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ABSTRACT

The increasing energy demand along with the growing attention on environmental issues
require a change in the process of energy conversion, that can be accomplished through the
exploitation of renewable sources and the development of new, sustainable and efficient
technologies.
Among renewable energy sources, biomass presents some positive characteristics: it is
cheap, widely spread and can be exploited at any time. Moreover, if used at the same rate as it
grows, biomass can be considered as not contributing to CO 2 emission in the atmosphere.
Thanks to the exploitation of the fuel cell technology, it is possible to convert the
chemical energy contained in the fuel directly into electrical energy. Not all the fuel cells are
able to work when fed with carbonaceous fuels, due to technological issues: solid oxide fuel
cells (SOFC) appear to be the best choice, especially in the perspective of an integration
between the two features.
In the European context, the DB-SOFC project (Direct Biomass – Solid Oxide Fuel
Cell) has been developed in order to exploit the biomass potential for the production of
electricity. Integrated in this system, a in situ gasification process of biomass is foreseen to
avoid the kinetic restrictions at the anode side, due to the limited contact between the electrolyte
and anode electrode and the biomass solid particles.
The aim of this thesis is to create a model for the tubular SOFC: for this purpose, the
software COMSOL Multiphysics® 5.3 has been used.
Firstly, the fuel cell operation when fed directly with syngas has been analysed and a
comparison between different operating conditions (in terms of pressure and temperature) has
been performed, to evaluate the behaviour of the device. After that, the further step has been
the implementation of the gasification process and the coupling with the fuel cell, so to describe
the complete system.
The simulation of the polarization curves (i-V curves) in the different conditions will
represent the goal of the study.

3

NOMENCLATURE
𝐴𝑈

Air utilization [−]

𝑐𝑝

Heat capacity at constant pressure [𝐽/(𝑘𝑔 ∙ 𝐾)]
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𝐷𝑓

Binary diffusion coefficient [𝑚2 /𝑠]
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Knudsen diffusion coefficient [𝑚2 /𝑠]
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Pore diameter [𝑚]

𝐸

Nernstian voltage [𝑉]

𝐹
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Current [𝐴]
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Current density [𝐴/𝑐𝑚2 ]
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Limiting current density [𝐴/𝑐𝑚2 ]
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Local current source [𝐴/𝑐𝑚2 ]
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Exchange current density [𝐴/𝑐𝑚2 ]
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Molecular weight [𝑔/𝑚𝑜𝑙]
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Electrons exchanged in the rate determining step [−]

𝑝

Pressure [𝑃𝑎]
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Ambient pressure [𝑃𝑎]

𝑄

Heat [𝐽]

𝑅

Rate of reaction [𝑚𝑜𝑙/(𝑚3 ∙ 𝑠)]
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Universal gas constant [𝐽/(𝑚𝑜𝑙 ∙ 𝐾)]
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Reynolds number [−]

𝑆

Entropy [𝐽/𝐾]

𝑠̅

Molar entropy [𝐽/(𝑚𝑜𝑙 ∙ 𝐾)]

𝑇

Temperature [𝐾]
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𝑢

Velocity [𝑚/𝑠]

𝑉

Voltage [𝑉]

𝑊

Power [𝑊]

𝑧

Charge number [−]

GREEK SYMBOLS
𝛼

Charge transfer coefficient [−]

𝛽

Simmetry factor [−]

𝜖

Porosity [−]

𝜖𝑖𝑗

Lennard-Jones characteristic energy [𝐽]

𝛾

Sticking probability [−]

Γ

Surface site density [−]
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Activation overpotential [𝑉]
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𝜌

Density [𝑘𝑔/𝑚3 ]

Σirr
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𝜎

Conductivity [𝑆/𝑐𝑚]
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𝜏

Tortuosity [−]
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Heat flux [𝑊]

Ω𝑖𝑗

Collision integral [−]
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ACRONYMS
0D

Zero-dimensional

1D

One-dimensional

2D

Two-dimensional

3D

Three-dimensional

CGE

Cold Gas Efficiency

DGM

Dusty Gas Model

DMR

Dry Methane Reforming

LSM

Lanthanum Strontium Manganite

MCFC

Molten Carbonate Fuel Cell

MIEC

Mixed Ionic Electronic Conductor

OK

Olive Kernel

SMR

Steam Methane Reforming

SOFC

Solid Oxide Fuel Cell

TPB

Three Phase Boundary

WGS

Water Gas Shift

YSZ

Yttria Stabilized Zirconia
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1. INTRODUCTION

1.1. Description of the project
The increasing energy demand along with the growing attention on environmental issues
require a change in the process of energy conversion, that can be accomplished through the
exploitation of renewable sources and the development of new, sustainable and efficient
technologies. Fossil fuels nowadays cover the great majority of global energy demand and they
are expected to continue this trend in the near future. Considering a reference case scenario for
the next years up to 2040, projections show the predominance of traditional sources in the
production of world’s primary energy (that will account for approximately 80% of the total
production), although the renewable sources are foreseen to increase with a higher rate. At the
same time, from the environmental point of view, world energy-related carbon dioxide
emissions will increase with an annual rate of 1.3% from 2010 to 2040 [1]. Such scenario may
lead to serious outcomes if a change in the actual global energy system won’t be accomplished.
In the energy sector, one of the key themes of last years is the electrification process
with proper fuels, that could also result in a considerable green-house gas emissions reduction.
In Europe, in 2016, 239.6 million tonnes of oil equivalent (MTOE) have been consumed
in form of electrical energy, nearly 89 MTOE were obtained exploiting renewable energies [2].
The direct production of electricity exploiting renewable energy sources (RES) could represent
an interesting path that can be explored.
Among the technologies and the possible energy sources, fuel cells and biomass are
becoming more interesting.
In the renewable energy sources landscape, biomass presents some positive
characteristics: it is cheap, abundant, widely spread and can be exploited at any time (i.e. it has
not an intermittent nature, differently from many others). If used at the same rate as it grows,
biomass can be considered as not contributing to CO2 emission in the atmosphere. Solid
biomass, such as agricultural residuals and municipal solid wastes, can be exploited to obtain
(thermal) energy through the traditional combustion process, or can be first converted into
gaseous or liquid biofuels through, for example, a pyro-gasification process.
Fuel cells, instead, are electrochemical devices that convert the chemical energy
contained in the fuel directly into electrical energy. There are different kind of fuel cells, which
11

differ in terms of operating temperatures. While low temperature fuel cells require preprocessing of fuel as they can work essentially with hydrogen, high temperature ones as solid
oxide fuel cells (SOFC) and molten carbonate fuel cells (MCFC) can be fed with carbonaceous
fuels. SOFC technology shows the most attractive characteristics [1]. It has a solid-state
electrolyte, differently from the molten electrolyte of MCFC, that means no corrosion issues
and also the possibility to realize several cell configurations. Moreover, MCFC need carbon
dioxide at the cathode side, that represents a further complexity if compared to the SOFC,
whose cathode requires air. Finally, the operating temperatures are around 800°C for SOFCs
and 600°C for MCFCs: in the perspective of an integration between a fuel cell and the biomass
gasification (that is generally carried out at 900°C), for all the characteristics described, the
solid oxide fuel cell appears to be the best choice.
If referred to the European context, the Mediterranean countries own more than 85% of
world’s olive oil production and cultivate large areas with grape vines [3]. This results in a high
biomass potential that includes all the residuals from olive and grape vine cultures. Moreover,
the exploitation of municipal solid waste is still not developed in these regions, differently from
the northern part of Europe. This means the possibility to recover energy from the unused
organic fraction of such wastes.
With this in mind, among Euro-Mediterranean countries, the DB-SOFC project (Direct
Biomass – Solid Oxide Fuel Cell) has been developed in order to exploit the biomass potential
for the production of electricity. Integrated in this system, a in situ gasification process of
biomass is foreseen to avoid the kinetic restrictions at the anode side, due to the limited contact
between the electrolyte and anode electrode and the biomass solid particles. In this way, it is
possible to exploit the high fuel flexibility of SOFC, that is the capability of this kind of cells
to work fed with different fuels (not only hydrogen) without the mandatory presence of a prereforming stadium.

1.2. Literature review
In the past decades, a number of researchers analysed SOFC systems through
mathematical or simulation model, in order to describe the functioning and the performance of
the cell. Literature on this technology is quite abundant, with models from zero-dimensional to
three-dimensional, with different levels of detail. Although the most analysed case is the SOFC
fed with hydrogen, carbonaceous fuel such as carbon monoxide in particular are becoming more
interesting and therefore more frequently studied.
12

The studies on solid oxide fuel cells cover many different features, in order to find more
performant materials and operating conditions. The number of studies aiming at describing
SOFCs operation through the use of models is increased in the late years. Typically, a SOFC
model includes electrochemical, flow and thermal analysis [4]. The physical models of SOFC
are usually classified on the basis of the model dimensionality, from 0D to 3D. Generally, 0D
and 1D models are applied when the aim of the analysis is the assessment of the optimal
operating conditions on system level, with the prediction of steady state and transient
performances of the cell and stack, while 2D and 3D models are typically useful for the cell and
stack design issues [5]. Typically, low dimension models (0D and 1D) are characterized by less
computational time if compared to the high dimension ones (2D and 3D); however, high
dimension models are useful to estimate the cell behaviour, in order to find the most appropriate
geometry for each particular case study.
Zero-dimensional models are generally used when the single cell is considered as a part
of a more complex system. In such cases, the main purpose of the analysis is the estimation of
the general performances of the whole system, while physical and chemical parameters
variations are not particularly relevant [6].
In one-dimensional model, the fuel cell is usually considered as a set of layers
constituting the main components, neglecting the variations at the vertical direction. Aguiar et
al. (2004) [7] developed a 1D dynamic model for an anode-supported intermediate temperature
planar SOFC. The fuel considered is a mixture of gases including H2, CO and CH4, and it is
assumed that only hydrogen is subjected to electrochemical oxidation: therefore, the occurrence
of water gas shift and methane steam reforming reactions is considered alongside the main
electrochemical reaction. This model is able to predict SOFC characteristics both in transient
and steady state operations. Concerning the tubular design, Calise et al. (2007) [8] presented a
detailed model for the analysis of heat transfer inside a cathode-supported tubular fuel cell. In
the study, the fuel cell was discretized along the longitudinal axis. Results showed that radiation
heat transfer has a strong influence on temperature distribution.
Two-dimensional models represent an important improvement in the description of the
cell behavior, being a simplified form of the 3D models. Xue et al. (2005) [9] presented a
dynamic model of a single tubular SOFC unit, for the evaluation of the system behavior and the
spatial distribution of state variables under steady state and transient operations. The numerical
study is also compared to experimental results, as for the polarization curve, showing quite
good agreements.
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Three-dimensional models are the most accurate models but also the most time requiring
ones. They allow simulating the internal behaviour of the single fuel cell, usually exploiting the
finite elements methods to simplify the computation. Results as temperature and fuel
distributions can be obtained. Ferguson et al. (1996) [10] developed a 3D mathematical model
allowing the computation of the distribution of electrical potential, temperature and chemical
species concentration distributions inside the cell. Planar and tubular geometries were
compared: according to the analysis, the planar geometry resulted to be the most efficient,
showing a lower ohmic losses than the tubular design. Nikooyeh et al. (2007) [11] analysed the
operation of a planar SOFC fed with methane, in the presence of internal reforming. The
distribution of temperature and gas composition inside the cell were studied. The results
highlighted the area of the cell most affected by carbon deposition phenomena and thermal
stresses generations. Additionally, the effect of variation in the fuel composition were analysed,
observing that a recirculation of anode exhaust gases (up to an optimum value of 60% of
recirculation) would lead to a reduction in temperature gradients and in the carbon formation at
the anode.
On the other side, gasification is well known and in literature results of various models
are available. The models are usually based on thermodynamic equilibrium and kinetics. In
general, the thermodynamic equilibrium models assume that all reactions are in thermodynamic
equilibrium. They are independent of the gasifier design, but are characterized by a low level
of accuracy; the kinetic rate models are more requiring from the computational point of view,
but they give more accurate results [12]. An example of kinetic-based model is the one proposed
by Gómez-Barea and Ollero (2006) [13], in which the conversions of solid and gaseous
materials are reduced to two differential equations, functions of gas and solid reactants
concentrations. The process is assumed to be isothermal and quasi steady-state; additionally,
the model can be applied to different reactor geometries (slab, cylinder or sphere) and, in
principle, can incorporate any kinetics.
As said, thermodynamic equilibrium analyses are independent of the gasifier design,
and therefore their application can be more suitable in comparison with the kinetic rate models,
that contain precise parameters that can limit their applicability to different case study.
However, thermodynamic equilibrium may not be reached, because of the relatively low
operating temperatures (from 750 to 1000°C typically) [12]. Nevertheless, such kind of models
has been frequently used. Zainal et al. (2001) [14] developed an equilibrium model for
downdraft gasifiers, that can be used with different kinds of biomass. They predicted the
composition of the producer gas and the relative calorific values for various biomass materials:
results highlighted that, with increasing moisture content, the fractions of hydrogen and
14

methane increase as well, differently from the carbon monoxide, which decreases, and so does
the final calorific value.
Although the SOFC and gasification technologies are known and widely studied, the
relatively recent argument is the integration between the two features. It can be stated the
negative effect of some contaminants on the operation (causing, for example, the deactivation
of the nickel catalyst), but a precise analysis is still missing and need further research.
Panopulos et al. (2006) [15] developed a model of a SOFC integrated with steam gasification
process of biomass, and performed a feasibility study highlighting the main critical aspects, in
particular related to the effect of contaminants on the fuel cell operation. The system model was
built using Aspen PlusTM simulation software. An electrical efficiency of 36% was obtained,
while thermal efficiency was around 14%. Additionally, results showed that high water
concentrations inhibit effective H2S removal at high temperatures, and low temperatures affect
negatively the efficiency and cause tar condensation problems. Hayan et al. (2019) [16], instead,
developed an exergoeconomic analysis in which the use of air and steam as gasifying agents
were compared. The gasification process has been modelled with a thermodynamic equilibrium
model. Results showed that, at the optimal operating conditions, when steam is used rather than
air, the net output power is increased by almost 15% and the exergy efficiency is increased by
almost 25%. However, the effects of contaminants or carbon deposition occurrence have not
been considered.
It is therefore clear that, even if the exploitation of producer gas in the fuel cell can be
predicted from other analysis, the correct integration and other issues (as the effect of
contaminants contained into the syngas on the SOFC operation) are not documented in detail
yet [1] and need further analysis.

1.3. Aim of the work
The aim of this thesis is to model the tubular SOFC, analysing firstly the operation when
fed directly with syngas. The operation of the syngas-fed SOFC could then be compared to the
performances of a theoretical operation considering as fuel pure hydrogen. After that, the
further step is the implementation of the gasification process to describe the complete system.
The simulation of the polarization curve (i-V curve) will represent the goal of the study.
This will be realized using the software COMSOL Multiphysics® 5.3.
After the design of the cell and the definition of control volume, the operation of the cell
will be simulated using the appropriate settings, also considering the parasitic heat generated in
15

the process. The process will be considered as stationary, in accordance with the real SOFC
operation.
Finally, the performances of the system will be analysed, evaluating the efficiency in
the operating point, and possible alternatives will be proposed.
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2. THEORETICAL BACKGROUND

2.1. Fuel cell: general characteristics
A fuel cell is an open electrochemical cell operating in galvanic regime, i.e. it consumes
the chemical energy contained in the reactants (e.g. H2 and CO) to produce electrical power.
The production of electricity is direct, without the intermediate combustion process, and for
this reason the efficiency in higher if compared to the traditional methods.
The main components of a fuel cell are the two porous electrodes, which are separated
by the electrolyte, as can be seen in Figure 2.1.

Figure 2.1. SOFC operating principle [17]

The cathode is the positive terminal of the fuel cell, where the reduction reaction occurs:
here the oxidant species receives electrons, thus reducing its oxidation number. The anode is,
at the contrary, the negative terminal, where the oxidation reaction takes place: the fuel loses
electrons, increasing its oxidation number. These two electrodes are physically separated by the
intermediate layer called electrolyte. It can be made of solid or liquid material and allows the
transfer of ions, preventing the passage of electrons and molecules. It has a key role in the fuel

17

cell, preventing the direct contact between the anodic and cathodic flows, and characterize the
operation of the cell.
In addition to these components, an external circuit connects the two electrodes, in
which the electrons are able to flow, creating then a current. In case of series configuration, an
interconnector is responsible for electrically connecting cells and letting the current flow, as
well as delivering fuels to and removing products from each cell.
So, in this process, a charge separation occurs, leading to the generation of electrical
fields on both electrodes: therefore, a voltage differential ΔV is established between the two
electrodes. Moreover, the presence of a current I flowing across the voltage gradient will
generate electrical power:
𝑊𝑒𝑙 = ∆𝑉 ∙ 𝐼

(1)

The current that is generated in the cell is the Faraday’s current and it can be expressed
using the Faraday’s law:
𝐼 = 𝑛̇ 𝑓𝑢𝑒𝑙 ∙ 𝑧 ∙ 𝐹

(2)

where:


𝑛̇ 𝑖 [𝑚𝑜𝑙/𝑠] is the molar flow rate of species i



𝑧 [−] is the number of electrons exchanged in the reaction



𝐹 = 96486.7 [𝑚𝑜𝑙 ] is the Faraday’s constant.

