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Abstract
This master thesis is rooted in the global challenge of renewable energy integration into

energy mix. More precisely, it takes part in answering the question "How to overcome the
intermittency of renewable energies". To this end, it studies the production of methanation
by thermal process and its potential coupling with the production of hydrogen that can be
produced thanks to renewable energies.

To do this, a literature review was first carried out in order to collect data and to synthesise
the theories of biomass gasification and syngas methanation processes. It was also concluded
that the first is already well developed while the second is still in the research stage.

Secondly, a model was developed to model the gasification process and the methanation
process separately. These models are based on the equilibrium model. The first model is solved
using the stoichiometric method, while the second model is solved using the non-stoichiometric
method.

These two models were coupled and used to model the whole process of bio-methane production
from biomass, through gasification, methanation and finally to obtain bio-methane. Two cases
were analysed. A first case where the gasification is done with oxygen as gasification agent and
where a hydrogen supply has to be provided. A second case where the gasification is done with
steam as gasification agent.

The addition of hydrogen in the process of bio-methane production with oxygen gasification
is well cost effective. The energy input contained in the hydrogen is well used and is largely
recovered in the bio-methane. There is little loss of hydrogen and carbon in this case. The
model predicts a CO2 methanation in the pre-methanation reactor for the vapor gasification
leading to a large consummation of hydrogen and a small consummation of carbon monoxide.
However, an observation of the gas composition before and after the pre-methanation reactor in
GoBiGas lets think that in reality, the reactor does not behave like this. A CO methanation
take place in the reactor. There are some limits of the model.
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Chapter 1

Introduction

Energy has been at the heart of human societies’ development. At all times, humankind uses
sources of energy from nature. Before the industrial revolution, energy was mainly provided by
mechanical forces coming from humans or animals. The energy coming from wood combustion
was essentially for domestic uses or for foundry. The later discovery of coal and fuel was the
spark for an explosion of technological development. Fossil energy utilisation has evolved from
decade to decade since then. The consumption has considerably grown with the society and the
technology evolution [9].

Fossil energy is however closely related to three significant problems of our era which are
air pollution, global warming, and energy insecurity [10]. To face these problems, the question
of energy transition toward a more sustainable system is on the table. In this aim, renewable
energies are attracting more interest. The U.S Energy information administration (IEA) defines
renewable energy as energy coming from naturally refilling sources but limited in supply. This
definition includes biomass, hydro-power, geothermal, wind and solar [11].

Even if renewable energies are key to energy transition, there remains issues to solve. Fossil
fuels can give energy at any time and in few seconds while wind and solar energy are more
constrained. Wind and solar energies are called intermittent because they can strongly vary
and can remain without production for a long time. Wind energy production depends on the
wind and can strongly vary during the day such as the wind energy production on the 16th of
July 2022 plot in the figure1.1.

Figure 1.1: Wind energy production in Walloon Region on July 16, 2022 [1]

1



Solar energy is only produced during the day and depends on the cloudiness of the sky. The
passage of a large cloud reduces the energy produced at the time. The energy production on
sunny days resembles that of the 16th of July 2022 plot in the figure 1.2.

Figure 1.2: Solar energy production in Walloon Region on July 16, 2022 [1]

Unfortunately, it is not possible to align our society with the variable curves of intermittent
energy (IE) production. This would imply that energy consumption is only possible when the
sun is shining or when the wind is blowing. It is why the integration of renewable energy to
the energy system should be combined with energy storage facilities. There are several possible
energy storage such as batteries, hydrogen, hydraulic gravity storage, methane and more...
Two major characteristics of energy storage are their discharging time and their storage capacity.
The graph 1.3 expresses the fact that Power-to-Gas Methane store the more Wh and can have
the longer duration time.

Figure 1.3: Storage Technologies characteristics [2]

Power to gas technologies use electrical power to produce a gaseous fuel (methane for example).
The production of bio-methane in particular consists of a synthesis reaction of methane from
hydrogen and carbon monoxide or carbon dioxide contents in a syngas. This syngas is coming
from the gasification process of biomass.
The methane production may need an hydrogen supply depending on the technology. This
hydrogen can come from water electrolysis using intermittent energy. This could be a way to
stock intermittent energy.
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The aim of this thesis is first to synthesis the theory behind the methanation process, to
assess its technical requirements and to draw up an inventory of the technologies available today.
To this end, a bibliographical search was carried out and presented in the first chapter.

All this information is then used to model the main technologies used in the bio-methane
production process and to create a model of the entire process.
This model allows to study the reactions of the process when changing parameters such as the
input biomass, the type of gasification or the addition of hydrogen. The set-up modelled is
essentially based on the GoBiGas project presented in chapter 1, with the difference that it uses
a downdraft gasifier and not a dual fluidised gasifier.

Finally, the interest of introducing hydrogen into the system was studied. For this purpose,
the model was used to study two main cases while keeping the GoBiGas model for comparison.
These two cases are :

• Oxygen gasification coupled with the GoBiGas methanation set-up and an additional
hydrogen supply.

• Vapor gasification coupled with the GoBiGas methanation set-up

The flux and the gas quality will be compared and an energy balance for the two cases will be
made.
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Chapter 2

Literature review about production of
bio-SNG from woody biomass

The process of biomethane production is a complex process requiring many steps in order to
reach the gas quality needed to be allowed to inject the gas into the grid. The procedure can be
divided into three main steps : the gasification, the gas cleaning and the methanation.

