500 

Temperature [K] 1173 
Anode thickness [m] 500 e-6 

Cathode thickness [m] 35 e-6 
Electrolyte thickness [m] 5 e-6 

 

Table 1-Summary of input and properties of the cell 

The curve is obtained interpolating the 30 points for the voltage and the current. The values for 
each point are: 

 

Current [A] Voltage [mV] 
0,026 915,7 
1,108 905,6 
2,055 897,68 
3,047 890,26 
4,039 877,52 
4,969 872,24 
6,085 861,63 
7,943 853,19 
9,059 842,59 
9,927 836,23 
10,98 827,76 
11,972 818,21 
12,902 808,66 
14,142 801,26 
15,01 791,71 
16,064 782,17 
16,932 773,67 
17,924 764,14 
19,101 752,47 
19,97 742,92 
21,148 729,13 
22,079 715,32 
23,071 702,58 
24,002 688,77 
24,995 670,71 
26,112 647,32 
26,982 624,99 
27,853 598,84 
29,035 555,84 
29,961 501,02 
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Table 2- Current and voltage values 

 

 

Figure 21- Reference polarization curve 

 

 

This curve is used as a reference, varying the fitting parameters that are the tortuosity, the 
porosity, the ohmic resistance and the parameter related to the activation energy for the anode.  

The MATLAB code is run using as input the same flow rate for the hydrogen, the air and diluted 
stream, considering a temperature of 1173 K that is the operating temperature of the cell.  

Then the fitting parameters are changed until the curve results obtained from the model and the 
one from the experiment are similar. In this case the model can be considered able to reproduce a 
realistic polarization curve and the value obtained as used as input for the following section in 
the Aspen model.  

 

4.3 Sensitivity analysis  
 

Considering electrode porosity, reducing porosity can reduce the ohmic overpotential as more 
solid particles are available to facilitate the transport of electronic and ionic charges. In addition, 
the activation overpotential is also reduced with decreasing porosity due to the increase in 
reactive site. 

However, the concentration overpotential increases with decreasing porosity due to diminishing 
of space available for gas transport. The combined effects of porosity on ohmic, activation, and 
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concentration overpotentials for minimization of the overall overpotential result in an optimal 
porosity for the electrode.  

The effect of increasing porosity when fixed solid fraction of the electrode means that the 
particle radius of the electrode decreases. This results in the reduction of the active surface area 
available for the electrochemical reaction, so the reaction rate decreases resulting in an increase 
of the activation overpotential. 

Moreover, the effective ionic and electron conductivities of the porous electrode decrease with 
the increase of porosity, which results in the increase of ohmic overpotential. 

 Although the concentration overpotential decreases with the increase of porosity due to the 
increased mass transport rates the cell performance decreases due to increased ohmic 
overpotential with porosity. 

Another aspect is that an increase in porosity tends to smoothen the current density distribution. 
These observations can be explained by relating how porosity affects the effective 
ionic/electronic conductivities on the active reaction sites. The observed reduction in the average 
and maximum current density values with an increase in porosity can be attributed to the 
reduction in solid volume fraction, which results in less particle–particle contacts. This translates 
into a smaller number of active three phase boundary (TPB) for electrochemical reaction sites 
and, therefore, lowering the reaction rate for a given overpotential.  

Additionally, the increased porosity also reduces the effective electronic and ionic conductivity 
due to reduced solid fraction available for electron or ion transport. Further, an increase in 
porosity results in a facilitation of reactants diffusion, which minimizes the reactants transport 
limitation under the interconnect region and helps smoothen the current density distributions [15] 

Tortuosity, usually determined experimentally, is a key parameter that is valid only for specific 
materials and may change during operation conditions. In numerical analysis it is often used as a 
fitting parameter, correlated with calculation model and material. 

An increased pore tortuosity is correlate to the fact that more gas can be transported to the 
reaction site and thus more ions and electrons are produced. Since the path for ion and electron 
transfer does not change, the lack of a transfer path led to the decrease of current density. So 
higher values of tortuosity can be used to calibrate the diffusion limitation. 