𝐶

2.1.1. Operation of electrochemical cells
As previously said, fuel cells convert chemical energy of fuels into electricity. This
energy contained in reactants should offset the overvoltages rising during the operation, related
to reactions activation at electrodes, to ohmic losses and to the decrease of reactants
concentration at the site of the reaction. Therefore, if E is the reversible voltage, that is the one
related to the amount of energy that the reaction can release in reversible conditions (i.e., in
open circuit conditions), the amount of voltage that can produce a useful effect will be:
𝑉 = 𝐸 − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚 − 𝜂𝑑𝑖𝑓𝑓

(3)

Let’s analyse the various contributions to find an analytical formula.
Reversible voltage
The reversible voltage is the voltage that can be measured in open circuit conditions, when
there is no current flowing inside the circuit and a chemical equilibrium is established at both
electrodes. It is the highest value of voltage that can be obtained from a fuel cell.
18

To obtain the reversible voltage E it is possible to analyse the fuel cell under the
following hypotheses: the fuel cell is represented as a black box, the cell operates in equilibrium
conditions (i.e., in reversible conditions) and in steady state. So, it is possible to apply the first
and second thermodynamic laws:
Φ𝑡ℎ − 𝑊𝑒𝑙𝑟 = 𝑛̇ 𝑝 ℎ̅𝑝 (𝑇, 𝑝𝑖 ) − 𝑛̇ 𝑓 ℎ̅𝑓 (𝑇, 𝑝𝑖 ) − 𝑛̇ 𝑜𝑥 ℎ̅𝑜𝑥 (𝑇, 𝑝𝑖 ) = Δ𝐻𝑟𝑒𝑎𝑐𝑡
{ Φ𝑡ℎ
− Σ𝑖𝑟𝑟 = 𝑛̇ 𝑝 𝑠̅𝑝 (𝑇, 𝑝𝑖 ) − 𝑛̇ 𝑓 𝑠̅𝑓 (𝑇, 𝑝𝑖 ) − 𝑛̇ 𝑜𝑥 𝑠̅𝑜𝑥 (𝑇, 𝑝𝑖 ) = Δ𝑆𝑟𝑒𝑎𝑐𝑡
𝑇

(4)

where:


Φ𝑡ℎ [𝑊] is the heat exchanged between the cell with the external environment;



𝑊𝑒𝑙𝑟 [𝑊] is the reversible electrical work exchanged by the cell with the external
environment;



𝐽
𝐽
ℎ̅𝑖 (𝑇, 𝑝𝑖 ) [𝑚𝑜𝑙 ] and 𝑠̅𝑖 (𝑇, 𝑝𝑖 ) [𝑚𝑜𝑙∙𝐾] are, respectively, the molar enthalpy and molar

entropy of species i at temperature T partial pressure pi;


𝑊

Δ𝐻𝑟𝑒𝑎𝑐𝑡 [𝑊] and Δ𝑆𝑟𝑒𝑎𝑐𝑡 [ 𝐾 ] are, respectively, the total enthalpy and total entropy
of the reaction at temperature and pressure conditions;



𝑊

Σ𝑖𝑟𝑟 [ 𝐾 ] is the entropy generated by the irreversibilities and, since we are
considering reversible conditions, it is equal zero.

Combining these two equations, it is possible to obtain:
𝑊𝑒𝑙𝑟 = −∆𝐻𝑟𝑒𝑎𝑐𝑡 + 𝑇 ∙ ∆𝑆𝑟𝑒𝑎𝑐𝑡 = −∆𝐺𝑟𝑒𝑎𝑐𝑡

(5)

where ∆𝐺𝑟𝑒𝑎𝑐𝑡 [𝑊 ] represents the total Gibbs free energy of the reaction. For a galvanic
cell, the Gibbs free energy variation is always negative, and therefore the electric power is
positive (produced by the cell). Then, normalizing by the molar flow rate of the fuel ( 6 ) and
exploiting the Faraday’s law ( 7 ) it can be obtained:
𝑟̅
𝑙𝑒𝑙
= −∆ℎ̅𝑟𝑒𝑎𝑐𝑡 + 𝑇 ∙ ∆𝑠̅𝑟𝑒𝑎𝑐𝑡 = −∆𝑔̅𝑟𝑒𝑎𝑐𝑡
𝑟̅
𝑙𝑒𝑙
=

𝑊𝑒𝑙𝑟
𝐼 ∙ 𝑉𝑟
=
= 𝑉𝑟 ∙ 𝐹 ∙ 𝑧
𝐼
𝑛̇ 𝑓𝑢𝑒𝑙
𝐹∙𝑧

(6)
(7)

The only situation in which the cell is working in reversible conditions is when the
circuit is open, in which no transport phenomena occur, and therefore no entropy is generated.
The voltage generated in such a situation is called Open Circuit Voltage (OCV), and by
combining the two previous equations it can be found the so-called Nernst equation:
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𝑂𝐶𝑉 = −

∆𝑔̅𝑟𝑒𝑎𝑐𝑡 (𝑇, 𝑝𝑖 )
𝑧∙𝐹

(8)

From this equation, it can be noticed that OCV (the reversible voltage previously called
E) depends only on 𝑧 and ∆𝑔̅𝑟𝑒𝑎𝑐𝑡 . The dependency on 𝑧 implies it is affected by the type of
reaction occurring, and in particular on the kind of fuel; instead the presence of ∆𝑔̅𝑟𝑒𝑎𝑐𝑡 implies
a dependence on the thermodynamic state.
The Gibbs free energy is the thermodynamic potential that define the spontaneity of a
reaction at defined temperature and pressure conditions, and it reaches a minimum value when
the system is in chemical equilibrium. When ∆𝑔̅𝑟𝑒𝑎𝑐𝑡 < 0, the reaction is spontaneous, as in
this case. Being the Gibbs free energy defined as:
∆𝑔̅𝑖 (𝑇, 𝑝𝑖 ) = ∆ℎ̅𝑖 (𝑇, 𝑝𝑖 ) − 𝑇∆𝑠̅𝑖 (𝑇, 𝑝𝑖 )

(9)

it is clear that a reaction is spontaneous when it is exothermic (∆ℎ̅𝑖 < 0) and it is
characterized by decreasing order (∆𝑠̅𝑖 > 0); if it is endothermic (∆ℎ̅𝑖 > 0) with decreasing
order, the reaction will be spontaneous at high temperatures; at the contrary, if it is exothermic
but with increasing order (∆𝑠̅𝑖 < 0), low temperatures will guarantee the spontaneity of
reaction. If instead the Gibbs free energy variation is positive, the reaction is not spontaneous,
and it will not take place without an external work.
The larger is the Gibbs free energy, the higher will be the voltage drop that can be
generated.
If it is then assumed ideal gases model through equation ( 10 ), it is possible to explicit
the dependence of the OCV on the partial pressure of the various species:
𝑝𝑖
𝑔̅𝑖 (𝑇, 𝑝𝑖 ) = 𝑔̅ (𝑇, 𝑝0 ) + 𝑅̅ ∙ 𝑇 ln ( )
𝑝0
𝑝 𝜈𝑖
∏𝑛1 ( 𝑖 )
∆𝑔̅𝑟𝑒𝑎𝑐𝑡 (𝑇, 𝑝0 ) 𝑅̅ ∙ 𝑇
𝑝0
𝑂𝐶𝑉 = −
+
∙ ln (
𝑝𝑖 𝜈𝑖 )
𝑧𝑓 ∙ 𝐹
𝑧𝑓 ∙ 𝐹
∏𝑚
(
1 𝑝 )
0

( 10 )

( 11 )

in which, on the right-hand side, the first contribution can be called standard reversible
voltage E0 and where:


𝐽
𝑅̅ = 8.314 [𝑚𝑜𝑙∙𝐾 ] is the universal gas constant;



𝑧𝑓 is the number of electrons delivered by the considered fuel;



𝑚 and 𝑛 are the number of products and reactants, respectively;



𝜈𝑖 is the generic stoichiometric coefficient;
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𝑝0 is the reference pressure.

So, equation ( 11 ) represents the expression of the reversible voltage, that can be
measured in open circuit conditions, when the current flowing in the circuit is zero. When the
circuit is closed, current starts flowing inside the external circuit, breaking the chemical
equilibrium that was established at both electrodes. The system it is no more in ideal conditions,
and transport phenomena start occurring, with the consequent reduction of the Nernstian
voltage for the rising of overvoltages.
Activation overvoltages (ηact)
The activation overvoltage represents the amount of voltage that has to be spent to
overcome the energetic threshold of the activation of the electrochemical reaction. To evaluate
this kind of loss the Butler-Volmer equation is used:
𝑖 = 𝑖0 ∙ {exp [

𝛼𝑎𝑛 𝑧𝐹
𝛼𝑐𝑎𝑡ℎ 𝑧𝐹
𝜂𝑎𝑐𝑡 ] − exp [−
𝜂𝑎𝑐𝑡 ]}
𝑅𝑇
𝑅𝑇

( 12 )

where:
𝐴



𝑖 [𝑐𝑚2 ] is the current density produced by the overpotential;



𝑖0 [𝑐𝑚2 ] is the exchange current density;



𝛼𝑎𝑛 [−] and 𝛼𝑐𝑎𝑡ℎ [−] are charge transfer coefficients, for anode and cathode

𝐴

respectively.
Equation ( 12 ) must be solved to obtain the value of 𝜂𝑎𝑐𝑡 as a function of the current
density, to fit it into equation ( 3 ). This could be not trivial; therefore, simplification should be
assumed. One possibility is to consider 𝛼𝑎𝑛 = 𝛼𝑐𝑎𝑡ℎ , in such way the two values of exponential
would be equal, and the hyperbolic sinus definition can be exploited. This assumption is
reasonable, as the parameters are defined as:
𝛼1 = 𝛽 ∙ 𝑛𝑟𝑑𝑠

( 13 )

𝛼2 = (1 − 𝛽) ∙ 𝑛𝑟𝑑𝑠

( 14 )

where 𝑛𝑟𝑑𝑠 is the number of electrons delivered in the rate determining step. Actually,
a reaction composed by a number of elementary reactions would proceed at the velocity of the
slowest one, the rate determining step exactly. 𝛽, the symmetry factor, is the fraction of starting
potential of the reaction that is used to accomplish the activation: experimentally, it is found
being very close to 0.5 in case of electrochemical reactions. Therefore, it is clear that the
assumption made on the two parameters 𝛼𝑎𝑛 and 𝛼𝑐𝑎𝑡ℎ is correct. On the basis of these
consideration, the expression of the activation overvoltage becomes:
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𝜂𝑎𝑐𝑡 =

𝑅∙𝑇
𝑖
∙ sinh−1 ( )
𝛼∙𝐹
2𝑖0

( 15 )

It is important to notice that the Butler-Volmer equation is defined for each half
electrochemical reaction, one at the anode and one at the cathode side. Therefore, in the
equation ( 3 ) there will be present two terms for the activation overvoltages, one for the cathode
and one for the anode.
Ohmic overvoltages (ηohm)
The ohmic overvoltage is the loss due to both the resistances of electrodes and external
circuits to electrons transport and of the electrolytic membrane to ions transport. For this reason,
part of the energy has to be used to overcome these resistances and it is lost. This particular loss
is described with the Ohm’s law:
𝜂𝑜ℎ𝑚 = 𝑟 ∙ 𝑖 = (𝑟 𝑒𝑙 + 𝑟 𝑖𝑜𝑛 ) ∙ 𝑖

( 16 )

where 𝑟 𝑒𝑙 and 𝑟 𝑖𝑜𝑛 are specific resistances in [Ω cm2]. Between the two terms, the ionic
resistance is the prevailing one.
Diffusion overvoltages (ηdiff)
The third term of overvoltage is the diffusion overvoltage, which takes into account the
reduction of reactants concentration at the point of the reaction. Actually, the reactants are
continuously fed to the cell. However, to reach the electrode/electrolyte interface (the point
where the reactions occur), gases have to diffuse inside the porous electrodes: when the current
to be delivered increases, higher flow rates are required in order to sustain the higher number
of reactions. In such a situation fuel starvage could occur, since the reactants are consumed with
a rate higher that the feed one. This leads to a concentration reduction, and therefore to a voltage
reduction.
This term can be evaluated using different models: Fick’s law, Stefan-Maxwell model
and dusty gases model. In this work, the Fick’s law is applied, and the overvoltage can be
written as:
𝜂𝑑𝑖𝑓𝑓 = |

𝑅̅ ∙ 𝑇
𝑖
ln (1 − )|
𝑧∙𝐹
𝑖𝑙

( 17 )

𝐴

in which 𝑖𝑙 [𝑐𝑚2 ] is the limiting current density, that is the maximum current that can
be produced by the electrode. It is written in absolute value, since the logarithmic term is
negative, and to maintain an expression similar to the other overvoltage terms. Also in this
case, in equation ( 3 ) there will be one term for the anodic and one for the cathodic diffusion
overvoltages.
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Complete expression of voltage
Considering all the contributions evaluated so far, the initial expression of voltage in
equation ( 3 ) can be rewritten as:
𝑉 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 − 𝜂𝑎𝑐𝑡,𝑎𝑛 − 𝜂𝑎𝑐𝑡,𝑐𝑎𝑡ℎ − 𝜂𝑜ℎ𝑚 − 𝜂𝑑𝑖𝑓𝑓,𝑎𝑛 − 𝜂𝑑𝑖𝑓𝑓,𝑐𝑎𝑡ℎ

( 18 )

This equation can be represented on a i-V graph with a curve called Polarisation curve.
The polarisation curve provides a representation of the performances of a fuel cell: cell voltage
is plotted as a function of average current density. The polarisation curve is not unique for a
given SOFC: it varies with operating condition (as temperature), reactants adopted and their
chemical properties, etc. A typical curve is shown in Figure 2.2. Here the three different regions
are well visible, characterized by the three different losses previously described.

Figure 2.2. Ideal and actual performance of a fuel cell

The fuel cell voltage decreases with increasing values of current density: it starts from
the OCV operation point, that is the maximum voltage that can be reached by a fuel cell and is
obtained at open circuit conditions. This means that there is no reactant conversion in such a
situation.
When the value of current becomes different from zero (closed circuit condition),
reactants conversion starts: polarisation phenomena starts occurring, causing voltage drops with
respect to the Nernstian value.
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2.2. Solid Oxide Fuel Cell
The fundamental device that will be analysed is a Solid Oxide Fuel Cell. It is a high
temperature fuel cell, whose typical operating temperatures are around 800°C, and it differs
from other fuel cell for the characteristics of its electrolyte, a solid-state component made of
mixed oxides of metals and ceramic materials and it is able to transfer O2- ions. A schematic of
the operation of the fuel cell is represented in Figure 2.3.

Figure 2.3. Schematic of SOFC operation with H2 and CO as fuels [18]

2.2.1. SOFC components and materials
The materials considered in this work are the ones at the state of the art.
Electrolyte
The electrolyte is composed by Yttria Stabilized Zirconia (YSZ), that is Zirconium
oxide ZrO2 doped with 8 mole % of Yttrium oxide Y2O3. It is nowadays the most effective
electrolyte and the most frequently used. It shows a high conductivity of O2- ions in the range
between 700°C and 900°C (0.02Scm-1 at 800°C), and it can be realized very thin (25-50μm),
ensuring low ohmic losses. The high values of operating temperatures guarantee improvement
of transport phenomena and the possibility to exploit non-precious catalysts (nickel is the most
used nowadays), but at the same time requires the use of high-quality steel for auxiliary
components. Other materials considered for the electrolyte layer show higher values of oxygen
ion conductivity (as the case of CeO2), but they are less stable at low oxygen partial pressure.
This leads to defect oxide formation and consequently to an increase in the electronic
conductivity: this would cause the increase of the internal current, which decreases the potential
of the cell (cross-over effect). Such issue does not occur in case of YSZ electrolyte.
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Anode
The anode is constructed from Cermet, an alloy of metallic nickel and a ceramic (YSZ,
the same of the electrolyte) skeleton. Nickel works both as catalyst and electronic phase. The
anode has a high porosity (generally 20-40%), that make easier the mass transport of reactant
and product gases. The ohmic polarisation losses that arouse at the interface between anode and
electrolyte push for a further investigation on bi-layer anodes in order to reduce such losses.
Cathode
The cathode is instead constructed from a Mixed Ionic Electronic Conductor (MIEC)
material, called Perovskite: in particular a strontium-doped lanthanum manganite (LSM) it is
considered, with the general formula La1-xSrxMnO3. LSM is a p-type semiconductor, with good
ionic and electronic conductivity. Also this component is characterized by a porous structure,
for the same reasons already seen for the anode.
Other components
Alongside these three main components, other parts are needed for a correct operation
of the cell and the stack. The interconnect is the components that electronically connect
neighbouring cells, and that in tubular SOFCs has a particular design. It can be made of different
materials; ceramic ones are preferred for the tubular design. It should be dense, to avoid
molecular diffusion, a good electronic conductor and it must guarantee good mechanical and
structural properties even at high temperatures. Nowadays the most promising material is
Crofer 22 APU, a ferritic stainless steel doped with 22 wt% chromium.
Then fundamental importance is given to the sealing material, to obtain gas-tightness
and thus preventing gas leakages. Material choice is not trivial: it must guarantee good adhesion
both with ceramic material and metal. Usually it is constructed from glass-ceramic materials,
which suffer from thermal cycles.