As shown in the figure 2.1, biomass is first converted into a gas called synthesis gas (also called
syngas) during gasification. Subsequently, the syngas is cleaned to avoid chemical deactivation
in the methanation stage. During the cleaning process, the syngas has to be compressed because
methanation requires higher pressure. To ensure a good ratio of hydrogen and carbon monoxide
for the methanation, a step is added. This step adjusts the ratio if necessary. It can be realized
with a Water gas shift (WGS) reactor or an addition of hydrogen.

Figure 2.1: General scheme of a bio-methane production process

In addition to the biomass, secondary inputs are needed during the process. The gasification
section needs an input of gasifying agent (GA) that can be vapor, oxygen, air or a mixture of
them. The step of hydrogen to carbon monoxide improvement may require vapor or hydrogen
depending on the technology.

The first point of this chapter explains what happens in a gasifier reactor. The second section
explains what happens in a methanation reactor and what are the syngas quality requirements.
This section leads to the last point where the gas cleaning process required between gasification
and methanation is explained. At the end of this chapter, a state of the art of the current
technologies used so far is presented.
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2.1 Gasification

Figure 2.2: General scheme of a bio-methane production process with gasification step highlighted

2.1.1 Process
Gasification is the first step in the biomass transformation process. This reaction takes place

in a reactor called gasifier and converts carbonaceous material (biomass in this case) into a
combustible gas [12].

During gasification, the biomass goes through different stages. Considering a non-dry biomass,
the moisture is first removed from the biomass and evaporated into steam. Next, the biomass
goes through a thermal decomposition called pyrolysis where the solid material is decomposed
into light gases, condensable volatiles (tar) and solid char . This step is endothermic and needs
an heat supply. The reaction can be written as followed [13] :

Biomass + heat → CO + H2 + CO2 + CH4 + H2O + Tar + Char (2.1)
(2.2)

After that,the volatile substances undergo partial oxidation. They are partially oxidized to
form carbon monoxide, carbon dioxide and steam. This reaction is exothermic :

C + O2 → CO2 (Char oxidation) (2.3)
C + 1

2O2 → CO (Partial oxidation) (2.4)
H2 + 1

2O2 → H2O (Hydrogen oxidation) (2.5)
(2.6)

In the above equation, the char is assumed to be pure carbon. When oxygen is consumed by
the combustion, several reductions occur without oxygen. This last stage is called gasification.
The main reactions that take place during the gasification are the following ones [13] :

C + H2O ↔ CO + H2 (Water gasification) (2.7)
C + CO2 ↔ 2CO (Boudouard reaction) (2.8)

C + 2H2 ↔ CH4 (Methanation) (2.9)
CO + H2O ↔ CO2 + H2 (Water Gas shift reaction) (2.10)

CH4 + H2O ↔ CO + 3H2 (Steam reforming of methane) (2.11)
(2.12)

6



In the gasification step, the two first and last reactions are endothermic while the other three
are exothermic [14] [15]:

Reaction ∆H298°C kJ/mol
Char reforming 135.8
Boduard reaction 169.8
Methanation -91.0
Water gas shift (WGS) reaction -34.0
Complete oxidation of carbon -395.0
Steam reforming methane 206

2.1.2 Reactors
One of the main parameters of gasification is the type of gasifier. Gasifiers can be classified

into three categories depending on how the biomass moves through the gasifier and the way it is
in contact with the gasification agent (GA). A distinction is made between fixed bed, fluidised
bed and entrained flow gasifiers.

Fixed bed gasifiers can be divided into two types depending on where the GA is introduced.

In updraft gasifier or counter current gasifier, biomass is introduced at the top of the reactor
while the air intake is situated at the bottom of the gasifier. The syngas leaves the reactor
at the top. In this type of gasifier, the combustion zone is under the pyrolysis zone, meaning
that the tar produced by the pyrolysis does not go through the combustion zone. The product
syngas of a updraft fixed bed gasifier has a higher tar content. However, the updraft gasifier
can deal with higher moisture content fuel. The syngas being collected at the top of the gasifier,
it meets the biomass going down. The heat contents in the syngas is available to vaporize the
biomass moisture. [16]

In the downdraft gasifier, the biomass is also introduced at the top but the GA intake is at
or above the oxidation zone of the gasifier and the syngas is collected on the bottom side. Here,
the gas produced by the pyrolysis goes through the oxidation zone reducing the tar content of
the syngas.

7



Figure 2.3: Updraft gasifier Figure 2.4: Downdraft gasifier

The second type of gasifier is the fluidized bed gasifier. The main principle of fluidized bed
gasifier is to introduce the GA at a sufficiently high enough velocity so that the bed particles
are in suspension in the reactor [17].There are two main types of fluidized bed: the bubbling
and the circulating fluidized bed reactors.

In the bubbling fluidized bed, the flow rate of the GA is increased beyond the minimum
fluidization condition. The minimum fluidization condition occurs when the gas velocity is high
enough to reach a situation where the particles are just suspended in the upward flowing gas.
In the bubbling gasifier, the velocity is higher and reaches the point where large instabilities
with channel and bubbling of the gas occur and when there are vigorous movements of solids.
However, the bed does not expand much more than its initial volume [17].
In this type of gasifier, the char and syngas are produced through pyrolysis in the bed reactor.
The syngas goes up to the middle of the reactor where reforming reactions take place while the
char is consumed in the bed material [14]).