The result further confirmed that a decreased pore tortuosity does not favour the electrochemical 
reactions and charge transfer. If handled improperly, the increase of the gas path leads to more 
open pores and less percolated ionic and electronic phases. 

14 different cases changing the parameters are done to obtain a realistic representation of the 
curve, varying the porosity, tortuosity, the parameter P that is related to the activation energy γact 
and the ohmic resistance inside the respectively ranges. 

The parameter P mainly affects the activation part of the polarization curve, while the ohmic 
resistance is the main responsible parameter for the linear trend of the curve that is related to the 
ohmic overpotential, changing it the curve is shifted up or down according to a decrease or an 
increase of its value.  

The range selected for the porosity is from 0.3 and 0.15, a lower value of the porosity in not 
allows since the code gives as output an error due to the impossibility to converge. The value of 
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the tortuosity is selected between 3 and 10, also in this case for the same reason explained for the 
porosity, the tortuosity cannot be higher than 10. The ohmic resistance is varied between 0.110 
Ω/cm2 and 0.252 Ω/cm2. The last is the parameter related to the activation energy γact, 
denominates as P that in general for an SOFC is equal to 1.5, that is varied between this value 
and 1.3. 

A fist setup is done considering fours cases with these characteristics: 

 

 

Case1: 

T[°C] Por. Tort. Rohm[Ω/cm2] P Lcat[m] Lan[m] Lelct[m] 
1173 0.3 3 0.152 1.5 35 e-6 550 e-6 5 e-6 

 

 

 

Case2: 

T[°C] Por. Tort. Rohm[Ω/cm2] P Lcat[m] Lan[m] Lelct[m] 
1073 0.2 4 0.152 1.3 35 e-6 500 e-6 5 e-6 

 

 

 

Case3: 

T[°C] Por. Tort. Rohm[Ω/cm2] P Lcat[m] Lan[m] Lelct[m] 
1173 0.15 6 0.252 1.5 35 e-6 500 e-6 5 e-6 

 

 

 

Case4: 

T[°C] Por. Tort. Rohm[Ω/cm2] P Lcat[m] Lan[m] Lelct[m] 
1173 0.15 8 0.152 1.4 35 e-6 500 e-6 5 e-6 
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The results obtained plotting these curves are summarized in the fig-22, where the dots are 
representing the reference polarization while the other curves the four cases analysed. 

 
Figure 22-Fist fitting setup results 

 

 

Is evident that the most similar curve is the one obtained from case 4, that is able to well 
represent all the three overvoltage. From this fist analysis is clear that the order of the ohmic 
resistance value should be in the order of magnitude of 152 Ω/cm2 or lower. Not higher since the 
case 3 is the one that has a liner part that is not able to fit with the reference curve. The other 
important results is that the tortuosity should be increase and the porosity decrease, in this way 
the current obtained is lower and much similar to the reference value and the concentration 
overvoltage part of the curve is able to curve for lower values of current. 

Another step is done considering the previous results modifying the fitting parameters taking into 
account the previous considerations. So, keeping ad best results the curve 4 and trying to 
optimize the results. 

 

Case5: 

T[°C] Por. Tort. Rohm[Ω/cm2] P Lcat[m] Lan[m] Lelct[m] 
1173 0.15 8 0.145 1.4 35 e-6 500 e-6 5 e-6 

 

 

Case6: 

T[°C] Por. Tor. Rohm[Ω/cm2] P Lcat[m] Lan[m] Lelct[m] 
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1173 0.15 9 0.130 1.5 35 e-6 500 e-6 5 e-6 
 

 

 

Figure 23-second fitting setup results 

 

Between the two cases analysed the better behaviour is obtained from the cases 6. 

 

The total number of cases analysed changing these four parameters were 14. The final results 
shows that the fitting value for the tortuosity is 10, for which the cell limiting current was found 
to be much lower, for the porosity between 0.15/0.17 and for the ohmic resistance around 0.110 
Ω/cm2. 