2.2.2. Practical design
For which concern the geometry, the absence of a liquid phase layer simplifies the cell
configuration and allows the development of different cell geometries. There are typically two
different SOFC typologies: planar and tubular fuel cells. A schematic configuration is shown
in Figure 2.4. Moreover, the mechanical stiffness is granted increasing the thickness of one of
the three layers: there will be so anode supported, cathode or electrolyte supported cells. The
construction process varies according to the kind of cell selected.
In order to give sufficient strength to the cell, supporting component should be thick
enough. In general, for high temperature SOFC electrolyte support is desirable, since ionic
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conductivity of electrolyte increases with temperature: the increase in ohmic drop due to the
thicker electrolyte layer would be then counteracted.
In typical operating conditions, a single cell can produce a voltage lower than 1V.
Higher values of voltage and therefore of power extracted are reached by connecting cells
together in a stack, using series and parallel connections.

Figure 2.4. Schematic configuration of a planar and a tubular cell [19]

Tubular design
The tubular designed was first realized by US Westinghouse Electric Corporation (now
Siemens Westinghouse) in the late 1970s. Even if the main issue with tubular SOFCs is the
expensive fabrication process, a great advantage of such configuration is the elimination of high
temperature gas leakages: actually each tube (as in the modelled configuration) is closed at one
end: fuel flows along the external side of the tube, while oxidant (air) is injected in the internal
side through a thin alumina tube located in the central part of each cell. To obtain a useful
amount of electrical power, cells are connected in parallel and series connection, to create a
bundle, that is the base unit of the generator: the bundles then are connected between them in
series. The connections are realized using a wire made of nickel.
In this work the analysed SOFC is a tubular, electrolyte supported cell.
Planar design
An alternative configuration is the planar design, in which the components are flat plates
connected in series. Nowadays, development in the materials research makes planar SOFC
more interesting. The main problematics related to this configuration are related to the gas flows
inside the cell and the gas leakages; on the other side, the construction process is simpler and
less expensive. Also, planar configuration guarantees a more compact design and simpler
electrical connection between cells.
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2.2.3. Morphology of the cell
The morphology is particularly important for the correct operation of the cell. Electrodes
must be sufficiently porous to allow a good diffusion of gases inside the layer, up to the
electrolyte interface. At the same time, products must be rapidly removed, to minimize
diffusivity problem: in the case of SOFC, particular importance must be given to the anode side,
where there is the formation of reaction products. Moreover, the stiffness must be high enough
to withstand the mechanical stresses and avoid the break of the cell. Then, the use of syngas
(mixture of hydrogen and carbon monoxide) requires high level of reactivity of the material,
that for this reason must present a sufficient active surface area per unit volume.
More precisely, the morphology of the electrolyte/electrode interface is a fundamental
aspect, since it is the region where the electrochemical reactions occur. This region is
characterized by the coexistence of three different phases: the porous phase, through which the
molecules of reactants are supplied, and the products are removed, the electrolytic phase, that
removes and supplies by the O2- ions, and the metallic phase, that removes and supplies
electrons. The point in which these three phases coexist is called Three Phase Boundary (TPB).
A representation of such a region is shown in Figure 2.5.

Figure 2.5. Schematic representation of Ni-YSZ TPB region (anode side) [31]

As a consequence, fine-grain electrode will perform better, guaranteeing a higher TPB
surface.
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2.2.4. Effect of high temperature on SOFC operation
As previously said, SOFCs are high temperature fuel cells characterised by operating
temperatures in the range of 750-1000°C. High temperatures reached have positive and negative
effects.
The main advantage is the improvement in the transport phenomena, that decreases the
polarisation overvoltages. Electrode kinetic is improved, with consequent faster reactions,
therefore the activation overvoltages are reduced. Moreover, electrolyte ionic conductivity as
said increases with higher temperature, and so also ohmic overpotential are counteracted.
Additionally, higher operating temperature means higher quality exhaust heat, that can
be further exploited.
On the other hand, high temperatures lead to some problematics. Related to the materials
of auxiliary components, highly resistant steels have to be used to withstand corrosion
phenomena and maintain mechanical and thermochemical properties integer. For which
concern the operating phase, high temperature implies slower start-up and shut-down: SOFC
are not designed to work in transitional regimes, but rather for continuous stationary operations.

2.2.5. SOFC operation with hydrocarbons
One of the most important characteristics that make SOFCs so interesting among the
other fuel cells is their fuel flexibility, that is their capability to work fed with a variety of fuels.
This is due mainly to the high temperatures (700-1000°C) reached in the operation and the
consequent possibility to use non-precious catalyst, like Nickel, that do not suffer from
poisoning effects related to carbon presence. For these reasons, a syngas-fed SOFC can be an
interesting application.
The possibility to exploit a great variety of fuels presents some positive and negative
effects. The possibility to use fuels with higher reversible potential and the higher ideal
efficiencies, the simplification of the plant (that won’t necessarily need any more external
reformers for example) are the main advantages. On the other hand, anode deactivation due to
carbon deposition and, in general, the presence of impurities could lead to degradation of the
electrode and therefore problems during the operating life of the device.
Let’s analyse these aspects.
In this work, three fuels have been considered: hydrogen, carbon monoxide and
methane, contained in different fractions into the syngas produced after the biomass
gasification. The reaction with the highest rate of kinetics at the Ni-YSZ anode is the hydrogen,
28

while the carbon monoxide has a slower activation. Methane can react directly at the anode
also, but proper catalysts are needed, as cerium.
The electrochemical reactions that can occur at the anode electrode, where there is the
oxidation reaction, are the following:
𝐻2 + 𝑂2− → 𝐻2 𝑂 + 2𝑒 −

( 19 )

𝐶𝑂 + 𝑂2− → 𝐶𝑂2 + 2𝑒 −

( 20 )

𝐶𝐻4 + 4𝑂2− → 2𝐻2 𝑂 + 𝐶𝑂2 + 8𝑒 −

( 21 )

At the cathode the only reduction reaction is the oxygen reduction:
𝑂2 + 4𝑒 − → 2𝑂2−

( 22 )

Different fuels mean necessarily different thermodynamic properties and therefore
different Nernstian potentials. From literature, equations of state able to express enthalpy and
entropy as function of temperature and pressure are available for ideal gases. From these
equations it is possible to calculate the standard reversible potential and obtain:

TOTAL REACTION

REVERSIBLE VOLTAGE 𝑬𝟎 [𝑽]

𝑯𝟐 + 𝟎. 𝟓 𝑶𝟐 → 𝑯𝟐 𝑶

𝐸0 =

Δ𝑔
2𝐹

0.978

𝑪𝑶 + 𝟎. 𝟓 𝑶𝟐 → 𝑪𝑶𝟐

𝐸0 =

Δ𝑔
2𝐹

0.980

𝑪𝑯𝟒 + 𝟒 𝑶𝟐 → 𝟐 𝑯𝟐 𝑶 + 𝑪𝑶𝟐

𝐸0 =

Δ𝑔
8𝐹

1.038

Table 2.1 Reversible voltages at 800°C and 1 atm of the considered reactants

Table 2.1 shows a higher reversible voltage (at 800°C and 1 atm) using methane. This
leads to an important advantage: a fuel with higher value of Gibbs free energy variation allows
to reach a higher value of ideal efficiency, since it is defined as:
𝜂𝑖𝑑 =

∆𝐺𝑟𝑒𝑎𝑐𝑡
∆𝐻𝑟𝑒𝑎𝑐𝑡

( 23 )

Such efficiency is not reachable during normal operation, since the reversible voltage is
obtained in case of open circuit operation but represents a theoretical limit.
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However, the use of carbonaceous fuel can lead to some problematics. The simultaneous
presence of high operating temperatures and nickel catalyst promotes the degradation of
carbonaceous molecules, such as CO and CH4, into solid carbon, on the basis of three reactions,
the methane cracking ( 24 ), the reverse Boudouard reaction ( 25 ), and the reduction of carbon
monoxide ( 26 ):
𝐶𝐻4 → 𝐶 + 2𝐻2

( 24 )

2𝐶𝑂 → 𝐶 + 𝐶𝑂2

( 25 )

𝐶𝑂 + 𝐻2 → 𝐶 + 𝐻2 𝑂

( 26 )

As a consequence of these three reactions, carbon deposition will occur over the anode
surface, deteriorating the catalytic activity of Ni-Cermet electrode and obstructing the pores of
the anode, thus preventing the fuel molecules from reaching the TPB region and reacting with
O2- ions. In addition to this, in absence of fuel, oxygen will oxidize nickel atoms, generating
NiO: it occupies a bigger volume than Ni, therefore it will increase the mechanical stresses
inside the dense electrolyte layer, which can be walking into a rupture. In order to avoid such
problems, the diffuse solution is to add water vapour to the fuel, to maintain its partial pressure
sufficiently high to activate the reaction:
𝐶 + 2𝐻2 𝑂 → 𝐶𝑂 + 2𝐻2

( 27 )

that is able to counteract the previous three. Moreover, fuel processing reactions can
occur too: they are reaction of fuel conversion, in this case hydrocarbons conversion, that in
presence of water vapor and with high temperatures can react and produce H 2. Two main
reactions can be considered. The first one is the steam methane reforming (SMR), the catalytic
conversion of methane in a H2-rich gas, according to the reaction:
𝐶𝐻4 + 𝐻2 𝑂 → 3𝐻2 + 𝐶𝑂

( 28 )

Reforming processes can occur both at the anode side and in a separated device
integrated in the SOFC stack: in both cases we can talk about internal reforming. The internal
reforming allows the complete system efficiency to increase and reduces the overall complexity
of the plant, since a lower number of devices is needed. Since the molar fraction of methane in
the syngas composition considered is particularly low (with percentages equal to or lower than
0.1%) and the nickel is a catalyst for the reforming reaction, the methane has been assumed not
electrochemically reacting with O2-ions but only taking part in the SMR reaction to produce the
other two fuels.
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Carbon monoxide produced in the SMR can electrochemically react at the anode,
however the favoured reaction is the water gas shift (WGS) reaction, in which the carbon
monoxide reacts with water vapor leading to the formation of further hydrogen:
𝐶𝑂 + 𝐻2 𝑂 → 𝐻2 + 𝐶𝑂2

( 29 )

The water vapor necessary for these two reactions can be obtained by the products of
electrochemical reactions (that is the hydrogen oxidation), alongside the amount of water
recirculated exploiting the anode exhaust.
Moreover, the biomass gasification could cause the formation of tars, that would create
problem in the SOFC operation.

2.3. Biomass conversion
The other main feature of the project is the biomass gasification, that would be
accomplished directly at the anode side to produce syngas.
In general, gasification is a thermochemical process in which a carbonaceous fuel is
partially oxidized in a condition of lack of oxidant agent. The aim of such process is to improve
the fuel quality and therefore increase the efficiency of its thermochemical conversion.
Moreover, as said before, in this particular application gasification is needed to prevent the
limited contact between the electrolyte and anode electrode and the biomass solid particles, that
would decrease the kinetic of the reaction.
The product of the gasification process is the syngas, a gas mixture composed mostly
by CO and H2 in varying ratios. Gasification needs the presence of an external agent to perform
the partial oxidation of the carbonaceous compounds. The main oxidant agent used are oxygen
(or air), water vapour and carbon dioxide. The process requires heat which is supplied by the
partial oxidation reactions.
In order to understand the advantages and issues related to this process it is useful to
analyse the primary source that will be exploited, the biomass.

2.3.1. Biomass
The term biomass can be referred to any kind of organic material with direct vegetal or
animal origin (primary biomass), but also the biodegradable fraction of municipal solid waste,
waste water, and agricultural waste, etc. Among primary biomass, lignocellulosic one is the
most spread, and its main constituents are cellulose, hemicellulose, lignin; then, minor amounts
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of extractives and ashes are present. Lignocellulosic biomass has a complex structure in which
cellulose fibres are surrounded by a layer of hemicellulose and embedded in a matrix of
hemicellulose and lignin.
Of course, biomass composition can also be expressed in term of elementary
constituents, i.e. carbon, dry matter and moisture. A typical composition is shown in Figure 2.6.
As can be seen, the percentage of the elementary components varies deeply according to the
particular biomass feedstock taken into account.

Figure 2.6. Typical biomass composition

As outlined before, the biomass exploited in this project is a mixture of olive kernel,
pruning from olive oil and grape vines and the biological fraction of municipal solid waste. In
the model, olive kernel is considered as the main component of initial feedstock.
From an energetic point of view in particular, nowadays biomass is becoming more
interesting. The production of the so-called biofuels (in liquid or gaseous form) is knowing an
important increase in the last decade, as it can be seen in Figure 2.7. Global biofuels production
increased by 3.5% in 2017; the largest increment is due to the US, but globally the overall
production is more than doubled. The main reasons that make this source interesting are its
predictability, not always ensured with RES, and that it is a renewable carbon source. On the
other hand, its great volumes and the low ratio LHV/weight make it not so easily exploitable in
an efficient way. Therefore, a further process can be useful to obtain higher quality fuels.
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Figure 2.7. World biofuels production by region from 2007 to 2017 (million tonnes of oil equivalent) [20]

Biofuels can be obtain processing the starting biomass following two different paths:
through biochemical conversion or thermochemical conversion. Both methods aim at the
production of liquid or gaseous biofuels with higher energy content; the biochemical conversion
requires more time than the thermochemical one, that is much faster.
In this work, biomass conversion into gases will be accomplished through the
thermochemical process of gasification.

2.3.2. Gasification process
In general, the gasification process requires a series of step, occurring at different
temperatures:


Pre-heating and drying (<200°C);



Pyrolysis (200-600°C);



Gasification (600-1000°C);



Combustion (1000-1500°C).

Although considered in a separated way, in real processes there can be a superposition
in the occurrence of these steps. Let’s analyse each one.
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Pre-heating and drying
As previously observed, the moisture content of biomass is quite variable, from about
8-10% to very higher values of about 50-60%. From an energy view point, this can result in a
sharp drop of conversion efficiency: for each kg of moisture contained in the starting biomass
an amount of roughly 2300 kJ is needed to vaporize such water. This energy will be lost and
cannot be used to sustain the gasification process. That is why this first step is so important to
obtain syngas with high quality heating value.
Pyrolysis
Pyrolysis is a thermochemical degradation of biomass carried out in total absence of
oxygen or any other oxidizing agent, in which large hydrocarbon molecules break down into
relatively smaller and simple molecules. The products of such process are charcoal (solid), biooil (liquid) and gas. Depending on operating the condition, different pyrolysis processes are
possible, which result in different final products. In any case, temperatures higher than 400°C
are generally required.
Gasification and combustion
The real gasification takes place in the reduction zone, where the pyrolysis products
react with the oxidizing agent. Those reactions are carried out in lack of oxygen, to prevent the
occurrence of combustion reactions, that will lead to the production of exhaust gases, useless
for a further exploitation.
The main reactions taking place are summarized in Table 2.2.
All reactions lead to the production of the syngas, excepts for the oxidation reactions
(R5-8). All reactions with oxygen are essentially complete, under the assumption of gasification
conditions (low amount of oxygen mean it will surely react totally). Reaction R1, R2 and R13
are the only endothermic ones, while the others are exothermic. Oxidation reactions (that are
combustion reactions) have a fundamental role in the overall process, since they provide the
heat required to sustain all the other steps (heating, drying and pyrolysis).
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TYPE OF REACTION

STOICHIOMETRIC REACTION

Carbon reactions

Reaction

ΔHreact (T=25°C)

R1

𝐶 + 𝐶𝑂2 ↔ 2 𝐶𝑂

+172 kJ/mol

R2

𝐶 + 𝐻2 𝑂 ↔ 𝐶𝑂 + 𝐻2

+131 kJ/mol

R3

𝐶 + 2 𝐻2 ↔ 𝐶𝐻4

-74.8 kJ/mol

R4

𝐶 + 0.5 𝑂2 → 𝐶𝑂

-111 kJ/mol

R5

𝐶 + 𝑂2 → 𝐶𝑂2

-394 kJ/mol

R6

𝐶𝑂 + 0.5 𝑂2 ↔ 𝐶𝑂2

-284 kJ/mol

R7

𝐶𝐻4 + 2 𝑂2 → 𝐶𝑂2 + 2 𝐻2 𝑂

-803 kJ/mol

R8

𝐻2 + 0.5 𝑂2 → 𝐻2 𝑂

-242 kJ/mol

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2

-41.2 kJ/mol

R10

2 𝐶𝑂 + 2 𝐻2 → 𝐶𝐻4 + 𝐶𝑂2

-247 kJ/mol

R11

𝐶𝑂 + 3 𝐻2 ↔ 𝐶𝐻4 + 𝐻2 𝑂

-206 kJ/mol

R12

𝐶𝑂2 + 4 𝐻2 → 𝐶𝐻4 + 2 𝐻2 𝑂

-165 kJ/mol

R13

𝐶𝐻4 + 𝐻2 𝑂 ↔ 𝐶𝑂 + 3 𝐻2

+206 kJ/mol

R14

𝐶𝐻4 + 0.5 𝑂2 → 𝐶𝑂 + 2 𝐻2

-36 kJ/mol

Oxidation reactions

Water gas shift reaction
R9
Methanation reactions

Steam reforming reactions

Table 2.2. Gasification reactions

2.3.3. Effects of biomass composition on gasification process
The particular composition of biomass affects significantly the gasification step.
Firstly, as already seen, high moisture content (roughly, higher than 40 wt%) decreases
the process conversion efficiency, and also the final composition and heating value of syngas.
However, some water content is desirable since the steam produced thanks to the high
temperatures will act both as gasifying agent in the syngas production and as reactant in the
water gas shift reaction, increasing the H2/CO ratio in the producer gas. A drying process in an
external device, prior to the gasification chamber, can be useful; therefore, it is costly. In the
perspective of an integration with a SOFC, a recirculation of the hot exhaust of the fuel cell can
be introduced to guarantee a higher level of dehydration without an excessive increase the costs.
However moisture is not the only source of issues: also ashes have to be taken into
account.
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The higher the ash content, the more important can be the issues, as the occurrence of
corrosion phenomena of the external walls and the prevention of chemical reactions.