In the circulating fluidized bed, the velocity of the GA is higher and exceeds the bubbling flu-
idized bed regime. The bed expands beyond its initial volume and will be distributed in the entire
reactor volume such that bed particles are leaving the reactor with the gas. They are then sepa-
rated with a cyclon and recirculated in the gasifier. Before entering the reactor, the GA is heating
up in an heat exchanger where the hot fluid is the bed material coming from the cyclon [16].
The pyrolysis occurs at the level of the GA intake and the syngas reacts upper in the reactor [14].

8



Figure 2.5: Bubbling fluidized gasifier Figure 2.6: Circulatig fluidized gasifier

The last type is the entrained flow gasifier. This reactor is fed with fine particles pulverized
at high velocity in the form of a jet and co-currently with the GA [13]. The high velocity of the
jet forms a re-circulation zone in the admission zone. As the particles are very small, they heat
up rapidly due to the radiative heat transfer from the hot walls of the reactor and from the hot
gases downstream. They begin to burn with a lack of oxygen consuming almost all the oxygen.
The residual char of the reaction goes trough CO2 and H2O gasification downstream of this
combustion zone.
There are two different families of entrained flow gasifiers depending on the way they are fed.

In the top-fed gasifier the reactor is fed from the top with a jet of biomass and GA, while the
syngas is taken from the lower side.

In the side-fed reactor, the fuel is injected through horizontal nozzles located in the lower
section of the reactor and placed opposing each other and the syngas is collected in the top
of the reactor. The syngas is produce in the first stage gasifier. In the second stage feed it is
devolatized and gasified using the heat content in the syngas coming from the first stage [12].
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Figure 2.7: Top-fed entrained gasifier
Figure 2.8: Side-fed entrained gasifier

There are several criteria to consider when choosing a gasifier. The choice of reactor depends
on the available feedstock (quality and particle size of the feedstock), the desired syngas quality,
and the size of the plant.

It has already been explained why the updraft gasifier is the most suitable for biomass with
high moisture content. Other biomass characteristics and gasifier being able to deal with them
can be found in the table 2.1 [16].

Type of gasifier Quality of the feedstock
Updraft fixed bed High moisture content
Dowdraft fixed bed
Bubbling fluidized bed High volatile matter contentCirculating fluidized bed
Top fed entrained flow Any type of coalSide fed entrained flow

Table 2.1: Biomass characteristics matching with the gasifier the most adapted to it

Depending on the purpose of the gasification, the syngas needs to reach some quality
requirements. For example, for bio-SNG production, it is preferable to have a syngas with low
tar and high hydrogen content. The principal characteristics of the syngas coming from each
type of reactors are summarize in the table 2.2
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Type of gasifier Syngas quality
Updraft fixed bed High tar content
Dowdraft fixed bed Less tar content
Bubbling fluidized bed High CO2, H2O and hydrocarures contentCirculating fluidized bed
Top fed entrained flow Clean, tar-freeSide fed entrained flow

Table 2.2: Syngas quality coming from each type of gasifiers

Each type of gasifiers is able to deal with a size of particle. The fixed bed gasifier being
the more flexible. Since the biomass needs to be pulverized in the entrained flow gasifier, the
particles matter have to be really small. The table 2.3 gives an order of magnitude of the
particles size needed for each gasifier [3].

Gasifier type Particles size
Fixed bed Large ( < 51 mm )
Fluidized Smalle ( < 0.6 mm )

Entrained bed Fine paricle ( < 0.15 mm )

Table 2.3: Recommended size of biomass for each type of gasifier

Downdraft fixed bed gasifiers are more suitable for small scale plants while the entrained
flow gasifiers are more suitable for large scale plants The figure 2.9 resumes and quantifies the
range of application of each reactor.

Figure 2.9: Application range of biomass for each types of gasifier [3]

2.1.3 Gasifying agent
The gasification process requires an oxidant called a gasifying agent (GA) which is normally

a gas such as oxygen, air, steam or a combination of these. The choice of the GA will have an
impact on the quality of the syngas and its calorific value. Depending on the application, one
will be chosen over another.

Air gasification for example will be cheaper because the air is "free" as it does not have to be
produced. The drawback is that air contains nitrogen which is not converted. This leads to
dilution of the syngas with nitrogen, which reduces its calorific value and the overall energy
efficiency of the gasification process.
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This problem does not occur when oxygen or steam are used as GA. Oxygen gasification
produces a syngas with a higher calorific value. However, the operating cost is high due to the
high energy cost for the O2 production.

Steam seems to be a good compromise. It increases the calorific value of the syngas and the
hydrogen content in the syngas is high ( which is a good point for applications requiring hydrogen
as hydrogen engines or for syngas methanation). However, the need in energy to produce vapor
is more important than the energy cost to make oxygen purification. It is important to note
that gasification with vapor as the only agent is not possible with a fixed bed reactor.

2.2 Methanation

Figure 2.10: General scheme of a bio-methane production process with methanation step
highlighted

2.2.1 Process
Methanation is a catalytic reaction leading to the formation of methane and water from

carbon oxides and hydrogen. In the case of biomass to fuel conversion, the reaction is carbon
monoxide methanation. The equation of methan formation is an exothermic reaction producing
206 [kJ/mol] at 298K:

CO + 3H2 ↔ CH4 + 2H2O (2.13)

The stoichiometric H2/CO ratio is three. The equation above is the main and most important
reaction in the methanation reactor. In reality there are much more reactions involved [4] :

CO + 3H2 ↔ CH4 + 2H2O (R1) (2.14)
CO2 + 4H2 ↔ CH4 + 2H2O (R2) (2.15)
2CO + 2H2 ↔ CH4 + CO2 (R3) (2.16)

2CO ↔ C + CO2 (R4) (2.17)
CO + H2O ↔ CO2 + H2 (R5) (2.18)

CH4 ↔ 2H2 + C (R6) (2.19)
CO + H2 ↔ C + H2O (R7) (2.20)

CO2 + 2H2 ↔ C + 2H2O (R8) (2.21)
nCO + (2n + 1)H2 ↔ CnH2n+2 + nH2O (R9) (2.22)

nCO + 2nH2 ↔ CnH2n + nH2O (R10) (2.23)
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The catalyst does not appear in the equations because its involvement is implicit. The catalyst
provides an alternative way of reaction with lower activation energy but is not consumed or
modified during the reaction. All these reactions occur at the same time. Depending on the
conditions in the reactor, some are more important than others.