 

 At the end of this procedure the three better curves are the 12 ,13 and the 14: 

 

Case 12: 

T[°C] Por. Tor. Rohm[Ω/cm2] P Lcat[m] Lan[m] Lelct[m] 
1173 0.15 10 0.115 1.4 35 e-6 500 e-6 5 e-6 
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Case13: 

T[°C] Por. Tor. Rohm[Ω/cm2] P Lcat[m] Lan[m] Lelct[m] 
1173 0.17 10 0.110 1.5 35 e-6 500 e-6 5 e-6 

 

 

 

Case14: 

T[°C] Por. Tor. Rohm[Ω/cm2] P Lcat[m] Lan[m] Lelct[m] 
1173 0.16 10 0.110 1.45 35 e-6 500 e-6 5 e-6 

 

 

 

Figure 24-cases 12/13/14 

 

 

Among these three the two selected are the 13 and the 14 
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Figure 25-case 13 

 

 

Figure 26-case 14 

 

To properly select the correct one the standard deviation is calculated and the one with the lower 
value of error respect the reference one is the one that is able to represent the reference model. 
So according to these considerations the case 4 is the selected one. So in the following chapter 
where the polarization curve is obtained using as input the flow rate coming from Aspen the 
parameter set up is the one for case 4. 
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 Dev.st pop Media.dev 
Case 13 1.43377 1.036495 
Case14  1.2235847 0.90180829 

 

Table 3-Standard deviation 

 

 

The comparison results are shown in table 3. It can be seen that the numerical results agree very 
well with experimental results. It should be noted that this validation is just utilized to examine 
the numerical code so that the fundamental physical parameters used in the model are applicable 
for SOFC settings in a general sense. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www-sciencedirect-com.ezproxy.biblio.polito.it/science/article/pii/S0013468610006171#fig2
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5 Aspen model 
 

5.1 SOFC stack modeling 
 

After the theoretical description and the mathematical model carried out using MATLAB, the 
SOFC module is also built using Aspen Plus.  

In this part a real application is considered so the SOFC is feed with biogas, that is a mixture of 
carbon dioxide and methane, that can be produced from several resource and processes. The 
output of the SOFC are electricity and heat that can be used for different purposes. 

The good aspect of this type of utilization is that no combustion is generated inside the SOFC, so 
in this way there is no emission of NOx, SOx, and particulate matter in the atmosphere.  

The simulation model has been divided into five distinct parts, which are the compressions 
section, heating section, internal reforming, solid oxide fuel cell and heat recovery section. 

 

1. The compression section is mainly used to increase the pressure of biogas and air with 
the help of F-BLOWER and AIR-BLOWER compressors respectively. 

 

2. The heating section is adapted to preheat the biogas and air by using F-HX and AIR-HX. 
After that biogas will be inject towards further processing and air will inject towards the 
cathodic compartment of SOFC. 
 

3. Biogas fuel of the SOFC system has been considered that consists of 60% CH4 and 40% 
CO2 and are supposed to be reformed before the SOFC’s anode. In the modeling, a 
separate component REFORMER has been adopted. 

 

4. SOFC section is the heart of the proposed system. It is comprised of anode, cathode and a 
SOFC heat exchanger and is represented by components SOFC-AN, SOFC-CATH and 
CATH-HX respectively. 

 

5. The heat recovery section is composed of a burner and a couple of heaters. These 
components are represented by blocks named AFT-BUR, BIO-HX2, AIR-HX and F-HX 
and REC-HX. 

 

The model based on existing Aspen Plus functions and unit operation models, which were used 
both for the fuel reformer, heat exchangers, afterburner as well as for SOFC model.  

SOFC module is mainly comprised of two main components, anode, and cathode, the model of 
the cell is done splitting these two sides.  

 

https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/solid-oxide-fuel-cell
https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/earth-and-planetary-sciences/heat-exchanger


72 
 

Peng-Robinson's (PENG-ROB) equation of state has been chosen as the base method that is 
suitable for modeling thermochemical gas and liquid processes at certain operating conditions 
within the SOFC system. Flow sheeting options in Aspen PLUS contain two useful tools that are 
design specifications and calculators. 

A calculator block is an Aspen tool used to perform calculations with variables imported from 
the flowsheet or generated within the block. New variable can be exported from the block to the 
flowsheet. For the import variables, there are variables which are taken from the flowsheet and 
used inside the block. Instead, export variables, are the one which are calculated within the block 
and then are exported to the flowsheet. 