2.3.4. Effects of biomass composition on SOFC operation
Besides the impurities depositions that can clog the anode surface of SOFC, biomass
composition can affect SOFC operating in particular through the consequent syngas
composition. Producer gas can contain particulates, ashes, tar, and also alkali, sulphur, chlorine
and nitrogen compounds.
Considering this system, the occurrence of the gasification directly at the anode side
makes impossible the insertion of a cleaning step before the fuel injection in the cell. The SOFC
response to the presence of syngas impurities differs according to the material chosen for the
anode (the electrode in which the fuel is injected).
Particulates are to be reduced as much as possible. Their size could be in the order of
μm or lower; anode pores dimensions are in the same order, therefore they could be blocked by
them, preventing the fuel diffusion inside the porous structure and reducing the anode catalytic
area. This could cause irreversible degradation of the cell.
Instead, while they can be considered as not poisonous for SOFC, tars can lead to
deactivation of the nickel catalyst due to carbon deposition and cell degradation. From the
current literature, it is possible to assume that the tolerance level of tar in the syngas in a SOFC
with a Ni-YSZ anode is roughly a few ppm.
Concerning the sulphur compounds, it is widely studied their effect on SOFC operation.
Sulphurs are converted into H2S, which deactivate the active sites. Even a low amount of H2S
(few ppm) is poisonous for the cell therefore highly affecting its performances, increasing the
polarisation resistance; high levels instead will cause irreversible damages.
For other impurities scarce literature is found, demonstrating in general their
responsibility in the reduction of performances of the cell.

2.3.5. Gasification results
In previous work packages of the DB-SOFC a catalytic evaluation for the biogasification has been performed. In this work the results of such previous analysis will be used
to initially define a possible composition for the syngas entering the fuel cell.
The reactivity of selected biomass (olive kernel, OK) and its biochars has been
determined at University of Western Macedonia in collaboration with Technical University of
Crete, under different operating temperature. It has been analysed under both inert (He) and
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reactive (H2O, CO2) atmospheres. The best results have been obtained with H 2O and CO2;
therefore, these results will be taken into account. Such results are shown in Figure 2.8 below.
The graphs show the effect of temperature on the outlet composition during the gasification of
biomass at 300°C (identified with OK300), 500°C (OK500), and 800°C (OK800). Since the
operating temperature in stationary state will be 800°C, the related composition is considered.

Figure 2.8. Effect of temperature on CO2, CO, CH4 and H2 outlet concentrations in different operating
conditions using CO2 as gasifying agent

So from the graphs, the concentrations of CO2, CO, H2 and CH4 can be obtained on a
dry basis. In Table 2.3 the considered concentrations at gasification temperature of 800°C can
be observed.
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COMPOUND

OUTLET CONCENTRATION AT 800°C [v%]
OK

OK300

OK500

OK800

CO2

69.94

66.64

52.44

55.7

CO

30

33

47

43

CH4

0.05

0.1

0.05

0.1

H2

0.01

0.26

0.51

1.2

Table 2.3. Outlet syngas concentrations on a dry basis at different olive kernel temperatures

The amount of moisture in syngas is considered to be the same of the biomass. The
percentage has been obtained from literature and has been assumed as 10 wt%.
Assuming a working temperature of the SOFC of 800°C, it is coherent the analysis of
the syngas composition considering the concentrations obtained through the gasification of the
olive kernel at the same temperature.
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3. THE MODEL

In order to correctly model the SOFC operation and the gasification process, several
equations have been applied. For the description of the electro-kinetic phenomena occurring at
the electrode/electrolyte interface layer, equations proposed in literature have been introduced.
For a correct simulation, an analysis on literature data has been carried on: therefore, the
correlations chosen are referred to similar components (SOFCs, when possible tubular cells),
materials (Ni-YSZ, LSM and YSZ for anode, cathode and electrolyte) and operating conditions.
In this chapter the main representative equations are shown; for a better understanding,
some of the equations already seen in the previous chapter will be re-written. Additionally, the
geometrical and morphological parameters of the fuel cells alongside to other descriptive
parameters are presented.

3.1. SOFC model and design
The simulation realised is based on some simplifying hypotheses, for which concerns
both the design and the working mechanisms of the fuel cell.
The model simulates the operation of a single tubular SOFC, close at one end, with the
cathode electrode at the internal side and the anode at the external one, separated by the solid
electrolyte. The air is injected in the internal side to reach the cathode electrode, while the fuel
is supplied through the external layer. The fuel cell geometry has been realized exploiting the
axisymmetric nature of the cell, using therefore a 2D-axisymmetric component. The design is
shown in Figure 3.1, while in Figure 3.2, an enlargement of the thinner layers can be seen. As
it can be noticed, the thin cell structure is inserted inside a bigger region, that can be thought as
a control volume, in order to represent the cathodic and anodic flow channels, where the
reactants are supplied, and the products can be removed.
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Figure 3.1. SOFC geometry on COMSOL Multiphysics® 5.3

Cathode

Cathode

Anode

(Gas diffusion layer

(Gas diffusion layer

+ catalyst layer)

+ catalyst layer)

Electrolyte layer

channel

Anode
channel

Figure 3.2. Zoom on the layers of the fuel cell
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In the COMSOL model of the SOFC, as it can be seen in Figure 3.2, the three main
components have been represented: the two electrodes, constituted by a gas diffusion layer and
a thinner active layer, and in between the electrolyte layer. Since the software needs different
boundaries for flows inlet and outlet, the internal side of the cell presented the issue related to
the fact that the air is supplied and removed from the same section. To avoid this problem, the
internal side of the cell has been thought as composed by a thin tube (whose diameter is about
half of the fuel cell diameter) from which the air can be injected: this possible design finds
validation from some documents in literature, therefore it is used in this work. Additionally, the
internal feeding tube could constitute also an air pre-heating component. The 3D geometric
design of the cell with the gas flows would be as shown in Figure 3.3.

Air flow

Fuel flow

Figure 3.3. Gas fluxes represented in the 3D geometry

The geometrical and morphological parameters are listed in

Table 3.1: the latter

(such as porosity and tortuosity) have been found from literature [21]. In table, instead, the
values of conductivity for electrolyte and electrodes material are shown.
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TUBE
Diameter

2 cm

Length

10 cm

Thickness

ca. 1 mm

ANODE
Material: Ni-YSZ
Thickness

30 μm

Catalyst layer thickness

10 μm

Specific catalyst area

1080 cm-1

Porosity, 𝝐

0.3

Tortuosity, 𝝉

3

CATHODE
Material: LSM
Thickness

30 μm

Catalyst layer thickness

10 μm

Specific catalyst area

1080 cm-1

Porosity, 𝝐

0.335

Tortuosity, 𝝉

5

ELECTROLYTE
Material: YSZ
Thickness

1 mm

Table 3.1. Geometrical and morphological cell parameters

SPECIFIC IONIC

SPECIFIC ELECTRIC

CONDUCTIVITY, 𝝈

CONDUCTIVITY, 𝝈

Ni-YSZ

-

400 − 1000 𝑆 ∙ 𝑚−1

LSM

-

6 − 60 𝑆 ∙ 𝑚−1

YSZ

180 𝑆 ∙ 𝑚−1

10 − 15 𝑆 ∙ 𝑚−1

MATERIAL

Table 3.2. Conductivity of material used in SOFC
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In order to perform a conservative evaluation of the performances of the system, the
conductivity values chosen are the lowest ones.
From the constructive and fuel cell design view point, the following considerations can
be made to characterise the fuel cell:


Morphologic, electrical and thermochemical characteristics of materials are
uniform and isotropic;



Electrolyte layer is completely dense.

Then, from the operating point of view, in the first part of the analysis, it is assumed that
the syngas is already available and directly injected inside the cell, to avoid temporarily the
consideration of the gasification process and to start from a simpler case study. Some further
hypotheses are assumed related to the cell operation:


Fuel cell is working in steady state, isothermal conditions; operating
temperature is T=800°C;



Reactant gas mixtures flowing inside the cell are approximated as ideal
gases;



Laminar gas flows in the channels;



Electrochemical reactions occur in the thin active layer between the
electrolyte and the porous electrode.

Finally, the inlet and outlet boundaries are defined for both anode and cathode channels:
on the 2D axisymmetric geometry the inlets and outlets are defined as shown in Figure 3.4 and
Figure 3.5.
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ANODE
OUTLET

CATHODE
OUTLET

CATHODE
INLET

ANODE
INLET

Figure 3.4. Inlet fluxes for both cathode and anode

Figure 3.5. Outlet fluxes for both cathode and

sides

anode sides

The reactants considered are air for the cathodic side and syngas for the anodic one. The
syngas composition is obtained from the previous analysis of the gasification process,
considering a content of steam equal to 10% in weight. For the choice of the velocity values,
they have been evaluated searching the molar flux needed to obtain 8W of electrical power,
assuming a voltage of 0.7V. The Air and Fuel Utilization (AU and FU) has been calculated
consequently, to make an evaluation about the exploitation of the inlet flow. The compositions
and the velocity values for the nominal case are summed in Table 3.3.

Electrode

Cathode

Anode

Substance

Air

Syngas
45.44% 𝐶𝑂2

Molar composition

79% 𝑁2
21% 𝑂2

35.08% 𝐶𝑂
18.42% 𝐻2 𝑂
0.98% 𝐻2
0.08% 𝐶𝐻4

Inlet velocity

0.4 m/s

0.05 m/s

Inlet temperature

800°C

800°C

Table 3.3. Main parameters regarding inlet fluxes
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The assumption of laminar flow can be verified evaluating the value of the Reynolds
numbers both for air and fuel flows. Knowing that the Reynolds number is equal to:
𝑅𝑒 =

𝜌𝑢𝑑ℎ
𝜇

where 𝜌 [𝑘𝑔/𝑚3 ] is the fluid density, 𝑢 [𝑚/𝑠] is the velocity, 𝑑ℎ [𝑚] is the characteristic length
(in the case of flow inside a tubular duct is represented by the diameter of the tube) and
𝜇 [𝑃𝑎 ∙ 𝑠] is the dynamic viscosity, it is possible to calculate 𝑅𝑒 for the air and the syngas flows:
𝑅𝑒𝑎𝑖𝑟 =

0.32040 ∙ 0.4 ∙ 0.01
≅ 29.5
4.3486 ∙ 10−5

𝑅𝑒𝑠𝑦𝑛𝑔𝑎𝑠 =

0.37402 ∙ 0.05 ∙ 0.05
≅ 23.0
4.0648 ∙ 10−5

Those values are very low and well below the threshold levels for laminar regime for flow
inside a cylinder (the inlet of both flows, Re<2300). Therefore, the assumption that has been
made is coherent with the configuration.

3.2. Polarization curve
As already analysed, the polarization curve describes the variation of the voltage at the
terminals of the fuel cell as a function of the current density. When the current density is zero,
the cell potential has the highest value, the open-circuit voltage. As the current density
increases, the cell potential decreases and can be obtained subtracting to the OCV the various
overpotential losses.
The equation that describes this dependence is shown again and is the following:
𝑉𝑐𝑒𝑙𝑙 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 − 𝜂𝑎𝑐𝑡,𝑎𝑛 − 𝜂𝑎𝑐𝑡,𝑐𝑎𝑡ℎ − 𝜂𝑜ℎ𝑚 − 𝜂𝑑𝑖𝑓𝑓,𝑎𝑛 − 𝜂𝑑𝑖𝑓𝑓,𝑐𝑎𝑡ℎ

( 30 )

In equation ( 30 ), that was already presented in the previous chapter, the fictitious terms
of concentration overvoltages appear and the OCV therefore is evaluated considering the partial
pressure of species at bulk conditions, since in a mathematical model it could be not trivial the
evaluation of gases partial pressure at the point of the reaction. Here the evaluation of the partial
pressure at the reaction point is performed by the software. The equation therefore reduces to:
𝑉𝑐𝑒𝑙𝑙 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 − 𝜂𝑎𝑐𝑡,𝑎𝑛 − 𝜂𝑎𝑐𝑡,𝑐𝑎𝑡ℎ − 𝜂𝑜ℎ𝑚

( 31 )

For the evaluation of those contributions, correlations found in literature are used. The
OCV terms are taken from the description proposed by Ni [22], the correlations useful for the
activation overvoltages evaluation for H2 and CO are taken from Zhu et al. [21] and A. Leonide
et al. [23] respectively.
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3.2.1. Nernstian voltage
The first contribution of equation ( 31 ) is the Nernstian term. It is calculated starting
from the equation already seen in previous sections, here retabled for a better understanding:

𝐸𝑁𝑒𝑟𝑛𝑠𝑡

𝜈𝑖
𝑛 𝑝𝑖
∏
(
)
̅
1
(
)
∆𝑔̅𝑟𝑒𝑎𝑐𝑡 𝑇, 𝑝0
𝑅∙𝑇
𝑝0
=−
+
∙ ln (
𝑝𝑖 𝜈𝑖 )
𝑧𝑓 ∙ 𝐹
𝑧𝑓 ∙ 𝐹
∏𝑚
(
1 𝑝 )
0

( 32 )

To explicit the dependence of the Nernstian voltage on the temperature and partial
pressures of gas species, evaluated at the TPB region, considering the reaction of H 2 it can be
written:
𝐸𝐻2

0.5
𝑃𝐻2 (𝑃𝑂2 )
𝑅̅𝑇
]
= 1.253 − 0.00024516 ∙ 𝑇 +
∙ ln [
2𝐹
𝑃𝐻2 𝑂

( 33 )

In the case of CO electrochemical reaction, the equation is:
𝐸𝐶𝑂

0.5
𝑃𝐶𝑂 (𝑃𝑂2 )
𝑅̅𝑇
]
= 1.46713 − 0.0004527 ∙ 𝑇 +
∙ ln [
2𝐹
𝑃𝐶𝑂2

( 34 )

The working temperature is assumed to be 800°C.