2.2.1.1 Theoretical effect of pressure and temperature

The thermodynamics conditions inside the reactor have a great impact on reactions. The
article [4] studied the impact of temperature and pressure assuming a reactor proceeding at
chemical equilibrium.

To study the effects of temperature and pressure, the article uses the Gibbs free energy
minimization method to find the typical products fraction at equilibrium. The change in the
Gibbs free energy corresponds to the maximum work which can be extracted from a closed
system at constant temperature and pressure, excluding the work used for volume change. For
a chemical reaction to progress, the Gibbs free energy of the reaction system has to decrease.
When the free energy reaches a minimum, the system is at equilibrium [18].

One way to interpret the results is to analyse the evolution of the equilibrium constant of the
reactions with the change in temperature.
The equilibrium constant (K) of a reaction is the relative amount of product and reactants
present in a reaction mixture at chemical equilibrium. If the equilibrium constant of a reaction
is higher than 1 (or its logarithm is bigger than 0), this reaction will take place in the forward
direction. If it is lower than 1 (its logarithm being lower than 0), the reaction will proceed in
the backward direction. The figure 2.11 shows the constants of the methanation reaction ( 2.14
to 2.23). For temperatures lower than 650°C, all the reactions proceed in the forward direction
except the reaction 2.21.

Figure 2.11: Equilibrium constant values of the reactions involved in methanation [4]

The article makes a first analysis of the effect of temperature on the typical product fraction
at equilibrium at 1 atm (figure 2.12). The input gas is a mixture of H2 and CO with a
stoichiometric H2/CO ratio of three.
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Figure 2.12: Product composition of CO methanation at equilibrium [4]

The result presented in the figure 2.12 shows that the product contains more CH4 and H2O
and less CO2 for lower temperatures. Low temperatures favour the production of methane
and theoretically minimise the carbon deposits. Furthermore at such temperatures, there is
no carbon deposit. The figure 2.11 shows that the reaction R1, R2, R3, R4 and R7 have
high constant equilibrium for small temperatures. Which can explain the high CH4 product
concentration for temperature around 200-300°C.

The second analysis presented in the article is the study of the impact of temperature and
pressure simultaneously. The CO conversion, CH4 selectivity, CH4 yield and carbon yield are
studied.
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Figure 2.13: Effects of pressure and temperature on CO conversion (a), CH4 selectivity (b),
CH4 yield (c), and carbon yield (d) in the process of CO methanation [4]

Graph (a) in figure 2.13 shows that there is a greater conversion of CO for a higher pressure
at the same temperature. This can be explained by Le Chatelier principle. Equation (2.14) is
a volume reduction reaction. If we increase the pressure, this equation will shift towards the
products [4].

The graph (b) demonstrates that for high pressures and relatively low temperatures, high
CH4 selectivity can be achieved. This can be explained by the fact that at high temperature
and low pressure, reactions 2.16 and 2.17 convert partially the CO into by-product such as CO2
[4].

In the graph (c) the CH4 yield is shown. It can be observed that at low temperatures (mainly
below 250°C), a CH4 near 100 is reached. It confirms that CO methanation is favoured at low
temperature and high pressure.

The last graph reveals that there is no carbon deposition observed for a methanation carried
out at a pressure higher than 15 atm [4].
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2.2.2 Reactors
The methanation reactors can be distinguished primarily by the number of phases they

contain. They can be two-phases reactors (gas and solid) or three-phases reactors (gas, liquid
and solid). These two types of reactors can be sub-divided according to their reactor structure.
The two phases reactor can be fixed bed reactor, fluidized bed reactor or structured catalyst
reactor.
The three phases reactor can be fluidized bed reactor or slurry reactor.

2.2.3 Catalyst
The catalyst is a substance added to the process to increase the rate of the chemical reaction.

The catalyst offers other pathways of reactions than the uncatalyzed one. Theses pathways
have lower activation reaction which is the minimum amount of energy needed to result in a
chemical reaction. The catalyst does not change and is not consumed during the reaction [19].

The choice of catalyst is crucial for methanation and has a direct impact on the efficiency
of methane production. Many metals from the 8th to the 10th group of the periodic table are
suitable for methanation calalysis.
A catalyst can be evaluated for its selectivity, activity and price. It has been shown that nickel
catalyst is the most selective methananation catalyst. In addition, it has a high activity and a
comparatively lower price [20].

The catalyst is a key element in methanation. Over time or under certain conditions it can
lose its activity and selectivity. This phenomenon is called catalyst deactivation. It is important
to avoid this by ensuring good conditions for the catalyst inside the reactor. There are three
types of catalyst deactivation : mechanical, chemical and thermal.