Three calculators have been adopted for proceeding calculation of air flow rate, current 
produced, the molar flow rate of required oxygen delivered to the SOFC stack. These calculators 
enable the calculation interlinked with the modeling environment. 

Moreover, to predict cell performance, two calculations were performed by implementation in 
the Aspen Plus additional block function using a Design-Specs module. DS is a tool that allows 
to define a desired set point, a target value for one variable and to define a second variable which 
will be changed by the DS tool, in a range defined by the user, to meet the desired set point on 
the first variable. One is used to calculate the amount of water recirculated from the split and the 
other to calculate the amount of extra air that should be sent. 

 

The main assumptions used in the simulations are as follows:  

 

• Fuel cell module operates at steady stage, the pressure drops in each component are 
neglected, all components are considered adiabatic and operating in steady state; 

• The air supplied to the system is composed of 79 [%] N2 and 21 [%] O2, the fuel 
supplied to the system is biogas, CH4 60 [%] and CO2 40 [%], all chemical 
components are treated as ideal gases; 

• The temperature of the anode and cathode outlet gases are equal to the cell stack 
operating temperature, the current and voltage of every cell unit are the same; 

• The free Gibbs energy is minimized in all the chemical reactions and internal 
reforming of the biogas gains chemical equilibrium; 

• The unreacted gases are assumed to be fully oxidized in the after-burner of the SOFC 
stack, and the after-burner is assumed to be insulation, all the heat exchangers are 
adiabatic; 

• The proposed Aspen plus model is considered zero-dimensional. 

 

The plant layout used for the simulations of the SOFC based generation system includes the 
following components: fuel and air blower, heat exchanger, mixer and split, reformer, SOFC 
stack characterized by separate modules for the anode and cathode, burner and recuperator. The 
last three components that are heat exchangers allow the heating or cooling of the fuel cell, the 
heat recovery from the exhausted gases and the fulfilment of thermal demand.  

https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/equation-of-state
https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/earth-and-planetary-sciences/thermochemical
https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/airflow-rate
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A schematic diagram of the SOFCs based generation system under investigation is given in the 
following figure-27: 

 

 

Figure 27-Aspen model 

 

5.1 Anode side 
 

 

At the inlet of the anode the fuel stream is sent at ambient temperature and pressure, 15 °C and 1 
bar. At first the molar flow rate is initialized ad 1 mol/sec, then the real value needed will be 
overwritten thank to the calculator option, to achieve as target the total amount of currant 
produced by the cell using the Faraday’s law taking into account the fuel utilization (FU), that is 
the ratio of fuel consumed within the SOFC system and fuel supplied to the SOFC. This is done 
inside the calculator block C-INUT. It is only a list of export variables and is created to initialize 
all the input data to the flowsheet. The following variable are defined: 

• The fuel flow rate (biogas flow) NFUEL, is the fuel molar flow rate defined within the 
block according to the real value injected and exported to the flowsheet; 

• The total current flowing in the SOFC system in nominal conditions CTOT, is the one 
produced from the available fuel flow rate according to the Faraday’s law and taking into 

account the SOFC fuel utilization, which will be initialized. This value is exported as a 
PARAMETER in Aspen since it is not linked to any block or stream within the 
flowsheet;  

• The stoichiometric oxygen flowing from cathode to anode NOXY, is the amount of  
oxygen requested by the SOFC electrochemical reaction (Faraday’s law). 

Input data: 

• Volume flow rate VFUEL =5 m3/h; 
• Fuel density ρ= 1,2 kg/ m3; 
• Fuel molecular weight WEIGHT= 27,2 g/mol; 
• Fuel Utilization FU=0,7; 
• Faraday constant F; 
• CH4 content in biogas=0,6; 
• Charge number for CH4 z= 4; 



74 
 

 

The equation used are : 

𝑚𝑓𝑢𝑒𝑙 = 𝑣𝑓𝑢𝑒𝑙 ∙ 𝜌       (78) 

 

𝑛𝑓𝑢𝑒𝑙 =
𝑚𝑓𝑢𝑒𝑙∙1000

3600∙𝑊𝐸𝐼𝐺𝐻𝑇 
     (79) 

 

𝐼𝑡𝑜𝑡 = 𝑛𝑓𝑢𝑒𝑙 ∙ 2 ∙ 𝑧 ∙ 𝐹 ∙ 𝐹𝑈 ∙ %𝐶𝐻4     (80) 

 

𝑛𝑂2
=

𝐼𝑡𝑜𝑡

4𝐹
         (81) 

 

In this way the oxygen flow rate introduced in the SOFC is provided. This is one of the two 
inlets of the SOFC, then the other is the hydrogen flow rate that is obtained from the reformer.  