3.2.2. Activation overvoltages
Concerning the activation overvoltages, for both H2 and CO electrochemical reactions,
the kinetic equation is introduced inside the exchange current density i0 term. The exchange
current density is defined for both anodic and cathodic semi-reactions. Moreover, the
electrochemical reactions are supposed to occur only in the thin layer located between the
electrode gas diffusion layer and the solid electrolyte: it is the catalyst layer, composed by nickel
only.
The anodic semi-reaction for hydrogen is the following:
𝐻2 + 𝑂2− → 𝐻2 𝑂 + 2 𝑒 −

( 35 )

For the understanding of the process and the following evaluation of the current density,
it could be useful to split the oxidation reaction of hydrogen into elementary steps. The reactions
mechanism proposed provides for five elementary reactions in the Ni-YSZ three phase zone,
that are able to describe the full process. These elementary reactions are defined in Table 3.4.
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Adsorption/desorption of H2 on Ni surface
𝐻2 (𝑔) + 2(𝑁𝑖 ) ↔ 2𝐻(𝑁𝑖)

Charge-transfer at the TPB region
𝐻 (𝑁𝑖 ) + 𝑂2− (𝑌𝑆𝑍) ↔ (𝑁𝑖 ) + 𝑂𝐻− (𝑌𝑆𝑍) + 𝑒 − (𝑁𝑖)
𝐻 (𝑁𝑖 ) + 𝑂𝐻 − (𝑌𝑆𝑍) ↔ (𝑁𝑖 ) + 𝐻2 𝑂(𝑌𝑆𝑍) + 𝑒 − (𝑁𝑖 )

Adsorption/desorption of H2O on YSZ surface
𝐻2 𝑂(𝑌𝑆𝑍) ↔ 𝐻2 𝑂(𝑔) + (𝑌𝑆𝑍)

Transfer of O2- in YSZ
𝑂0𝑥 (𝑌𝑆𝑍) + (𝑌𝑆𝑍) ↔ 𝑂2− (𝑌𝑆𝑍) + 𝑉0− (𝑌𝑆𝑍)
Table 3.4. Elementary steps of H2 electrochemical oxidation semi-reaction according to [21]

In these equations, on the nickel anode surface, H(Ni) is the adsorbed atomic hydrogen,
(Ni) is an empty site, and e-(Ni) is an electron inside the anode. Concerning the YSZ electrolyte,
Oxo(YSZ) is a lattice oxygen and V-o(YSZ) an oxygen vacancy; on the YSZ surface, there can
be O2-(YSZ), OH-(YSZ), H2O(YSZ) and (YSZ), an empty site. The first reaction involving the
OH- ion is assumed to be the rate determining step. The equation proposed for the evaluation
of the exchange current density is:
1/4

𝐻

𝑖0 2 = 𝑖𝐻∗ 2 ∙

∗
𝑃𝐻2

=

𝑃𝐻
( 𝑃 ∗2 )
𝐻2

∙ (𝑃𝐻2 𝑂 )

3/4

( 36 )

1/2

𝑃𝐻
1 + ( 𝑃 ∗2 )
𝐻2

𝐴𝑑𝑒𝑠 Γ 2 √2𝜋𝑅𝑇𝑀𝐻2
𝛾0

𝐻

𝐸 2
∙ exp (− 𝑑𝑒𝑠 )
𝑅𝑇

( 37 )

All the partial pressures appearing in ( 36 ) and in the following equations are evaluated in
atmospheres. The kinetic parameters shown in the two equations are assumed to be constant
and are listed in Table 3.5.
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Electro-oxidation of H2
Parameter

Value

𝒊∗𝑯𝟐

8.5 A/cm2

𝑨𝒅𝒆𝒔

5.59 ·1019 cm2/(mol·s)

𝚪

2.6·10-9 mol/cm2

𝜸𝟎

0.01

𝟐
𝑬𝒅𝒆𝒔

𝑯

88 kJ/mol

𝟐
𝜶𝒂,𝒂𝒏

𝑯

1.5

𝑯

0.5

𝟐
𝜶𝒄,𝒂𝒏

Table 3.5. Kinetic parameters for electro-oxidation of H2

Considering the electrochemical reaction of CO, whose kinetic parameters are listed in
Table 3.6, a semi empirical power law model has been applied, to describe the following
reaction:
𝐶𝑂 + 𝑂2− → 𝐶𝑂2 + 2 𝑒 −

( 38 )

In this case the exchange current density is found as:
∗
𝑖0𝐶𝑂 = 𝑖𝐶𝑂
∙ exp (−

𝐶𝑂
𝐸𝑎𝑐𝑡
−0.058 1/4
) ∙ 𝑃𝐶𝑂
𝑃𝐶𝑂2
𝑅𝑇

( 39 )

Electro-oxidation of CO
Parameter

Value

𝒊∗𝑪𝑶

4.56 ·106 ·T A/m2

𝑬𝑪𝑶
𝒂𝒄𝒕

118 kJ/mol

𝜶𝑪𝑶
𝒂,𝒂𝒏

0.62

𝜶𝑪𝑶
𝒄,𝒂𝒏

0.38

Table 3.6. Kinetic parameters for electro-oxidation of CO

On the other electrode, the semi-reaction of the electrochemical reduction of oxygen is:
1
𝑂 + 2𝑒 − → 𝑂2−
2 2

( 40 )
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This reaction can be considered as the result of two elementary steps, as shown in Table
3.7. Here the Oads(c) is the adsorbed atomic oxygen on the cathode surface and (c) is an empty
site, while V-o(el) and Oxo(el) are the oxygen vacancies and lattice oxygen ions in the electrolyte
layer; e-(c) is the electron inside the cathode.

Adsorption/desorption of O2 on LSM surface
𝑂2 (𝑔) + 2(𝑐) ↔ 2𝑂𝑎𝑑𝑠 (𝑐)

Charge-transfer and adsorption at the TPB region
𝑂𝑎𝑑𝑠 (𝑐) + 𝑉0− (𝑒𝑙 ) + 2𝑒 − (𝑐) ↔ 𝑂0𝑥 (𝑒𝑙 ) + (𝑐)
Table 3.7. Elementary steps of O2 electrochemical reduction semi-reaction according to [21]

Here the rate limiting step is the charge transfer reaction, and the exchange current
density for the cathodic semi-reaction is:
1/4

𝑖0 = 𝑖𝑂∗ 2

𝑃𝑂
( ∗2 )
𝑃𝑂2

1/2

( 41 )

𝐸𝑂2
)
𝑅𝑇

( 42 )

𝑃𝑂
1 + ( 𝑃∗2 )
𝑂2

𝑃𝑂∗2 = 𝐴𝑂2 exp (−

Constant kinetic parameters are shown in the Table 3.8.

Electro-reduction of O2
Parameter

Value

𝒊∗𝑶𝟐

2.8 A/cm2

𝑨𝑶𝟐

4.8 ·109 atm

𝟐
𝑬𝒂𝒄𝒕

𝑶

200 kJ/mol

𝜶𝒂,𝒄𝒂𝒕𝒉

0.5

𝜶𝒄,𝒄𝒂𝒕𝒉

0.5

Table 3.8. Kinetic parameters for electro-reduction of O2

Then the activation overvoltage is evaluated both at the anode and at the cathode side.
At the anode side the linearized Butler-Volmer equation has been used, in the form of:
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𝑖𝑙𝑜𝑐 = 𝑖0 (

(𝛼𝑎 + 𝛼𝑐 ) ∙ 𝐹
)𝜂
𝑅𝑇

( 43 )

where iloc is the local current source in [A/m2] η is the activation overvoltage, and αa and αa are
the anodic and cathodic transfer coefficient respectively, for the electrochemical oxidation
reactions. From literature the following values have been found for the H2 and CO reactions:
𝐻

2
𝛼𝑎,𝑎𝑛
= 1.5

𝐶𝑂
𝛼𝑎,𝑎𝑛
= 0.62

𝐻

2
𝛼𝑐,𝑎𝑛
= 0.5

( 44 )

𝐶𝑂
𝛼𝑐,𝑎𝑛
= 0.38

( 45 )

While at the cathode side, the cathodic Tafel equation has been applied:
𝜂

𝑖𝑙𝑜𝑐 = −𝑖0 ∙ 10𝐴𝑐

( 46 )

in which Ac is the cathodic Tafel slope, evaluated as −(𝑅𝑇)/(𝑧𝑓𝑢𝑒𝑙 𝛼𝐹). In the case of the
electrochemical reduction of oxygen, transfer coefficients are equal:
𝛼𝑎,𝑐𝑎𝑡ℎ = 0.5

𝛼𝑐,𝑐𝑎𝑡ℎ = 0.5

( 47 )

The linearized Butler-Volmer equation has been preferred to the not linear one with the
aim of reducing the computational efforts. On the other hand, the Tafel equation has been
applied at the cathodic side: the high values of overvoltages that can be reached at the cathode
side justify this choice, since this equation replace the Butler-Volmer one in case of high values
of η.

3.2.3. Ohmic overvoltages
The last contribution of equation ( 31 ) to be defined is the ohmic losses term. The ohmic
overpotential is mainly due to the electrolyte resistance to the O2- ions transport, and it is simply
evaluated with Ohm’s law:
𝜂𝑜ℎ𝑚 = 𝑖𝐿

1
𝜎

( 48 )

in which L is the thickness of the electrolyte and 𝜎 is the ionic conductivity of the electrolyte,
espressed in [Ω-1m-1].

3.3. Diffusion model
From the previous equations it can be noticed that the SOFC model aims to evaluate the
voltage at the terminals of the cell as function of some independent parameters, such as
pressure, temperature, current density and reactants compositions. In particular, if fixed
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thermodynamic conditions are assumed, the cell voltage becomes a function of the current
flowing inside the cell and the gases compositions. It is therefore necessary to apply suitable
equations to model the diffusion of gases inside the electrodes.
The diffusion process inside a pore can be subdivided into two mechanisms, molecular
diffusion and Knudsen diffusion. Molecular diffusion is the dominant phenomenon in case of
large pore size and high pressures, while Knudsen diffusion contribution increase when the
mean-free path of molecules is much higher than the pore size.
As anticipated previously, the Fick’s law is used to describe the motion of gaseous fluid
mixtures through the porous structure of electrodes. In reality, the most accurate model for this
kind of simulation would be the Dusty Gas one. The main hypothesis assumed, that would make
it particularly appropriate for this study, is that if a system of n gaseous species is considered
flowing though the porous medium, the porous medium itself is considered as the (n+1)-th
component of the mixture, composed by big molecules (the dust particles) forced to remain in
a fixed position by a virtual external force. Comsol, however, does not include the Dusty Gas
among the possible diffusion models; Fick and Stefan-Maxwell models are instead available.
Since Maxwell-Stefan model does not allow to consider the Knudsen diffusion mechanism,
Fick’s law has been considered the better solution.
The general equation describing the diffusion phenomenon according to Fick’s law
implemented in the software is the following:
𝑓𝐾

𝑓𝐾

𝒋𝑖 = − (𝜌𝐷𝑖 ∇𝑤𝑖 + 𝜌𝑤𝐷𝑖

∇𝑀𝑛
∇𝑇
+ 𝐷𝑖𝑇 )
𝑀𝑛
𝑇

( 49 )

where:
𝑘𝑔



𝒋𝑖 [



𝜌 [𝑚3 ] is the density of the mixture;



𝐷𝑖

𝑚2 𝑠

] is the diffusion flux of the specific substance i;

𝑘𝑔

𝑓𝐾

[

𝑚2
𝑠

] is the diffusion coefficient or diffusivity, in which both the molecular

diffusion (indicated with the apex f) and the Knudsen effect (K);
𝑘𝑔



𝑤𝑖 [ 𝑘𝑔𝑖 ] is the mass fraction of gas i;



𝑀𝑛 = (∑𝑖 𝑀𝑖 )



𝐷𝑖𝑇 [𝑚𝑠] is the thermal diffusion coefficient, that in this work has not been

𝑤

𝑖

−1

[

𝑘𝑔

𝑚𝑜𝑙

] is the molar mass of the mixture;

𝑘𝑔

considered for simplicity.
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The main aspect is the evaluation of the diffusion coefficient, that correlates the two
terms of diffusion in the following way:
𝑓𝐾

𝐷𝑖

−1

1

1
= ( 𝑓 + 𝐾)
𝐷𝑖𝑗 𝐷𝑖

( 50 )

The first contribution of binary diffusion coefficient is evaluated according to the
equation:
𝑓

𝐷𝑖𝑗 =

0.00266 𝑃𝑎𝑡𝑚 𝑇 3/2
( 51 )

1/2

0.012 𝑃 Ω𝐷,𝑖𝑗 𝜎̃𝑖𝑗2 𝑀𝑖𝑗

The second term of equation ( 50 ) represents the Knudsen diffusion coefficient, whose
value is calculated with:
𝐷𝑖𝐾 =

𝜆𝑝𝑎𝑡ℎ 8𝑅𝑇
𝑑𝑝𝑜𝑟𝑒 𝑇
√
≅ 97.0
√
3
𝜋𝑀𝑖
2
𝑀𝑖

( 52 )

in which the 𝜆𝑝𝑎𝑡ℎ [𝑚] is the mean free path of the molecules of gases and 𝑑𝑝𝑜𝑟𝑒 [𝑚] is the
pore diameter.
The parameters shown in equations ( 51 ) and ( 52 ) are listed in Table 3.9.

Parameter

Unit of measure

Espression/Value
𝐴
𝐵
(𝑇𝑖𝑗∗ )

+

𝐶
exp(𝐷𝑇𝑖𝑗∗ )

+

𝐸
exp(𝐹𝑇𝑖𝑗∗ )

𝛀𝑫,𝒊𝒋

[-]

𝝐𝒊𝒋

[J]

√𝜖𝑖 ∙ 𝜖𝑗

𝒌

[J/K]

1.38065 ·10-23

̃ 𝒊𝒋
𝝈

[Å]

𝜎𝑖 + 𝜎𝑗
2

𝑴𝒊𝒋

[kg/kmol]

𝒅𝒑𝒐𝒓𝒆

[m]

𝑇𝑖𝑗∗ = 𝑘𝑇/𝜖𝑖𝑗
𝐶 = 0.19300
𝐹 = 1.52996

𝐴 = 1.06036
𝐷 = 0.47635
𝐺 = 1.76474

+

𝐺
exp(𝐻𝑇𝑖𝑗∗ )

𝐵 = 0.15610
𝐸 = 1.03587
𝐻 = 3.89411

−1

1
1
2( + )
𝑀𝑖 𝑀𝑗
1.1 ·10-6

Table 3.9. Parameters used for diffusion equations according to [24]
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When the diffusion inside the porous structure is considered, the molecular diffusion
coefficient can be adjusted according to the tortuosity model: in such way, the term of diffusion
becomes:
𝑓𝐾
𝐷𝑖

−1

1

1
= ( 𝑒𝑓𝑓,𝑓 + 𝐾 )
𝐷𝑖
𝐷

( 53 )

𝑖𝑗

with
𝑒𝑓𝑓,𝑓

𝐷𝑖
𝑒𝑓𝑓,𝑓

where 𝐷𝑖

=

𝜖𝑝 𝑓
𝐷
𝜏𝑓 𝑖

( 54 )

is the effective molecular diffusivity and:



𝜖𝑝 [−] is the porosity of the material;



𝜏𝑓 [−] is the tortuosity of the fluid inside the porous medium.

Besides this, in case of occurrence of heterogenous chemical reactions, the reactions
stoichiometry has to be considered, since it can change the composition of the mixture. While
for the cathode side this is not an issue, since there is no heterogeneous reaction that can
consume oxygen, this phenomenon has to be taken into account at the anode side, where steam
methane reforming and water gas shift reactions can occur. Therefore, in the balance equation:
∇ ∙ 𝒋𝑖 + 𝜌(𝒖 ∙ ∇)𝑤𝑖 = 𝑅𝑖

( 55 )

𝑘𝑔

the term 𝑅𝑖 [𝑚3 𝑠] is the source term, in which the rate of reactions is considered.

3.4. Heterogeneous reactions model
Since in diffusion equations, the source term 𝑅𝑖 related to the occurrence of side
reactions in the electrode region is present, a model is necessary to evaluate this contribution.
The two main reactions considered are the water gas shift and the methane steam reforming,
which are able to change the syngas composition and the H2/CO ratio. These reactions are
defined heterogeneous, since they occur in (and may be catalysed by) the porous material
constituting the electrode, differently from the homogeneous reactions, which occur only in the
gas phase. The correlations used to define the reaction kinetics are the ones proposed by the
study of Haberman and Young, which have been widely used, and then adopted by M. Ni [25];
additionally, the rate data used in this study are referring to an anode electrode made of NiYSZ, therefore it is particularly appropriate for this work.
The two reactions are re-written below, the water gas shift:
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𝑘𝑠𝑓

𝐶𝑂 + 𝐻2 𝑂 → 𝐻2 + 𝐶𝑂2

( 56 )

and the steam methane reforming:
𝑘𝑟𝑓

𝐶𝐻4 + 𝐻2 𝑂 → 3𝐻2 + 𝐶𝑂

( 57 )

where 𝑘𝑠𝑓 and 𝑘𝑟𝑓 are the forward reaction rate constants of the catalysed reactions. These two
terms [mol m-3 Pa-2 s-1] are defined according to the Arrhenius formula:
𝑘𝑠𝑓 = 0.0171 exp (−
𝑘𝑟𝑓 = 2395 exp (−

103191
)
𝑅𝑇

231266
)
𝑅𝑇

( 58 )

( 59 )

while the equilibrium constants 𝐾𝑝𝑠 and 𝐾𝑝𝑟 are defined according to the following empirical
correlations, functions of temperature:
𝐾𝑝𝑠 = exp(−0.2935 𝑍 3 + 0.6351 𝑍 2 + 4.1788 𝑍 + 0.3169)
2
𝐾𝑝𝑟 = 𝑃𝑎𝑡𝑚
exp(−0.2513 𝑍4 + 0.3665 𝑍 3 + 0.5810 𝑍2

− 27.134 𝑍 + 3.2770)
with 𝑍 =

1000
𝑇[𝐾]

( 60 )

( 61 )

− 1 as dimensionless term.