Thermal deactivation

Thermal deactivation also known as catalyst sintering occurs when the catalyst is exposed to
a too high temperature. It leads to a shrinkage of the active surfaces due to growth of catalyst
crystals and a decrease in catalyst dispersion. [8]. The loss of surface area reduces the activity
of the catalyst. High temperature resistant catalysts are available for methanisation between
600 and 700 °C [20].
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Chemical deactivation

In Nickel-based methanation catalysts the main chemical deactivation is poisoning. It is due
to the fact that catalysts are sensitive to gas impurities. Gas impurities are chlorine compounds,
tars, particles, ammonia but the more problematic is the sulfur. The hydrogen sulfide reacts
with nickel oxide. The nickel sulfide resulting has less activity for methanation :

H2S(g) + NiO(s) ↔ NiS(S) + H2O(g) (2.24)

It is necessary to keep the sulfur content in the range of several parts per billion in order to keep
the catalyst active for over hundred of hours[20]. Some biomass content sulfur which has the im-
pact of contaminate the syngas. It is why in the gas cleaning section, a H2S removal is necessary.

Mechanical deactivation

There are three main mechanical deactivations that must be avoided during methanation.
The first one is fouling. This occurs when some species pass from gas phase to deposit on the
catalyst active material. Due to the Boudouard reaction (reaction 2.17), carbon deposits are
formed. As steam and hydrogen react with carbon, resulting in the inhibition of stable carbon
formation, steam can be added or the hydrogen to carbon molar ratio increased to avoid fouling
[4]. In the other hand, coke deposition comes from higher hydrocarbons at high temperatures
(between 500 and 600 °C)

Attrition is another type of mechanical deactivation. It is a loss of catalytic material due
to abrasion. It is more specially a problem in fluidized bed reactor where the particles are
subjected to attrition via collisions among particles and against the walls of reactor.

The last one is crushing. It occurs in the presence of thermal of mechanical stress and results
in the breakage of the catalytic particles.

2.3 Gas cleaning

Figure 2.14: General scheme of a bio-methane production process with gas cleaning step
highlighted
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2.3.1 Syngas quality improvement
At the outlet of the gasifier, the syngas contains undesired components. Some of them as

sulfur or tar should be removed from the syngas to avoid catalytic deactivation.

The hydrogen sulfur in the syngas causing a decline in catalyst activity (see 2.24) can be
removed by a H2S scrubber.

Large tar components such as 3-rings aromatic hydrocarbons, Biphenyl,cAcenaphthene,
Fluorene, Phenanthrene, Anthracene, Fluoranthene, Pyrene, Crysene [7] can be totally removed
with a rapeseed oil methyl (RME) scrubber. Lighter tar components (mainly benzene and the
remaining part of naphthalene) can be removed with an adsorption bed.

2.3.2 Thermodynamic state adjustment
In the section 2.2.1.1, the thermodynamics conditions of the inlet syngas in the methanation

have been studied. The methanation presents better results for high pressure and low temperature.
However the syngas coming from the gasifier is really hot (around 700°C-800°C) and is at low
pressure (around atmospheric pressure ) [21]. It is why a cooler and a compressor are needed
between the gasifier and the methanation.
It is preferable to install a cooler (with water condensation and removal) right after the gasifier
to prevent the other cleaning station from degradation due to high temperature. Furthermore,
the compressor should be placed after the cooler to avoid to compress the water contained in
the syngas leaving the gasifier.

2.3.3 Hydrogen to dioxide ratio improvement
As mentioned before, the hydrogen to carbon dioxide ratio should be equal to 3 while the

syngas enters the methanation. To do so, two technologies are possible.
In one hand, the gas can go through a Water gas shifts reactor (WGS). The WGS reaction
occurring in the catalytic reactor shifts a part of the carbon monoxide and water into carbon
dioxide and additional hydrogen. It is the same reaction as the reaction 2.10 occurring in the
gasifier.
The other possibility is to add pure hydrogen to the system. This hydrogen could come from
water electrolysis which will be explained later in this document.

It is not always necessary to have a hydrogen to monoxide ratio improvement step. For vapor
gasification with optimal conditions, the ratio could reach the value of three. In this case, the
hydrogen to carbon monoxide does not need to be improved.

2.4 Overview of current applications
The interest of scientists in the gasification process is not new. The first attempt to obtain

carbonated hydrogen dates back to the the 17th century. The first commercial-scale gasifier
appeared in the mid-19th century. The development of the technology was paused after the
second World War because of oil abundance.Researches have increased in recent years to develop
the gasification of biomass and organic waste.
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Unlike the gasification process, bio-methane production by thermal process is at its beginning.
Unfortunately it is still only available on a demonstration or pilot scale [22]. As it can be seen
in the figure 2.15, the synthetic natural gas technology is still at its early stage.

Figure 2.15: Maturity of energy storage technologies [5]

There is currently no commercial-scale production of biomethane surveyed. The project that
seems the closest to be implemented on a commercial scale is the Gaya project. If the Gaya
project is advanced and could lead to a real commercial project, other projects have not gone
beyond the demonstration stage. This chapter summarises what is known about some of the
technologies and projects that exist or have existed to this day. For more information about
biomass conversion around the world, the reader is invited to look at the Global database of
biomass conversion facilities developped by IEA Bioenergy 1.

Gaya project

Launched in 2010, this project aims to validate the technological possibilities that can be
used in the production of biomethane using a thermal process. To this end, a pilot project was
launched in 2013 in Saint-Fons, south of Lyon. This demonstration plant uses a pyro-gasification
unit coupled with a methanation unit. The plant was inaugurated in 2017 and benefited from
its first injection of forest biomass in 2018. In 2019 Engie celebrated its first cubic metre of
methane production. One year later a new milestone was reached when the platform produced
its first cubic metre of biomethane from Solid Recovered Fuel (made from waste wood, paper
etc.). Data about the results of this pilot project are not available but in a press release Engie
announces a brand new project. Engie plans to open a commercial bio-methanation unit in
2023, projecting a consumption of 70,000 tonnes of non-recyclable waste by 2026 [23].