To summarized, Calculator C-INPUT is created to determine the molar flow rate of biogas 
based and the output value is exported to stream F-1 that is overwritten on it. This molar flow 
rate of biogas is utilized to calculate the total current produced by the SOFC system. The molar 
flow rate of oxygen is calculated based on Faraday's law. Also this stream is firstly initialized 
with 1 mol/s of oxygen. Then the real oxygen flow rate determined in the calculator is exported. 

 

The first component is the F-BLOWER, a compressor that create a pressure increase of 200 
mbar lead the pressure up to 1,2 bar with an isentropic transformation, with a mechanical 
efficiency of 0.8 and a thermal efficiency of 0.9. 

The stream exiting the compressor is sent to the heat exchanger F-HX to be preheated up to 
800°C, before to be injected in the reformer. 

The next component used before the reformer is the F-MIXER, is used to model the recirculation 
of the exhaust fuel exiting the anode part that still contain same CH4 and same water, with the 
inlet fuel. 

In the reformer is important to send more water to avoid the solid carbon formation, the reformer 
feed must contain sufficient steam to avoid thermal cracking of the hydrocarbons and coke 
formation. The amount of water depends on the temperature, for higher temperatures lower 
amount of water are needed. To evaluate this water recirculation flow, the steam to carbon ratio 
(SC) is considered. This is defined as the ration between the molar flow of water over the one of 
methane.  

𝑆𝐶 =
𝑛𝐻2𝑂

̇

𝑛𝐶𝐻4̇
        (82) 

 

https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/molar-flow-rate
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The value of the SC coefficient is calculated using Aspen Plus Define Specification function. 
The desired value is equal to 3 to guarantee enough water and avoid carbon deposition problems.  
The function is implemented considering that this value is calculated after the mixing, since at 
the inlet the fuel can contain same amount of water and at the outlet of the anode the exhaust gas 
still can contain a residual amount of methane. The variable to reach this target is the amount of 
water that is send back to the reformer thank the splitter component. The SC ratio equation is 
defined inside the DS tool using inlet methane and water to the reformer (imported from the 
flowsheet. The range for variable is [0-1], so the DS tool will vary the split fraction between 0 
and 1 and will converge when the calculated SC will be equal to 3. Then split fraction value will 
be overwritten by this result. 

 

The reformer is simulated using a Gibbs Equilibrium Reactor with a working temperature of 
800°C.  

The methane reformer is a type of chemical synthesis that is used to produce pure hydrogen from 
the methane thanks to the help of a catalyst. An Aspen Plus equilibrium reactor module RGibbs 
(named “REFORMER”) is selected to simulate the reforming reactions occurring inside the 

reformer. The methane is converted in the adiabatic reformer by catalytic partial oxidation 
reactions, which result in a temperature increase of the fuel gas. 

 Through the reaction: 

 

𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2           (83) 

 

This reaction is endothermic, so need thermal energy to occur. In this case the heat needed is 
taken from the heat available at the exit of the burner.  

The anode layer is represented thought a Gibbs Equilibrium Reactor also, that is an isothermal 
reactor, that work at 850° C, so the operating temperature of the cell and with a pressure drop 
ideally null. The stream of ions O2- that came from the electrolyte, is represented as an external 
oxygen stream, the one calculated before. 

 The anode and the cathode are actually not connected in the model, to allows the convergency 
of the system, but the stream of O2 produced by the cathode and the one feed the anode is 
imposed equal. This is done through another calculator block C-OXY. One variable is NO2AN, 
determined inside the C-INPUT, while the second variable NO2CAT is correlated with an 
oxygen flow rate which is the outlet stream of separation block. Both variables are set equal in 
the FORTRAN code and operation is executed. In this way, the separator block is initialized with 
a random value of O2 separated and then this number is overwritten.  