Exploiting these parameters, it is possible to evaluate the rate [mol/(m3·s)] of SMR and
WGS reactions:
𝑝𝐶𝑂2 𝑝𝐻2
)
𝐾𝑝𝑠

( 62 )

𝑝𝐶𝑂 𝑝𝐻3 2
= 𝑘𝑟𝑓 (𝑝𝐶𝐻4 𝑝𝐻2 𝑂 −
)
𝐾𝑝𝑟

( 63 )

𝑅𝑊𝐺𝑆 = 𝑘𝑠𝑓 (𝑝𝐶𝑂 𝑝𝐻2 𝑂 −
𝑅𝑆𝑀𝑅

From these expressions, a balance for each chemical species present in gas mixture can
be applied and inserted in the equation ( 64 ), according to the stoichiometry of the two
reactions:
𝑅𝑖 = (𝜈𝑖,𝑊𝐺𝑆 𝑅𝑊𝐺𝑆 + 𝜈𝑖,𝑆𝑀𝑅 𝑅𝑆𝑀𝑅 ) ∙ 𝑀𝑖

( 64 )

and in particular for the species present:
𝑅𝐻2 = (𝑅𝑊𝐺𝑆 + 3 𝑅𝑆𝑀𝑅 ) ∙ 𝑀𝐻2

( 65 )

𝑅𝐻2 𝑂 = (−𝑅𝑊𝐺𝑆 − 𝑅𝑆𝑀𝑅 ) ∙ 𝑀𝐻2 𝑂

( 66 )

𝑅𝐶𝑂 = (−𝑅𝑊𝐺𝑆 + 𝑅𝑆𝑀𝑅 ) ∙ 𝑀𝐶𝑂

( 67 )

𝑅𝐶𝑂2 = (𝑅𝑊𝐺𝑆 ) ∙ 𝑀𝐶𝑂2

( 68 )
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𝑅𝐶𝐻4 = (−𝑅𝑆𝑀𝑅 ) ∙ 𝑀𝐶𝐻4

( 69 )

where the molecular weight 𝑀𝑖 is added to obtain the correct unit of measure.
With the application of the latter equations, the kinetics of the reactions is totally
defined. To further describe the phenomena occurring inside the control volume and to fully
describe the SOFC operation, if fed with syngas directly, the last term that can be introduced is
the heat generation inside the fuel cell.

3.5. Heat generation model
This part of the simulation can be useful to analyse the source of losses inside the fuel
cell and the temperature gradients that can arise, that could lead to the generation of thermomechanical stresses inside the materials. Two main sources of heat can be considered:


The heat generated as a result of the fuel cell operation, due to the activation,
ohmic and concentration overpotentials;



The heat generated as a result of the occurrence of the electrochemical and
chemical reactions, related to the exothermicity or exothermicity of the
reactions.

The first kind of source is already implemented on the software, under the name Total
power dissipation density [W/m3]. The second source of heat is introduced using relation found
from literature. The reactions that are considered are the electrochemical reactions of H 2 and
CO, that are both exothermic, and the WGS and SMR chemical reactions, which are the first
exothermic and the second one endothermic.
The heat generated due to the occurrence of the electrochemical reactions can be
estimated by applying the second law of thermodynamics and therefore it will be:
Φ1 = (Δ𝑠̅𝑟𝑒𝑎𝑐𝑡 𝑇) ∙ 𝑛̇ 𝑓𝑢𝑒𝑙 =

Δ𝑠̅𝑟𝑒𝑎𝑐𝑡 𝑇
∙ 𝐼𝑣𝑜𝑙
𝑧𝑓𝑢𝑒𝑙 𝐹

( 70 )

In this equation, the term of current appearing 𝐼𝑣𝑜𝑙 is a volumetric current expressed as [A/m3]
and is evaluated by the software.
Considering the electrochemical reaction of hydrogen, the associated molar entropy
variation is evaluated as:
1
Δ𝑠̅𝐻2 = 𝑠̅𝐻2 𝑂 − 𝑠̅𝐻2 − 𝑠̅𝑂2
2

( 71 )
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according to the stoichiometric coefficients. The values of entropy are evaluated using empiric
relations as functions of temperature.
The same kind of equation can be applied to the electrochemical reaction involving
carbon monoxide, in which each value of entropy is evaluated in a similar way as for hydrogen:
1
Δ𝑠̅𝐶𝑂 = 𝑠̅𝐶𝑂2 − 𝑠̅𝐶𝑂 − 𝑠̅𝑂2
2

( 72 )

The values of entropy for each substance, evaluated at a temperature of 800°C and a
pressure of 1atm is shown in Table 3.10.

Compound

Entropy (T=800°C, p=1 atm)
[J/(mol·K)]

𝑯𝟐

167.54

𝑯𝟐 𝑶

172.18

𝑪𝑶

236.16

𝑪𝑶𝟐

272.48

𝑶𝟐

245.79

Table 3.10. Entropy at T=800°C and p=1 atm of the analysed compounds

The reaction heat for the WGS and SMR is evaluated using the following equations
[25]:
𝐻𝑊𝐺𝑆 = 45063 − 10.28 ∙ 𝑇

( 73 )

𝐻𝑆𝑀𝑅 = −(206205.5 + 19.5175 ∙ 𝑇)

( 74 )

where both equations give as a result a value in [J/mol]. To obtain the heat in the correct unit
of measure [W/m3], the 𝐻𝑊𝐺𝑆 and 𝐻𝑆𝑀𝑅 have to be multiplied by the reaction rates in
[mol/(m3·s)] previously obtained, that are 𝑅𝑊𝐺𝑆 and 𝑅𝑆𝑀𝑅 respectively:
Φ2 = 𝐻𝑊𝐺𝑆 ∙ 𝑅𝑊𝐺𝑆 + 𝐻𝑆𝑀𝑅 ∙ 𝑅𝑆𝑀𝑅

( 75 )

Considering all these contributions, an analysis on the thermal generation and the
subsequent heat transfer can be performed, obtaining the distribution of temperature inside the
fuel cell.
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3.6. Gasification model
The evaluations made so far have been made considering the direct injection inside the
fuel cell of already produced syngas; the gasification process was therefore not present. Now
this process is analysed to perform such simulation.
To simulate the gasification process, it is necessary to apply the equations of mass
conservation for the solid and gaseous species. In most of case studies proposed on literature,
the works are focused either on the first pyrolysis step or on the char gasification, the second
step. To consider the whole process, the relations proposed in the thesis of C. Guizani [26] are
considered. Additionally, since an experimental phase to obtain empirical values specific for
the olive kernel biomass has not been possible, the data proposed by Guizani for the data related
to the biomass are used.
The gasification is studied as a sequence of reactions that lead to the formation of the
final products CO, CO2, H2, H2O and CH4 from the original biomass matter. The work carried
out by Guizani proposes the following steps to describe the gasification process:

Figure 3.6. Reactions involved in the pyro-gasification process [26]

In Figure 3.6, the reactions constituting the pyro-gasification process are shown. The
process is represented with three parallel reactions which describe the decomposition of the
initial biomass matter (B) into pyrolysis gas (G, reaction R1), tars (T, reaction R2) and char (C,
reaction R3). The secondary reactions R4 and R5 define the tar cracking process and the char
gasification respectively: the latter reaction between char and the surrounding CO 2 is
represented in the form of the Boudouard reaction.
In order to try to simplify the complex phenomenon, some hypotheses are considered:
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Biomass density has been obtained from literature;



Reactions follow Arrhenius law;



Char is assumed to be composed only by carbon;



Gaseous species diffuse according to Fick’s law.

In order to simplify the further analysis, also the biomass matter will be considered as
composed by carbon only.
In particular, for the gaseous species, the following hypotheses introduced by Guizani
are considered:


CO2, which is the gasifying agent, is supposed to be initially present in the
surrounding of the SOFC;



Gases, emitted by the biomass decomposition, have an average molecular value
of 22 g/mol;



Tars are assumed to have a molecular weight of 78 g/mol.

In the light of such simplifying assumptions, the mass conservation equations have been
applied for both solid and gaseous species.
The decomposition of biomass is described as:
𝜕𝜌𝐵
= −(𝑤𝐺 𝑘1 + 𝑤𝑇 𝑘2 + 𝑤𝐶 𝑘3 )𝜌𝐵
𝜕𝑡

( 76 )

while the char formation and the following gasification is described by the equation:
𝜕𝜌𝐶
= 𝑤𝐶 𝑘3 𝜌𝐵 − 𝑘5 𝜌𝐶 𝑃𝐶𝑂2
𝜕𝑡

( 77 )

Since in this work a stationary configuration is considered, a source term for the biomass
is needed, to take into account the continuous introduction of primary source into the reactor,
considering a biomass feeding rate of around 15kg/h for the total reactor (that corresponds
roughly to 0.6kg/h for each fuel cell control volume).
For the mass conservation applied to the gaseous species, four additional equations are
necessary. The CO2 conservation equation is described as:
𝜕𝜖𝜌𝐶𝑂2
+ ∇ ∙ (𝜌𝐶𝑂2 𝑢 − 𝐷𝑒𝑓𝑓 ∇𝜌𝐶𝑂2 ) = −𝑘5 𝜌𝐶 𝑃𝐶𝑂2
𝜕𝑡

( 78 )

The CO conservation equation is described as:
𝜕𝜖𝜌𝐶𝑂
+ ∇ ∙ (𝜌𝐶𝑂 𝑢 − 𝐷𝑒𝑓𝑓 ∇𝜌𝐶𝑂 ) = +𝑘5 𝜌𝐶 𝑃𝐶𝑂2
𝜕𝑡

( 79 )

The tars conservation equation is described as:
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𝜕𝜖𝜌𝑇
+ ∇ ∙ (𝜌𝑇 𝑢 − 𝐷𝑒𝑓𝑓 ∇𝜌𝑇 ) = 𝑤𝑇 (𝑘2 𝜌𝐵 − 𝜖𝑘4 𝜌𝑇 )
𝜕𝑡

( 80 )

The pyrolysis gas conservation equation is described as:
𝜕𝜖𝜌𝐺
+ ∇ ∙ (𝜌𝐺 𝑢 − 𝐷𝑒𝑓𝑓 ∇𝜌𝐺 ) = 𝑤𝐺 𝑘1 𝜌𝐵 + 𝑤𝑇 𝜖𝑘4 𝜌𝑇
𝜕𝑡

( 81 )

In such equations, 𝜖 [−] is the reactor porosity, that here corresponds to the region surrounding
the fuel cell: this is equal to the estimated value of the biomass porosity (in the region where
the biomass is supposed to be present), otherwise it is equal 1. Then, the terms 𝑤𝑖 [−] are the
mass stoichiometric coefficients for char (𝑤𝐶 ), gas (𝑤𝐺 ) and tars (𝑤𝑇 ), that are linked together
according to:
𝑤𝐶 + 𝑤𝐺 + 𝑤𝑇 = 1

( 82 )

The yield values affect deeply the results of the gasification, in terms of component
concentrations. Since an average composition of the syngas has already been obtained through
experimental analysis, to develop a model as representative as possible the final concentrations
of the syngas components should be as close as possible to the ones already known. The values
of tar and char yield (respectively, 0.05 and 0.12) assumed by Guizani are not suitable for this
work, since the gas yield of 0.87 pushes strongly the gasification towards the production of
pyrolysis gas that are not present in the previous syngas composition shown in section 2.3.5
(Figure 2.8). Therefore, different values have to be considered. From the study on biomass
gasification performed by Chaurasia [27], different values are presented: the tars from pyrolysis
undergo secondary cracking, in which stable tars represents the 6% and CH4 the 10.2%. Since,
as it is clarified later, the pyrolysis gas is assumed to be a mixture of methane and ethylene, a
value of wG of about 0.1 can be a good approximation. In this way, it is possible to push the
gasification towards the production of CO rather than the production of tars and gases, in order
to remain coherent with the previous gasification results. Additionally, the terms 𝑘𝑖 [𝑠 −1 ] are
the reaction rate constants, evaluated using the Arrhenius law:
𝑘𝑖 = 𝐴𝑖 exp (−

𝐸𝑖
)
𝑅𝑇

( 83 )

and whose kinetic parameter are summed in Table 3.11.
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Reaction rate constant

Pre-exponential factor, A

Activation energy, E

[𝒔−𝟏 ]

[𝒔−𝟏 ]

[𝒌𝑱/𝒎𝒐𝒍 ]

𝒌𝟏

1.3 ∙ 108

140

𝒌𝟐

2 ∙ 108

133

𝒌𝟑

1.08 ∙ 107

121

𝒌𝟒

3.2 ∙ 104

72.8

𝒌𝟓

1.04 ∙ 102

200

Table 3.11. Kinetic parameters of pyro-gasification reactions

These equations, however, are not sufficient to describe the process that leads to the
production of the desired products. Further equations that describe the main reactions between
the compounds already present are needed.
Firstly, it is necessary to identify the species constituting the tars and pyrolysis gases.
Knowing the values of molar masses, the following choices have been assumed:


For tars, it has been assumed they are constituted by benzene (C6H6) solely,
having a molar mass of exactly 78 g/mol;



For pyrolysis gas, since the value of 22 g/mol does not correspond to any
hydrocarbon molecule, a mixture composed by 50 mol% of CH4 (16 g/mol) and
50 mol% of C2H4 (28 g/mol) has been considered, in such a way the resulting
molar mass of the mixture will be exactly 22 g/mol.

In this way, knowing the exact composition of the mixture, it is possible to apply to each
species the main reactions that could occur in a gasification process, to analyse the final
concentrations of the desired products.
The resulting reactions scheme therefore would be the following:

Figure 3.7. Complete scheme of reactions considered for the pyro-gasification model
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For the compounds here introduced, that are C2H4 and C6H6, the reactions with steam are
considered (steam reforming reactions of ethylene and benzene). Additionally, the Dry Methane
Reforming (DMR) with carbon dioxide is considered, due to the high concentration of CO 2 in
this study case. The reaction kinetics are different, and so the modelling equations. The
reactions occurring and the respective reaction kinetics are the following:


Boudouard reaction (whose parameters are already listed):
𝐶 + 𝐶𝑂2 → 2 𝐶𝑂



( 84 )

Steam methane reforming (R6):
𝐶𝐻4 + 𝐻2 𝑂 → 𝐶𝑂 + 3 𝐻2



( 85 )

Dry methane reforming (R7):
𝐶𝐻4 + 𝐶𝑂2 → 2 𝐶𝑂 + 2 𝐻2



( 86 )

Water gas shift (R8):
𝐶𝑂 + 𝐻2 𝑂 → 𝐶𝑂2 + 𝐻2



( 87 )

Steam ethylene reforming (R9):
𝐶2 𝐻4 + 2 𝐻2 𝑂 → 2 𝐶𝑂 + 4 𝐻2



( 88 )

Steam benzene reforming (R10, R11):
𝐶6 𝐻6 + 12 𝐻2 𝑂 → 6 𝐶𝑂2 + 15 𝐻2

( 89 )

𝐶6 𝐻6 + 6 𝐻2 𝑂 → 6 𝐶𝑂2 + 9 𝐻2

( 90 )

These reactions follow equations of various behaviours, according to the different
formulations proposed in literature. Reactions R6 and R8 and their parameters have been
already described in section 3.4, the others are showed below.
The Dry Methane Reforming (R7) is modelled according to the relation used by Lee et al. [28]
shown below:
𝑅7 = 𝑘7 ∙ [

𝐾𝐶𝑂2 𝐾𝐶𝐻4 𝑃𝐶𝑂2 𝑃𝐶𝐻4
(1 + 𝐾𝐶𝑂2 𝑃𝐶𝑂2 + 𝐾𝐶𝐻4 𝑃𝐶𝐻4

2

(𝑃𝐶𝑂 𝑃𝐻2 )
]
[1
]
∙
−
2
𝐾1 𝑃𝐶𝐻4 𝑃𝐶𝑂2
)

( 91 )

where:
𝐾𝐶𝑂2 = 2.64 ∙ 10

−2

𝐽
37641 [𝑚𝑜𝑙 ]
1
) [
∙ exp (
]
𝑅𝑇
𝑎𝑡𝑚

( 92 )
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𝐾𝐶𝐻4

𝐽
40684 [𝑚𝑜𝑙 ]
1
) [
= 2.63 ∙ 10−2 ∙ exp (
]
𝑅𝑇
𝑎𝑡𝑚

𝐽
102065 [𝑚𝑜𝑙 ]
𝑚𝑜𝑙
) [
𝑘7 = 1290 ∙ 5000 ∙ exp (−
]
𝑅𝑇
𝑠 ∙ 𝑚3
𝐽
258598 [𝑚𝑜𝑙 ]
) [𝑎𝑡𝑚2 ]
𝐾1 = exp(34.011) ∙ exp (−
𝑅𝑇

( 93 )

( 94 )

( 95 )

The Steam Ethylene Reforming (R9) kinetics is obtained from the study of Abdalla et al. [29],
whose relation is described as:
𝑅9 = 𝑘9 ∙ 𝑃𝐻2 𝑂 ∙ 𝑃𝐶0.5
2 𝐻4

( 96 )

where
𝐽
103996 [𝑚𝑜𝑙 ]
)
𝑘9 = exp (0.12 −
𝑅𝑇

( 97 )

Finally, the two equations for Steam Benzene Reforming are considered (R10 and R11),
obtained from Ammar et al. [30], in the form:
𝑅10 = 𝑘10 ∙ 𝑐𝐶6 𝐻6 ∙ 𝑐𝐻2 𝑂

( 98 )

𝑅11 = 𝑘11 ∙ 𝑐𝐶6 𝐻6 ∙ 𝑐𝐻2 𝑂

( 99 )

where:
𝑘10

𝑘11

𝑘𝐽
462.803 [𝑚𝑜𝑙 ]
)
= 70.858 ∙ exp (−
𝑅𝑇

𝑘𝐽
1048.977 [𝑚𝑜𝑙 ]
)
= 394.817 ∙ exp (−
𝑅𝑇

( 100 )

( 101 )

Through the application of those equations, the simulation of the complete gasification
has been performed, from the degradation of the solid matter to the final producer gas.
Finally, the last part is the description of the heat transfer inside the system. To simplify
the estimation, the assumption made is that the heat necessary for the pyro-gasification of the
biomass material is completely sustained by an external heat source, and, as for the case of the
operation of the fuel cell, the reactions that have been considered are the SMR and WGS.