1https://www.ieabioenergy.com/installations/
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Woodroll technology

The Woodroll technology is a thermal gasification converting wet solid biomass into clean
syngas using a dryer, a pyrolysis reactor, and a steam gasifier. All the gasification process is
auto-thermal . The pyrolysis gases are burned, and the heat supplies the gasifier and the dryer.
In 2012 a pilot plant has been taken into operation to test the three stages Woodroll gasification.
From 2015, further developments of the pilot plant were made to study the coupling of woodroll
technology and SNG production. Even if positive results have been related, no datas were
published yet [24].

Bio2G project

In 2007, the German electric utility company became interested in gasification with the
ultimate goal of producing bio-methane. After several studies, a complete technical design of
a 300 MW biomass power plant producing 200MW of bio-methane and more than 50MW of
district heat was carried out. The expected thermal efficiency of this power plant (excluding
oxygen production) was evaluated in the range of 60-65% in bio-methane. The plant was
designed with the following technologies: a gasification system based on pressurised oxygen
blown gasification in a fludized bed, a hot gas cleaning (tar reforming, HAT filter), cold gas
cleaning (water scrubber, acid gas removal), a compression, a WGS reactor and a methane
production unit. The plant launch was scheduled for early 2022.

GoBiGas project

This project is particularly interesting in the framework of this master thesis. The technologies
used are most similar to what is studied here. Moreover, unlike some projects where the datas
are kept secret, many reports and results on the GoBiGas project are published. It will be
explained in the following chapters how the study presented in this document is based on the
process used in the GoBiGas project.

The Gothenburg Biogas Gasification project also called GoBiGas was a demonstration plant
for the production of 20MW of biomethane. In early 2014 the demonstration plant was officially
inaugurated and biomethane was produced by the end of the year.
It was planned that the plant would transit from demonstration to commercial installation.
However in 2018, the project was stopped at the demonstration stage after 1800 hours of
continuous operation (it had reached 100% of its designed capacity) for economical reasons [21]
[25]. The main reason for justifying the shut down is that the sales value of the bio-methane
did not followed the predictions such that the plant was running with direct operating net loss [24].

The GoBiGas plant consists of the three stages explained in the previous chapter : Gasification,
Gas cleaning and Methanation. In the figure 2.16 the detailed process is represented. For even
more detailed scheme, see the figure 6.1 in the Appendix.
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Figure 2.16: Scheme of the complete set-up of the GoBiGas demonstration plant

In the GoBiGas process, the gasifier and the combustion chamber are linked. The gasifier is
a fast internally circulating fluidized bed connected to the combustion chamber via a connecting
tube. In this configuration, heat and bed material circulate between the combustion chamber
and the gasifier. The unconverted tar and bed materials from the gasifier feed the combustion
chamber through the connecting tube.

After combustion, the bed material must be recovered to feed again the gasifier. This is done
by the cyclone located after the combustion chamber. It removes bed material and particles
from combustion flue gas and feeds the gasifier. As the combustion takes place with air it is
necessary to prevent nitrogen from passing from the flue gas to the gasifier to avoid nitrogen
dilution in the gasifier. A loop seal allows the bed material and the heat to go from the cyclone
to the gasifier without allowing the nitrogen to pass [13][26].
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Figure 2.17: Scheme of the dual fluidized bed used in GoBiGas

In the GoBiGas gasifier, the active bed material is olivine [21][7] which is a magnesium iron
silicate. The olivine has to be artificially catalytically activated. For this purpose potassium
in the form of K2CO3 diluted into water is added in the combustion chamber. The potassium
flows through the gasifier via the seal loop with the bed material. This addition of potassium
has two disadvantages :

• Presence of silicate in the gasifier would lead to the formation of K-Si making potassium
inactive and sticky [21]. The silicate content of biomass and bed material must therefore
be limited.

• The increase of potassium in the combusiton chamber leads to a dwinling CO-burnout.
This issue can be solved by adding sulfur in the combustion chamber.

The gasifier works at ambient pressure [26]. The operational temperature needs to be less
than 830°C to simplify potassium activation [21].

The cooler 0 is tubular heat exchanger using water at 160°C to cool down the syngas.
At the outlet of the Cooler 0, the syngas has reached temperature between 140 to 200 °C [21].

The syngas goes through some cleaning steps to reach the degree of purity and composition
needed for the methanation stage. After the cooler, it go through a textile-bag filter where
particles are removed. Then large tar are removed in a scrubber using RME as scrubber. The
lighter tar are subsequently removed thanks to the four bed adsorption.

Then compression step compresses the gas from atmospheric pressure to 16 bars thanks to a
six-stages inter-cooled compressor. The pressure will decrease in the next cleaning steps before

22



entering in the methanation step.
The H2S scrubber and the guard bed are there to ensure that as little hydrogen sulfide as
possible enters the reactor and therefore avoids catalytic deactivation.

Before entering the methanation, the gas also needs to improve its hydrogen to carbon
monoxide ratio. To do so, the cleaned, compressed syngas go through a WGS reactor before
entering the pre-methanation. The WGS reactor needs a steam supply.

The methanation step is a modified version of the ’Topsøe Recycle Energy-efficient’ (TREMP)
methanation Process.