At the end on the anode the splitter component F-SPLIT is used to separate an amount of water 
that is recirculated. The exhaust is sent then together to the one though the cathode is a burner to 
produce more heat.  

https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/earth-and-planetary-sciences/fortran
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5.2 Cathode side 
 

 

The cathode layer is represented thanks to the separator SOFC-CAT. This component is only 
able to separate the oxygen from the nitrogen. In order to well simulate the cathode an artificial 
heat exchanger should be used, to increase the temperature of the air up to the operating 
temperature of the cell. 

The air at ambient condition of the15°C and 1 bar, is initially feed to a compressor AIR-
BLOWER characterized by a pressure increase of 200 mbar, that increase pressure also in this 
case up to 1,2 bar that is the operating pressure.  

Then a first heat exchanger AIR-HX is used to reach the 700 °C, the second CAT-HX  is used to 
reach the operating temperature of the cell, so to increase the air up to 850°C. The separator 
produces the O2 stream that represents the O2- ions sent to the anode. The outlet of the cathode 
ore two so the stream O2 and the deplete air. This exhaust gases are sent together with the one 
exiting the anode to the burner.  

Part of the exothermic heat produced is consumed in the reforming reactions in reformer block, 
the remaining heat is removed through the air. To know how much air is required in the cathode 
compartment, calculations are performed in calculator block C-AIR. The calculations are based 
on the first law of thermodynamics as described in the following section. The amount of heat 
removed by the air is expressed by the formula used is: 
 

𝑄𝑎𝑖𝑟 = 𝑚𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)       (84) 

 

 
Where cp,air is the heat capacity of air that is equal to 1,005 J/kgk, Tout−Tin is the temperature 
difference of air. For this the amount of air so mair that should be sent to the cathode inlet is 
determined 
 

 

 

5.3 Thermal Balance 
 

As solid oxide fuel cell operates at very high temperature, therefore there is a thermal exchange 
between the cell and the external environment. So, thermal balance on the SOFC is applied based 
on the first law of thermodynamics. This balance considers all the heat sources and heat sink 
caused by electrochemical reactions within the stack.[27] 

https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/laws-of-thermodynamics
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The amount of air that is sent at the inlet of the cathode side is evaluated considering the thermal 
balance. This is value is not equal to the stoichiometric one because an extra amount of air is 
needed to then cool down the system. The outputs of the cell are electrical power Wel and 
thermal heat flux Φ. In the SOFC mode the heat is produced and so according to the sign 
convention is negative, so the heat flux is obtained thought the formula: 

 

|𝛷| = |∆𝐻𝑟𝑒𝑎𝑐| − 𝑊𝑒𝑙         (85) 

 

ΔHreac is the enthalpy change across the anode; this is not all going into heat. But this goes 
partially into electricity production and the remaining part will go to heat 

Explicating the terms: 

 

|𝛷| = |∆𝐻| ∙ 𝑛𝐻2
̇ − 𝑉𝑐 ∙ 𝐼𝑡𝑜𝑡        (86) 

 

Using the Faraday’s low to express the hydrogen molar flow and considering the total current as 

the one produce by a single cell multiplied by the number of cells: 

 

|𝛷| = |∆𝐻| ∙
𝐼𝑛𝑐𝑒𝑙𝑙

2𝐹
− 𝑉𝑐 ∙ 𝐼𝑛𝑐𝑒𝑙𝑙       (87) 

 

So : 

 

|𝛷| = 𝐼𝑛𝑐𝑒𝑙𝑙  (
|∆𝐻|

2𝐹
− 𝑉𝑐)            (88) 

 

The total heat flux is the sum of the contribution given by the reform, so the heat needed for the 
reaction to occur and this is given by Aspen, and the heat that should be removed by the air.  