62

4. STUDY CASES AND RESULTS

The models used for the simulation of the two main processes have been implemented
on COMSOL Multiphysics ® 5.3.
Firstly, the SOFC has been modelled: the operation of such fuel cell has been analysed,
comparing different operating conditions. In this way, the gasification process can be
temporarily neglected, as the syngas is considered as already produced. The performances of
the syngas-fed cell are then compared to the theoretical performances of the cell fed with an
equivalent amount of hydrogen, so to produce the same current.
In the second part, the gasification process is analysed, firstly as a single process; finally
the coupling with the SOFC operation has been realized, to describe in a more complete way
the system.
On COMSOL Multiphysics ® 5.3, the phenomena occurring in the operation of the fuel
cell and in the gasification process are simulated through a series of physics. To model the
SOFC functioning, three different physics are used:


Free and Porous Media Flow (one for anode and one for cathode sides), to
describe the gas flows into the channels and inside the porous structure of
electrodes, up to the catalyst layers, and to obtain the velocity field;



Transport of Concentrated Species (one for anode and one for cathode sides), to
describe the composition of the flows and to obtain the molar and mass fractions
of the components of gas mixtures;



Secondary Current Distribution, to simulate the occurrence of the
electrochemical reactions and the subsequent potential difference and then
current productions.

These are the fundamental physics necessary to the simulation of the SOFC; however, another
aspect to be taken into account is the production of heat, that could lead to the generation of
thermal gradients deleterious for the cell. The further physics useful to perform a thermal
analysis on the fuel cell is the following:


Heat Transfer in Porous Media, to describe the heat generation inside the cell
and to obtain a temperature distribution.

For which concerns the gasification, three physics are necessary:
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Ordinary Differential Equations, to apply the mass conservation for the solidstate materials;



Transport of Diluted Species, to apply the mass conservation at the gaseous
species, introducing the reactions occurring. The Transport of Diluted Species
physics is necessary in this case, rather than the Transport of Concentrated
Species, since it is assumed that one gas species (in this case CO2, the gasifying
agent) is present in a much greater amount compared to the others;



Heat Transfer in Fluids, to describe the heat transfer inside the gaseous products
of the gasification.

These are the main physics used, through which the following results are obtained.
Obviously, the final coupling of the gasification process and SOFC operation will require the
simultaneous presence of all the physics listed above (excluding the Transport of Concentrated
Species for the anode side, that is replaced by the Transport of Diluted Species).

4.1. Nominal configuration: SOFC operation with syngas
The project aims at the construction of a stack of 25 cells that could produce a total
electric power of about 0.2 kW, that means around 8W per cell; the cells are located at a distance
of 5cm between each other.
In the first simulation the cell is made to work in the nominal configuration and design.
Due to the complex geometry of the cell and to the absence of an anode channel that could
better funnel the fuel inside the porous anode (avoiding fuel dispersion), the inlet velocities
needed to achieve the final product are higher than the stoichiometric ones.
The operating conditions are summed in the table below.

Temperature

800°C

Pressure

1atm

Anode inlet velocity

0.05 m/s

Cathode inlet velocity

0.4 m/s

Table 4.1. Main parameters describing the operating conditions

Then the initial conditions are set:
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The initial pressure inside both anode and cathode side is set equal the
atmospheric pressure (101325 Pa);



The operating temperature is set equal to 800°C;



Inside the channel and the electrodes no initial velocity field is assumed: the
velocity fields are estimated thanks to the Free and Porous Media physics.

The mesh is physics-controlled and the tolerance is set at 10-3.
The distribution of velocities is shown in Figure 4.1.

Figure 4.1. Velocity field inside the cell

Observing the velocities distribution, it is clear the impact of the fuel losses at the anode
side: the great dimensions of the anode channel do not guarantee a good exploitation of the fuel,
that in large part does not reach the anode electrode but simply tends to go towards the outlet,
without producing any useful effect.
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The polarization curve is shown in Figure 4.2 and the power density curve in Figure 4.3.

Polarization curve
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Figure 4.2. Polarization curve of the fuel cell

Power density curve
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Figure 4.3. Power density curve of the fuel cell

In the graph above, the three regions are well visible on the curve: the first part
characterized by the activation overvoltages, the second one (from about 0.03A/cm2 to
0.17A/cm2) characterized by the linear behaviour typical of the ohmic region and the third in
which the concentration losses are dominating. The operating conditions in which the fuel cell
would work (indicated by the red dot in Figure 4.2) are located in the final part of the curve,
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where the concentration losses are important. This configuration, even if it allows to reach the
required power, could be affected by fuel starvation phenomena.
The current density at the typical voltage of 0.7V is 0.20A/cm2: this value guarantees
the achievement of the 8W of output power, more precisely a power of 9.59W, that is slightly
higher. However, this is a conservative evaluation since the model does not takes into account
the effect of carbon deposition that, with the time, could reduce the catalyst activity. Anyway,
this configuration does not represent an efficient utilization of the SOFC. The evaluation of the
fuel utilization and the electrical efficiency is performed as follows:
𝐹𝑈 =

𝑛̇ 𝑠𝑦𝑛𝑔𝑎𝑠,𝑠𝑡
𝑛̇ 𝑠𝑦𝑛𝑔𝑎𝑠,𝑟𝑒𝑎𝑙

( 102 )

𝜂𝑒𝑙 =

𝑊𝑒𝑙
𝑛̇ 𝑓𝑢𝑒𝑙 ∙ ̅̅̅̅̅̅
𝐻𝐻𝑉

( 103 )

in which 𝑛̇ 𝑠𝑦𝑛𝑔𝑎𝑠,𝑠𝑡 represents the reacting fraction of syngas, 𝑛̇ 𝑠𝑦𝑛𝑔𝑎𝑠,𝑟𝑒𝑎𝑙 the total amount of
syngas sent inside the anode channel and ̅̅̅̅̅̅
𝐿𝐻𝑉 is the molar low heating value of the fuel
contained in the syngas.
𝐽
The ̅̅̅̅̅̅
𝐻𝐻𝑉 [𝑚𝑜𝑙 ] is estimated considering the enthalpy of reactions of the three fuels

contained in the syngas:
1
𝐽
̅̅̅̅̅̅
𝐻𝐻𝑉𝐻2 = |ℎ̅𝐻2 𝑂 − ℎ̅𝑂2 − ℎ̅𝐻2 | = 241820
2
𝑚𝑜𝑙

( 104 )

1
𝐽
̅̅̅̅̅̅
𝐻𝐻𝑉𝐶𝑂 = |ℎ̅𝐶𝑂2 − ℎ̅𝑂2 − ℎ̅𝐶𝑂 | = 282990
2
𝑚𝑜𝑙

( 105 )

̅̅̅̅̅̅
𝐻𝐻𝑉𝐶𝐻4 = |ℎ̅𝐶𝑂2 + 2ℎ̅𝐻2 𝑂 − 2ℎ̅𝑂2 − ℎ̅𝐶𝐻4 | = 802310

𝐽
𝑚𝑜𝑙

( 106 )

Then each low eating value is multiplied by the corresponding molar fraction of the fuel to
obtain the ̅̅̅̅̅̅
𝐻𝐻𝑉 of the syngas.
̅̅̅̅̅̅
𝐻𝐻𝑉𝑠𝑦𝑛𝑔𝑎𝑠 = 101633

𝐽
𝑚𝑜𝑙

( 107 )

Considering the values obtained above, the results are not so satisfactory. Actually, the
performances of the cell are quite low, being:
𝐹𝑈 = 17.5%

( 108 )

𝜂𝑒𝑙,𝑤ℎ𝑜𝑙𝑒 𝑠𝑦𝑛𝑔𝑎𝑠 = 8.5%

( 109 )

However, this efficiency takes into account all the fuel sent from the inlet section and it
is much different from the amount of fuel that actually enters inside the cell. To have a precise
evaluation of the performances of the fuel cell only the syngas that manage to reach the porous
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electrode should be taken into account. Therefore, to have a better estimation of the electric
efficiency, the previous value of 𝜂𝑒𝑙 could be divided by the value of FU, in order to really
estimate the efficiency of conversion of the chemical energy into the electrical energy. The real
electrical efficiency therefore become:
𝜂𝑒𝑙 = 48.4%

( 110 )

This value is much higher than the previous and is coherent with the typical efficiency
values of fuel cells.
Concerning the air utilization (AU), instead, the situation is different. Using a similar
formula to the one above used for the fuel utilization, it is possible to obtain:
𝐴𝑈 = 59.3%

( 111 )

that is very similar to the typical values of AU for the fuel cells. This is due in particular to the
fact that the cathode channel does not allow an excessive dispersion of the air, that in large part
is able to reach the cathode electrode.
It is possible to compare the performances of the fuel cell fed by syngas with the
operation of the same cell, fed by an equivalent amount of hydrogen. To compare the two
configurations, a molar flux of pure hydrogen able to deliver the same number of electrons
delivered by the syngas has been considered. The molar flux at the anode side reduces therefore
from the previous 1.12 ∙ 10−3 𝑚𝑜𝑙/𝑠 of syngas to 4.06∙ 10−4 𝑚𝑜𝑙/𝑠 of hydrogen.

Electric efficiency: syngas vs equivalent hydrogen
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Figure 4.4. Electric efficiencies of fuel cell fed with syngas and equivalent hydrogen
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The hydrogen would have a higher efficiency of conversion, even if also the real syngas
shows, in general, good performances. However, the working condition at 0.7V imposes to
work in the last region of the curve, where the efficiency curve has an abrupt decrease. It is
clear therefore that the operation in this point is not a good choice from the point of view of the
performances, even if it still remains quite high, as it can be seen in the Table 4.2.

Fuel considered

Efficiency at 0.7V

Maximum efficiency

Syngas

48.4%

53.7%

Equivalent hydrogen

55.9%

62.0%

Table 4.2. Electric efficiencies of SOFC fed with syngas and equivalent hydrogen

To obtain the same efficiency but to avoid the operation in the final region dominated
by concentration overvoltages, it could be useful to operate in a different point. The solution
could be the increase of the voltage, but a too high value of voltage can lead to operate in a
point characterized by low electric efficiency. A trade off must be found in order to find the
best operating condition. One possibility is to work at about V=0.95V, that would guarantee the
operation in the linear region of the curve (i.e., reduced fuel starvation issues) and an efficiency
value still quite high.
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Figure 4.5. Operating conditions at V=0.95V
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In this way, the current density will be around 0.13A/cm2 and the output power will be
8.5W: therefore, even it is lower than before, the required power would still be achieved. On
the other hand, the electrical efficiency will decrease, from 48.4% to 42.6%. The comparison
between the performances is shown in the table below.

Parameter

Operation at 0.7V

Operation at 0.95V

Current density

0.20 𝐴/𝑐𝑚2

0.13 𝐴/𝑐𝑚2

Electrical efficiency

48.4%

42.6%

Output power

9.59 𝑊

8.44 𝑊

Table 4.3. Performances comparison between the two operating points

Even if the electrical efficiency is reduced, this could be a good configuration for the
operation of the fuel cell system.

4.1.1. Temperature distribution
The analysis of the operation of the fuel cell must be completed with the evaluation of
the temperature distribution inside the system. The map of the temperature inside the cell is
represented in Figure 4.6.
The highest temperatures are reached inside the anode channel, where the maximum
temperature reached is slightly less than 820°C. In the electrolyte and in the two electrodes the
maximum temperature reached is around 817°C. The minimum can be found in the inlet side
of both anode and cathode channels. Therefore, the materials of the three main components
(electrolyte, anode and cathode electrodes) are subjected to a temperature gradient of about
15°C along the total length of the cell.
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Figure 4.6. Temperature distribution in the fuel cell

4.2. Improved configuration: SOFC operation with syngas
The results obtained in the nominal configuration are poorly satisfactory. In order to
improve the configuration maintaining the same design one possibility could be to increase the
inlet velocities, and therefore the inlet molar flux, in order to increase consequently the output
power. This will represent an improvement from the point of view of the electrical power
produced, but not from the point of view of the performances in terms of fuel utilization, since
the fuel losses cannot be reduced without a change in the channel structure. However, the
impact of fuel losses could be reduced inserting a system of fuel recycling.
Different values of inlet velocities have been applied, in order to find the best
configuration leading to a current density of about 0.7 A/cm2 at a voltage of 0.7 V. The value
of voltage of 0.7V is still considered the nominal point of operation, successively the possibility
whether to change or not the operating point will be evaluated.
The velocity values are obtained iteratively, and the operating conditions considered are
the following:
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Configuration

Anode inlet velocity

Cathode inlet velocity

Case 1 (Nominal configuration)

0.05 m/s

0.4 m/s

Case 2

0.4 m/s

1 m/s

Case 3

0.8 m/s

3 m/s

Case 4

1.5 m/s

4 m/s

Table 4.4. Operating conditions for the four configurations

In this way, exploring various values of inlet velocity it is possible to understand how
the current density varies according to it. This analysis can be useful in order to assess the best
operating condition at which the cell can be made to operate.
The operation of the fuel cell in the different conditions is analysed thanks to the
polarization curve.

Polarization curve
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Figure 4.7. Polarization curves in different configurations

Increasing the inlet velocity, the current densities increase as well: in particular the
region dominated by the concentration losses is shifted towards higher values of current. If 0.7V
is considered as the nominal operating voltage of the fuel cell, from Figure 4.7 it can be
observed that the current density values are the following:
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Configuration

Current density at 0.7V

Case 1 (Nominal configuration)

0.20 A/cm2

Case 2

0.43 A/cm2

Case 3

0.59 A/cm2

Case 4

0.72 A/cm2

Table 4.5. Current densities in different operating conditions

The first configuration in which the value of around 0.7 A/cm2 is reached is the 4th case,
while the others show lower values. Also the 3rd configuration leads to a quite high current
density value, around 0.6 A/cm2, but the last configuration is the first one in which the current
density value at 0.7V is found in the last part of the ohmic region and not in the concentration
one. Since it is better to work in the central zone of the polarization curve to avoid issues linked
to fuel starvation the 4th configuration could be considered the best one.
This configuration is now analysed with higher detail.

4.2.1. Case 4: operation and temperature distribution
As it is analysed before, the 4th case is the best one in term of exploitation of the
possibilities of the cell. A further increase in the velocity will lead to higher current density
values, but too high velocity values could be not suitable for the operation of a SOFC.
Operation
The 4th case study therefore is analysed. The polarization curve and the power curve
with respect to the current density are shown below.
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Figure 4.8. Polarization and power density curves

The operation at 0.7V is very close to the maximum value of power reached, that
corresponds to the point of the maximum efficiency. Therefore these operating conditions can
lead to a good exploitation of the device. This configuration allows to produce an output electric
power of about 34.8W, a great increase with respect to the nominal initial configuration.
Also in this case, the efficiency of the SOFC fed by syngas can be compared to the
efficiency that would be reached in case of feeding with pure hydrogen.

Electric efficiency: syngas vs equivalent hydrogen
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Figure 4.9. Electric efficiencies of syngas and equivalent hydrogen
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The feeding with pure hydrogen would lead to higher efficiency, since with a lower
amount of fuel the current density obtained would be the same. Anyway the performances of
the cell when fed with syngas are in the order of 50%.

Fuel considered

Efficiency at 0.7V

Maximum efficiency

Syngas

48.5%

48.7%

Equivalent hydrogen

56.0%

56.2%

Table 4.6. Efficiencies comparison between syngas and equivalent hydrogen

In this configuration therefore, it would be possible to operate with an efficiency
practically equal to the maximum one.
Anyway, in order to move away from the region dominated by concentration losses,
again a higher value of voltage can be chosen, like 0,8V, so to avoid an excessive decrease of
the electric efficiency. If we decide to choose this value as the new operating point, the power
and the efficiency would change, as it is shown in the table

Parameter

Operation at 0.7V Operation at 0.8V

Current density

0.72 𝐴/𝑐𝑚2

0.55 𝐴/𝑐𝑚2

Electrical efficiency

48.5%

42.1%

Output power

34.77 𝑊

30.16 𝑊

Table 4.7. Performances comparison between the two operating conditions

The operation at 0.8V would represent a decrease in terms of efficiency and output
power, but could be less subject to fuel starvation phenomena.
Temperature distribution
The temperature distribution (in particular the variation with respect to the operating
temperature of 800°C) inside the cell is shown in Figure 4.10.
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Figure 4.10. Temperature distribution in the fuel cell

The highest values of temperatures are reached inside the cathodic channel, where the
flow is more confined. Anyway, the maximum temperature reached in the three components
(electrolyte, anode and cathode electrodes) is around 813°C.