The classical TREMP reactors set-up is a succession of three adiabatic fixed bed reactors
with recycle loops allowing to control the temperature rise in the first reactor. The exit gas of
the first reactor is cooled and super-heated steam is created. The exits gas of the other reactors
are cooled. The figure 2.18 shows an example of TREMP configuration with three reactors. The
number of reactors and their configuration are editable depending on the application.

Figure 2.18: Example of the Topsøe TREMP™ technology [6]

The set-up of the methanation section in the GoBiGas is slightly modified from the basic
TREMP as shown in the figure 2.16. It counts in total five methanation reactors, one for
pre-methanation and four for methanation. The GoBiGas set-up does not use recycling to limit
the temperature but uses the ballast gases.

The first methanation reactor is used to perform a pre-methanation before the next cooler
and carbon dioxide scrubber to use steam and CO2 as ballast to damp the temperature in the
reactor. Some of the carbon monoxide and carbon dioxide are converted to methane but the
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main objective of pre-methanation is to crack ethane. There are then four methanation reactors
with intermediate intercooling. In the four reactors, the amount of methane is sufficiently high
to limit together with the produced steam the temperature. Only the Cooler 4 condenses the
steam. This condensation shifts the equilibrium curve, so higher methane yields are achievable
at relatively high temperatures.

After passing through all the methanation stages, the final syngas has its pressure reduced to
6 bars. The gas must therefore be compressed to 30 bars in order to supply the network.
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Chapter 3

Process modelisation

For this master thesis, the gasification step and the methanation step were modeled separately
like two boxes linked together by the syngas coming out from the gasification step and entering
in the methanation step. The two models modeling respectively the two stages are based on
reactors assumed to be at equilibrium. The entire set-up was inspired by the GoBiGas process.
The blocks diagram is recalled in the figure 3.1.

Figure 3.1: Overall scheme of the process set up modeled in the context of this master thesis

The first section of this chapter explains the concept of equilibrium while the two next explain
the resolution used for each model. The set-up of the process stage will be recalled in each
section with the corresponding part of the overall process scheme.
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3.1 Theory of equilibrium modeling
A reactor is at its equilibrium when all the reactions have reached the equilibrium. The

chemical equilibrium of a reaction is the state where the forward and reverse reactions take
place at the same rate so that there is no change in the concentrations of the reactants and
products anymore [27]. An equilibrium model considers that the reactions that occur are fast or
have enough time to reach the equilibrium.

There are two methods to model and predict the equilibrium composition of a chemical
system : the stoichiometric and the non-stoichiometric methods. They are both based on the
minimization of Gibbs energy but in different ways.

The stoichiometric method needs the set of the R independent chemical reactions happening
in the reactor and the initial concentrations of the chemical species. It solves the extent of
each reaction (ξi) by using the equilibrium constant explained in the previous chapter and a
molecular mole balance of every species [28].

The non-stoichiometric method does not require the reactions but needs all the chemical
species of reactants and possible products. The method uses the initial concentration of all
the species and computes the number of moles of each element present initially in the system.
Then all the possible distribution of the atoms between all the possible species (reactants and
products) are computed. The distribution minimizing the overall Gibbs energy of the system is
the distribution of the system at equilibrium. This method requires the set of the N chemical
species [28]

3.2 Gasification

Figure 3.2: Scheme of the gasification step set up

The composition of the syngas at the outlet of the gasifier is studied using an existing
equilibrium model described and explained in this section. The unknowns are the molar
concentrations : xCO, xCO2 , xCH4 , xH2 , xH2Og

, xN2 and nCs of the syngas. To find the composition,
the stoichiometry of the main reaction needs to be determined :

CHyOx Nz + mH2O(l) + w (O2 + ξ N2) + sH2O(g)

→

a0Cs + a1CO + a2CO2 + a4CH4 + b1H2 + b2H2Og +
(

z

2 + ξw
)

N2

(3.1)

The coefficients m ,w, s, h and c in 3.1 are set according to the type of gasification. For
exemple, a gasification with pure oxygen as GA will take m = 0, s = 0, h = 0, c = 0 and ξ = 0.
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The following chapter will explain the different cases studied in this master thesis. There are 6
unknown coefficients (a0, a1, a2, a4, b1, b2) related to the syngas composition .

The present model uses a combination of the global stoichiometric reaction (equation 3.1)
and the intermediate reactions given in the previous chapter (see equation 2.7 to 2.11). These
reactions are assumed to be at equilibrium. The model determines the composition of the gas
by applying the conservation of mass and chemical equilibrium equations to these reactions.
Since there are 6 unknowns to find, 6 equations are needed to determine the composition of the
gas. The conservation equations of carbon, hydrogen and oxygen are used in this model :

(xCO + xCO2 + xCH4) nN2
xN2

= (1 − nCs) (Carbon conservation) (3.2)(
4xCH4 + 2xH2 + 2xH2Og

)
nN2
xN2

= (y + 2m + 2s) (Hydrogen conservation) (3.3)(
xCO + 2xCO2 + xH2Og

)
nN2
xN2

= (x + m + s + 2w) (Oxygen conservation) (3.4)
xCO + xCO2 + xCH4 + xH2 + xH2Og

+ xN2 = 1 (3.5)

The equation 3.5 was added to ensure the gas concentrations sum to be equal to 1.