 

|𝛷| = 𝛷𝑎𝑖𝑟 + 𝛷𝑅𝐸𝐹            (89) 

 

Φref is the heat flux required to process endothermic reforming reactions, Φair is the quantity of 
heat flux that is removed by air and is equivalent to: 

 

https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/enthalpy-change
https://www-sciencedirect-com.ezproxy.biblio.polito.it/topics/engineering/endothermic-process
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𝛷𝑎𝑖𝑟 = 𝛷 − 𝛷𝑅𝐸𝐹            (90) 

 

 

Evaluating the Φair from this equation the mass of air can be obtained: 

 

𝑚𝑎𝑖𝑟̇ =
𝛷𝑎𝑖𝑟

𝑐𝑝(𝑇𝑜𝑢𝑡,𝑎𝑖𝑟−𝑇𝑖𝑛,𝑎𝑖𝑟)
        (91) 

 

Also this step is implemented in aspen thank to the calculator option C-AIR. The calculator 
block solves the thermal balance and calculate the waste heat which should be removed by the 
air flow. 

𝛷𝑤𝑎𝑠𝑡𝑒 = 𝛷𝑎𝑖𝑟           (92) 

 

Inside the calculator block the electrical power is evaluated considering the formula: 

𝑊𝑒𝑙 = 𝑉𝑐 ∙ 𝐼𝑡𝑜𝑡         (93) 

 

Where the Itot is given from the previous calculations. 

Put all together: 

𝛷𝑤𝑎𝑠𝑡𝑒 = 𝛷𝑎𝑖𝑟,𝑟𝑒𝑎𝑙 = 𝛷 − 𝛷𝑅𝐸𝐹 = ∆𝐻𝑟𝑒𝑎𝑐 − 𝑊𝑒𝑙 − 𝛷𝑅𝐸𝐹     (94) 

 

This value is then exported as a PARAMETER to be used in the following design specification 
DS-AIR.  

Here, the target is that the two heat fluxes are equal, the waste and the heat duty of the cathode 
heat exchanger. 

𝛷𝑤𝑎𝑠𝑡𝑒 = 𝛷𝐻𝑋𝑐𝑎𝑡           (95) 
 

The variable to reach the target is the inlet air flow, that will be varied keeping the temperature 
of the SOFC constant and to remove the heat produced.  

This is expressed as a function of the stoichiometric air thanks to the lambda coefficient that is 
assumed variable between 1 and 20. 
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𝜆 =
𝑛𝑎𝑖𝑟,𝑟𝑒𝑎𝑙̇

𝑛𝑎𝑖𝑟,𝑠𝑡𝑜𝑖𝑐ℎ̇
  (96) 

 

λ is the air excess ratio or also called air utilization. nair,stoich represents stoichiometric air in 
kg/sec and is calculated by using Faraday's law, so considering how much oxygen as required to 
obtain nO2.. Therefore, in this way, the air excess ratio with respect to stoichiometric air is 
determined from the thermal balance of the SOFC system.  

 

 

5.4 Aspen Results  
 

 

Aspen given as results: 

To evaluate the system performance, the efficiencies calculation considering the different 
component are performed. Efficiency determined are: 

• DC electrical power from the SOFC,  
• Air and biogas blowers’ electrical consumption, 
• Useful thermal power from the system, 

These outputs are used to evaluate the system performance through the efficiencies calculation 
considering the different component are performed. Efficiency determined are: 

 

• Electrical efficiency, 
• Thermal efficiency, 
• Overall efficiency, 

 

The definitions are: 

𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 =
𝑊𝑛𝑒𝑡

𝑚𝑓𝑢𝑒𝑙∙𝐿𝐻𝑉   
       (97) 

 

𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑄𝑅𝐸𝐶

𝑚𝑓𝑢𝑒𝑙 ∙ 𝐿𝐻𝑉
      (98) 

 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
𝑊𝑛𝑒𝑡 + 𝑄𝑅𝐸𝐶

𝑚𝑓𝑢𝑒𝑙 ∙ 𝐿𝐻𝑉
      (99) 
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ηElectrical represents the electrical efficiency of the system, Wnet symbolizes the total electrical 
power output (kW) and is evaluated in this way: 

 