4.2.2. Operation with different temperatures
The operation of the fuel cell can be studied in different operating conditions to evaluate
how the system is able to respond at temperature and pressure variations. Concerning the first
one, an increase of the operating temperature is expected to increase the performances of the
cell, while a decrease will cause a reduction of the current density that can be obtained and
therefore of the output power. On the other hand, the choice of a higher temperature requires
the use of more resistant and therefore more costly materials, increasing thus the total cost of
the system.
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The operating temperatures considered are four (including the nominal temperature of
800°C): 650°C, 700°C, 750°C and 800°C. Those values of temperature have been chosen since
the state of the art of the solid oxide fuel cells nowadays is aiming to reach lower temperatures
towards the 600°C degrees, and not to increase further the value towards 900°C. The choice of
temperatures lower than 800°C therefore could be coherent with the technological trend.
All the other parameters are maintained constant.
The results are shown below.
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Figure 4.11. Polarization curves at different operating temperatures

The effect of temperature is particularly visible on the curve at 650°C and at high value
of current densities. An increase of 50°C only from 650°C to 700°C leads to a dramatic increase
in the cell performances and in the current density values that it is able to extract. It is important
to notice that the temperature variation affects not only the electrochemical reactions kinetics,
but also the kinetics of the SMR and WGS reactions, changing the concentration of syngas
components. Actually the SMR is an endothermic reaction, and decreasing the temperature the
production of H2 and CO are less favoured, while the WGS is an exothermic reaction, with an
opposite behaviour.
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Configuration

Current density at 0.7V

650°C

0.24 A/cm2

700°C

0.54 A/cm2

750°C

0.65 A/cm2

800°C

0.72 A/cm2

Table 4.8. Current densities at different operating temperatures

According to the results, 650°C seems to be a too low temperature for a good operation
of the cell, due to the strong reduction of the current density value. Instead, 700°C and 750°C,
even if do not allow to reach the same values obtained at the nominal temperature of 800°C,
can be considered as good alternatives.

4.2.3. Operation with different pressures
As the increase of temperature implies an increase in the performances of the cell, so
does the pressure, whose increase can lead to an increment in the current densities. In this case,
three different values of pressure are studied, including the nominal one: 1atm, 2atm and 5atm.
The results are shown in the Figure 4.12.
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Figure 4.12. Polarization curves at different operating pressures
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Configuration

Current density at 0.7V

1atm

0.72 A/cm2

2atm

0.92 A/cm2

5atm

1.22 A/cm2

Table 4.9. Current densities at different operating pressures

As expected, the increase of pressure increases the current density values. In particular,
a pressure equal to 2atm already allows to reach current densities higher than 1 A/cm 2 in the
last region of the curve. Additionally, it permits to move away the operating point at 0.7V from
the region characterized by the concentration overvoltages, therefore it could be a good
compromise between the operation at 1atm and 5atm.
Also in this case it must be underlined that the increase of pressure affects the
equilibrium of the heterogeneous reactions. In particular, for the SMR, since the products
present a higher number of moles, the increase of pressure does not favour the production of H 2
and CO.

4.2.4. Operation with different conditions: comparison
The operation under different temperature and pressure conditions leads to very
different results. In general, the decrease of temperature decreases as well the current density
values that can be reached, and an increase of pressure allows to reach higher current density
values. The main results obtained are summed in the following tables.

Temperature (p=1atm)

Current density

650°C

0.24 A/cm2

700°C

0.54 A/cm2

750°C

0.65 A/cm2

800°C

0.72 A/cm2

Table 4.10. Current densities with varying temperature
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Pressure (T=800°C)

Current density

1 atm

0.72 A/cm2

2 atm

0.92 A/cm2

5 atm

1.22 A/cm2

Table 4.11. Current density with varying pressure

An excessive decrease in the working temperature can affect too much the performances
of the cell, while a too high pressure value could introduce important complexities in the
coupling between the gasification process and the SOFC operation. Therefore, the
configurations that could be taken into account as possible alternatives for a change in the
operating conditions could be the following:


Operation at 750°C, 1atm;



Operation at 800°C, 2atm.

4.3. Possible design improvement
As seen in the previous sections, the main issue affecting the performances of the cell is
the design and the geometry. The relatively great dimensions of the anode channel and of the
fuel cell in general have a negative impact on the dispersion of both air and fuel flows.
Therefore, a possible improvement can be represented by the choice of a different geometry: in
particular, the choice of a narrower anode flow channel, which could better funnel the fuel
inside the porous structure of the electrode. In this way, the exploitation of the fuel flow would
be more efficient, leading to higher performances, both regarding the fuel utilization and the
electrical efficiency.
The operation of the fuel cell with a channel flow inlet section of 1.5cm of radius is
analysed: in this way, the thickness of the channel will be smaller, reducing the fuel dispersion.
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Figure 4.13. New possible geometry

In this analysis, the same inlet velocities as the nominal configuration has been applied:
having a smaller anode inlet section, the molar flux of anode fuel will be reduced. The molar
flux passes from 1.12 ∙ 10−3 𝑚𝑜𝑙/𝑠 of the nominal case to 4.02 ∙ 10−4 𝑚𝑜𝑙/𝑠.
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Figure 4.14. Polarization curve of the cell, considering a different geometry

81

In this case, the output power obtained at 0.7V (operating point that can be shifted
towards higher values of voltage, in order to work in the linear region of the curve) is slightly
higher than the original configuration (9.66W), but now this power has been obtained using a
molar flux of fuel that is about one third of the initial flux. This represents an important
improvement from the point of view of the exploitation of the total fuel. The fuel utilization,
that initially was equal to 17.5%, now is:
𝐹𝑈 = 48.9%

( 112 )

The reduction of the anode channel represents therefore a great improvement from the
point of view of the utilization of the fuel. Also the electric efficiency referred to the total inlet
fuel increases, from 8.5% to 23.7%.
A change in the geometry of the system itself therefore could constitute an important
step in order to increase the performances of the cell, that could become even higher if a fuel
recycle were introduced.

4.4. Gasification
For the gasification model, a further variation on the domain has been made, as it can
be seen in Figure 4.15.

Figure 4.15. Geometry used in the gasification model
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As it can be observed, the anode channel has been divided into two different regions. In
the region below, it is assumed that the biomass is present, in accordance with the project
design; above this zone, only the gaseous species produced are present. Therefore, the mass
conservation of solid species (modelled with the Ordinary Differential Equations on the
software) is applied exclusively in the below region.
The gasifying agent (the CO2) is injected through the lower side, as in the previous case
for the anodic flow inlet.
For the initial conditions it was assumed the presence of the CO2 and, in the region
occupied by the biomass, the moisture contained in the solid matter. Also the moisture is
assumed to enter continuously, carried inside the reactor by the biomass.
For the gasification, a biomass feeding rate of 15kg/h for the total reactor has been
considered, that corresponds roughly 0.6kg/h for each fuel cell control volume. The gasifying
agent (the CO2) enters with a velocity of around 0.9m/s. Some of the main parameters used are
listed in Table 4.12.

Biomass feeding rate (total reactor)

15 kg/h

Gasifying agent velocity

0.9 m/s

Biomass density
Biomass moisture content

573 kg/m3
ca. 10% wt.

Table 4.12. Main parameters used for gasification model

The results of the gasification process are the following:
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Gasification results: comparison (vol%)
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Figure 4.16. Gasification results: molar composition of the producer gas

Although the most present compounds are respected (CO and CO2 account for around
75% of the total producer gas in both cases), the results are not completely in accordance with
the experimental values, in particular for which concerns hydrogen and water content. This
could be mainly due to the not precise data related to the biomass chosen for the simulation:
actually, those values have been found from literature and can be different from the real
characteristics of biomass used in the experimental part. Moreover, as it was stated in the model
section, the relations proposed by Guizani to simulate the gasification started from the
assumption that the char was composed by carbon solely. This could lead to the discrepancies
shown in the graph above.
Concerning the high heating value, in literature values of HHV for the olive kernel are
available. Anyway, those values are referred to the particular composition of the biomass itself,
in which carbon constitutes a fraction. In this work, in order to remain coherent with the
previous hypothesis, the value of HHV for the biomass has been evaluated considering the
formula below:
𝐻𝐻𝑉 [

𝑀𝐽
] = 0.341 ∙ 𝐶 + 1.322 ∙ 𝐻 − 0.12 ∙ 𝑂 − 0.12 ∙ 𝑁 + 0.0686 ∙ 𝑆 − 0.0153 ∙ 𝑎𝑠ℎ
𝑘𝑔
( 113 )

in which C, H, etc., are the mass fraction in wt% on dry basis. Since the biomass for simplicity
has been assumed to be composed by carbon only, the only term left is C=100. Therefore, the
HHV becomes:
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𝐻𝐻𝑉 [

𝑀𝐽
𝑀𝐽
] = 0.341 ∙ 𝐶 = 34.10
𝑘𝑔
𝑘𝑔

( 114 )

With this value, it is possible to estimate the efficiency of the gasifier (in terms of cold
gas efficiency, CGE) as:
𝐶𝐺𝐸 =

𝐺𝑠𝑦𝑛𝑔𝑎𝑠 ∙ 𝐻𝐻𝑉𝑠𝑦𝑛𝑔𝑎𝑠
𝐺𝑏𝑖𝑜𝑚𝑎𝑠𝑠 ∙ 𝐻𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠

( 115 )

As said, the biomass feeding rate is 0.6kg/h; considering the inlet flow rate of CO 2 and
the moisture content that the biomass transport inside the reactor, the mass flow rate of syngas
can be obtained. Then the HHV of syngas is obtained considering the molar fraction of each
fuel present in the producer gas, and the value obtained is:
̅̅̅̅̅̅̅
𝐻𝐻𝑉 𝑠𝑦𝑛𝑔𝑎𝑠 = ∑ 𝑦𝑖 ∙ ̅̅̅̅̅̅̅
𝐻𝐻𝑉𝑖 ≅ 113050
𝑖

𝐶𝐺𝐸 =

𝐽
𝑚𝑜𝑙

𝐺𝑠𝑦𝑛𝑔𝑎𝑠 ∙ 𝑀𝑠𝑦𝑛𝑔𝑎𝑠 ∙ ̅̅̅̅̅̅
𝐻𝐻𝑉𝑠𝑦𝑛𝑔𝑎𝑠
= 66.0%
𝐺𝑏𝑖𝑜𝑚𝑎𝑠𝑠 ∙ 𝐻𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠

( 116 )

( 117 )

The simulated gasification process therefore is quite efficient and can be a good starting
point for the operation of the fuel cell.
It is important to notice that changing the operating conditions and the biomass
parameters, the gasification result in terms of producer gas composition will change as well.
The biomass feeding rate, the inlet velocity of the gasifying agent, the moisture content and the
operating temperature and pressure are the main parameters affecting the resulting composition.
Since in previous sections an evaluation of the fuel cell performances in different operating
conditions has been made, it could be useful to analyse how the producer gas composition varies
with different operating conditions, to understand if a change in the operating temperature and
pressure could represent an improvement. As previously stated, two different operating
conditions have been analysed: the operation at 750°C and 1atm, and the operation at 800°C
and 2atm. The results are shown in Figure 4.17.
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Gasification result: different operating conditions (vol%)
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Figure 4.17. Producer gas composition under different operating conditions

The results show an important variation in the syngas composition: the molar fraction
of carbon monoxide drops with the decrease of temperature and the increase of pressure, with
a great increase in the carbon dioxide presence. Also the hydrogen content is strongly reduced.
The syngas produced would be less rich in fuel like CO and H 2, with higher amount of
compounds already oxidized, like CO2 and H2O, with a consequent reduction of the chemical
energy that could be exploited.
Therefore, the best operating condition is represented by the nominal one, at 800°C and
1atm.

4.5. Integration of gasification and SOFC
After having set the gasification parameters for the description of the gasification model,
now the integration between the gasification process and the SOFC operation must be
performed. The producer gas, whose composition has been obtained before, reaches now the
anode electrode up to the catalyst layer, and undergoes the electrochemical oxidation.
The differences between this configuration and the nominal one presented before, in
which the SOFC was fed by syngas, are not only the different gas composition (that here is
richer in hydrogen content) but also the different structure of the external fluid channel, that
now is assumed to be filled with biomass with a certain porosity.
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The polarization curve is shown in Figure 4.18, while in Figure 4.19 a comparison
between the polarization curve obtained with the previous analysis on the fuel cell fed with
syngas and the one referred to the coupling with the gasification process can be observed.
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Figure 4.18. Polarization curve of the SOFC coupled with gasification process
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Figure 4.19. Comparison between the polarization curve of the cell fed by already produced syngas and
the one of the cell coupled with the gasification process
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How can be seen from the figure, the two curves are very similar in the first part, but
reaching lower values of voltages they differ consistently. The coupled system allows to obtain
a production higher than 8W: actually, reaching a current density of around 0.25A/cm2, the
power produced is around 12.3W. This can be due to a different molar flux able to reach the
anode electrode, but also to the different fuel composition, that in the COMSOL simulation
appears to be much richer in hydrogen.
This result anyway can be optimistic: the model does not take into account some
criticalities that can occur during the real operation of the system. Carbon deposition, tar and
ash formation and, in general, the presence of impurities inside the producer gas can affect
negatively the performances of the cell.
Concerning the efficiency of the SOFC, in this case the fuel utilization and the efficiency
considering the total syngas produced is even lower than before (FU=0.6%, ηel=0.3%), and
therefore the efficiency of the total system (gasification process + SOFC) would become around
η=0.2%. The same consideration made for the operation of SOFC fed with syngas can be made,
therefore considering only the amount of syngas that effectively manages to reach the anode
electrode of the fuel cell. Also in this case the electric efficiency increases:
𝜂𝑒𝑙,𝑆𝑂𝐹𝐶 = 50.1%

( 118 )

Considering the complete system, the overall efficiency can be evaluated as:
𝜂𝐵𝑖𝑜𝑚𝑎𝑠𝑠→𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = 𝜂𝑒𝑙,𝑆𝑂𝐹𝐶 ∙ 𝐶𝐺𝐸 = 0.501 ∙ 0.660 = 0.330 = 33.0%
( 119 )

This number therefore shows that the overall system has a quite good efficiency from
the point of view of the technologies exploited. Nevertheless, the dramatically low efficiency
of the complete system cannot be forgotten: actually, even the technologies show good
performances, the losses in terms of fuel dispersion are high. This issue could be solved
introducing a fuel recycle, or in alternative gasifying the biomass in a different reactor and
introducing the producer gas in the fuel cell.

4.5.1. Temperature distribution
The last aspect to analyse is the temperature distribution inside the fuel cell, that will
combine the heat generated by the fuel cell operation and by the reactions occurring between
the gaseous species produced.
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Figure 4.20. Temperature variation with respect to 800°C

In this case, very small variations of temperature with respect to the operating
temperature of 800°C can be observed. This could be due to the endothermic reactions
occurring between the gaseous species, that behave as thermal sinks. Actually the steam
methane reforming is endothermic, and since in this configuration the amount of methane is
higher than in the case of the already produced syngas, this could have a higher impact on the
temperature of the system. Additionally, gasifying directly at the anode side, the syngas
composition can be not uniform, and also the electricity production at the anode side can be not
uniform and lead to such distribution.
Anyway, this evaluation is highly approximated, since only the WGS and SMR have
been considered, and since it was assumed that the gasification process was completely
sustained from the external with a proper heat source.
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5. CONCLUSIONS

The aim of this thesis was the development of a model to describe the integration
between biomass gasification and solid oxide fuel cell operation. This has been achieved
realizing a 2D axisymmetric model on COMSOL Multiphysics®, 5.3 using various physics to
describe the phenomenon.
The model has been used to analyse firstly the operation of the fuel cell when fed with
syngas composed by CO, CO2, H2, H2O and CH4, to understand the operating conditions at
which the system was able to produce a power equal to 8W, evaluating also the electric
efficiency of the system. A configuration able to produce around 9.5W per cell has been found.
Then, a possible change in the geometry has been proposed, in order to improve the exploitation
of the fuel. After the reduction of the anodic flow channel radius from 2.5cm to 1.5cm, the
results showed an increase in the fuel utilization from 17.8% to 48.9%. This means higher
performances of the cell and a better exploitation of the fuel.
After that, the gasification simulation has been performed. Also in this case, in absence
of experimental data regarding the biomass, some assumption have been made in order to obtain
a resulting syngas composition as close as possible to the initial data available. The final
composition achieved still presented differences if compared to the original data, but this could
be due to the absence of more precise data about the biomass and the gasification operating
conditions.
Finally, the complete integrated system has been realized, obtaining the polarization
curve of the fuel cell fed with the syngas produced in the modelled gasification. The current
density obtained at 0.7V was found to be higher than the one obtained in the nominal
configuration, therefore the 8W of power production should be granted. Anyway, some
criticalities linked to the integration of the biomass gasification with the SOFC operation has
been neglected. The real operation will be affected by phenomena of carbon deposition,
production of ashes and tars that could affect the operation of the fuel cell. For this reason, an
accurate analysis about the impact of these issue on the fuel cell operation should be developed
in future.
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5.1. Future work
There are many aspects that should be further analysed, in order to obtain a reliable
model that could fully describe the process.
First of all, the carbon deposition problem is an important aspect that is worth analyzing.
The deactivation of the catalyst is an issue that must be analysed both in the configuration with
syngas but also in the integration with the gasification process. Additionally, not only the carbon
deposition issue, but also the tar impact and the ash generation and deposition are criticalities
that must be deeply studied, to avoid operation problem.
Also concerning the gasification process, some improvement has to be done. In
particular, an analysis on the biomass matter would allow to use more correct parameters, in
order to obtain a more descriptive model.
Eventually, a design variation can be useful in order to improve the efficiency of the
system and also to avoid the criticalities related to the biomass presence all around the fuel cell.
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