𝑊𝑛𝑒𝑡 = 𝑊𝑛𝑒𝑡,𝐴𝐶 = 𝑊𝑔𝑟𝑜𝑠𝑠,,𝐴𝐶 − 𝑊𝐴𝑈𝑋 = 𝑊𝑔𝑟𝑜𝑠𝑠,𝐷𝐶 ∙ 𝜂𝑖𝑛𝑣 − 𝑊𝑎𝑖𝑟,𝑏𝑙𝑜𝑤 − 𝑊𝑓𝑢𝑒𝑙,𝑏𝑙𝑜𝑤      (100) 

Where ηinv is the efficiency of the inverter, and the Wair,blow and Wfuel.blow  are the power 
consumed by the compressor to increase the pressure for the air and the fuel. 

 ηThermal represents the thermal efficiency. QREC denotes the extra heat recovered from the heat 
recovery system. ηOverall is the overall efficiency of the system, considering both of them. 

 

Using as vfuel 5 m3/h the results obtained for Aspen are: 

 For the cathode: 

 

 Units AIR-4 
Mole flows mol/s 0.206281 

CH4 mol/s 0 
CO2 mol/s 0 

N2 mol/s 0.162962 
CO mol/s 0 
O2 mol/s 0.0433191 

H2O mol/s 0 
H2 mol/s 0 

 

Table 4-Cathode flow rates 

 

In this case at the cathode just air is sent and so the two components present are the oxygen and 
the nitrogen, with the molar flow rate resulting from the calculation. 

For the anode: 

 

 Units F-4 
Mole flows mol/s 0.258689 

CH4 mol/s 7.34257 e-5 
CO2 mol/s 0.0525563 

N2 mol/s 0 
CO mol/s 0.0650214 
O2 mol/s 5.28372 e-20 

H2O mol/s 0.0598783 
H2 mol/s 0.0811594 

 

Table 5-Anode flow rates 
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For the anode the stream considered is the one exits the reformer and entering the anode side, so 
the methane residual is very low since was converted in the previous step, the hydrogen is the 
one considered as a fuel for the SOFC, while the carbon monoxide and dioxide are the diluent, 
that in the code are assigned in the N2diluent.  

These flow rates are used as input for the MATLAB code. The proper conversion is done to 
obtain them in Nml/min.  

 Flow rate [Nml/min] 
H2 1090,782 

H2O 804,7644 

N2diluent 1580,244 

Air 2772,417 
 

Table 6-Flow rate values 

From these values the code is able to perform the current density calculation from which the 
polarization curve as in the case before is evaluated.  

 

 

Figure 28- Polarization curve from Aspen results 

 

The thermal and electrical outputs instead are summarised in the table below: 

 Variable in [W] 
Qwaste 1033,77 

Qrec -15687,6 
Wel 9535,99 

Wairblow 128,378 
Wfuelblow 22,6894 

 

Table 7-Aspen results 
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From these values is possible to make the efficiency evaluation. The electrical power as results 
of Aspen is the WDC,gross, so using the formula (100), with an efficiency for the inverter of 0.95, 
the net power is calculated. The mass fuel flow rate is given by the expression (78) and the lower 
heating values for the methane is LHV= 50.0 MJ/kg.   

The results are: 

 

Efficiency  

ηelectrical 0,188101 

ηthermal 0,106812 

ηoverall 0,2949127 
 

Table 8- Efficiency 

 

6 Conclusion 
 

 

A mathematical model was developed to study the behaviour of a SOFC. An anode-supported 
planar one-dimensional SOFC stack model has been presented. The model developed consists of 
mass and energy balances, and an electrochemical model that relates the fuel and air gas flow 
and temperature to voltage, current density, and other relevant fuel cell variables.  

Mass transport of gas components through porous anode was investigated using the Dusty Gas 
Model. The performance of cell polarization, is separated in different polarization losses, 
including the ohmic resistance, activation polarization, concentration polarization. The model 
was validated by comparing the simulation results with data from literature and good agreement 
between them was found, changing the fitting parameter.  

The model can effectively predict the I–V characteristics of SOFC, and the distributions of gas 
molar fraction inside the porous electrodes. It was concluded that the diffusion process across 
porous medium can be managed by operating conditions together with microstructural properties 
of material. 
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