To complete the system, three equilibrium equations of independent reactions are required.
In this model, the chosen combination was WGS, SMR and Boudouard.

log
[

xCO2 xH2
xCOxH2Og

]
= log KWGS (WGS equilibrium) (3.6)

log
[

xCOx3
H2

xCH4 xH2Og

(
p
př

)2
]

= log KSMR (SMR equilibrium) (3.7)

log
[

x2
CO

xCO2

p
př

]
= log KBoudouard (Boudouard equilibrium) (3.8)

Where ni is the absolute quantity of the species i and xi = ni

ngas
is the molar fraction of the

species i in the syngas. The equation 3.1 tells that nN2 = z
2 + ξw

The terms KSMR, KW GS and KBoudouard are the equilibrium constants. For each reaction,
the equilibrium constant depends on the equilibrium temperature Teq as shown in the figure 3.3.
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Figure 3.3: Equilibrium constants of intermediate gasification reactions

The equilibrium temperature is an additional unknown determined by combining the above
equations with the energy conservation :∑

i∈P niH
◦
i (Teq) + AHA(Teq) = ∑

i∈R niH
◦
i (Tin) − Qloss (3.9)

where:

• H◦
i (T ) = ∆fH◦

i +
∫ T

T ◦ cp,idT

• A is the mass of Ash per mol of biomass dry and ash free (daf) [kg/molbiomassdaf
]

• HA(Teq) is the sensible enthalpy of ash [kJ/kg]

• Qloss is an exogenous heat loss [kJ/molbiomassdaf
]

The model takes the informations about enthalpy, enthalpy of formation and equilibrium
constant from the NIST-JANAF database. The JANAF tables contain these informations for a
large number of molecules, at various temperatures, considering a standard state pressure p° =
1 bar and a reference temperature Tr = 298.1 K.

One important parameter is the equivalence ratio (ER = λ). It represents the actual oxygen
to biomass mass ratio used in the gasification divided by the stoichiometric oxygen to biomass
mass ratio for biomass combustion. This definition is expressed as a formula in the equation
3.10

ER = moxygen

mbiomass
· 1

ma1
(3.10)

Where ma1 is the stoichiometric mass ratio between oxygen and biomass during biomass
combustion.
The ER has an optimum value for each set of gasification parameters. This optimum corresponds
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to the case where all the carbon is converted (no solid carbon remains). It happens when the
Cold gas efficiency (CGE) is maximized. The CGE corresponds to the energy content of the
dry and cold syngas, relative to the energy content in the biomass entering the gasifier.

CGE = nCO·LHVCO+nH2 ·LHVH2 +nCH4 ·LHVCH4
LHVbiomass

(3.11)

The model proposes an option called ER opimization. When this option is activated, it will
iterate by varying the parameter ntil the maximum CGE is obtained

3.3 Methanation

Figure 3.4: Scheme of the methanation step set up

The methanation stage is based on the set-up of the GoBiGas process.
Like GoBiGas, it contains five adiabatic reactors and five intercoolers interspersed between the
reactors. Two carbon dioxide purges are included: one after the methanation reactor and one
at the end of the process before feeding the gas into the grid. Three intercoolers condense the
steam: cooler 1 after the pre-methanation, cooler 4 just before the final methanation and at the
end of the process.

Before entering the pre-methanation reactor, the gas enters the hydrogen to carbon monoxide
ratio adaptation stage. In the model presented in this master thesis, if this ratio needs to be
increased, a pure hydrogen supply is modelled.

The whole process is represented in the scheme 3.1 where the methanation is in the green
box. The figure 3.4 shows the block diagram of the part that interests us in this section. The
model takes as input the syngas coming from the gasification model.

For the methanation reactor, the open-source Cantera was used. Cantera offers a suite of
tools for solving problems involving chemical kinetics, thermodynamics and transport processes
[29].

Firstly, Cantera allows to use the Solution class. This class gives representation of a substance
that has thermodynamic and chemical kinetic properties. The gas entering the process can be
created as a Solution object designating the gas mixture. Solution object has a temperature,
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pressure, moles of species, mass fractions, enthalpy etc. The state of the gas can be easily
modified to suit the syngas entering the methanation.

Once the input gas is created, the reactions in the methanation reactor are modelled using
the function Equilibrate. This function sets the state of the gas inlet Solution object to the state
of chemical equilibrium by holding two state variables fixed. The function Equilibrate used the
non-stoichiometric method presented in the section 3.1.

In the model computed in this master thesis, the reactors are modeled as adiabatic and isobar
reactors by defining the two constant variables as enthalpy and pressure.
The inter-coolers were considered as isobar inter-coolers. To model these inter-coolers, a new
gas with the same property but the target temperature is created.
The CO2 scrubbers are ideal and are modeled as they remove all the CO2.
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Chapter 4

Results

The purpose of this section is to propose the main results of the analysis. First the objectives
of the master thesis will be recalled. Then results of the gasification models are presented for
the oxygen and the vapor gasification cases separately. The methanation section will compare
the results of both cases.
Additional mass and energy balance calculations have also been performed and are presented.
All the calculation are made for one mole of biomass entering the process.

4.1 Modelisation objectives and strategy
The aim of this master thesis is to study the production of methane by thermal process and

its potential coupling with the production of hydrogen.
The previous section presented the two models developed to model the gasification process and
the methanation process separately. Then the two models were coupled and used to model the
whole process of bio-methane production from biomass, through gasification, methanation and
finally to obtain bio-methane.

This overall model was used to study two cases. A first case where the gasification is done
with oxygen as gasification agent and where a hydrogen supply has to be provided. A second
case where the gasification is done with steam as gasification agent.

To assess the interest of the methanation with oxygen gasification and hydrogen addition,
the overall model was used to compute a range of data such as the syngas composition, the
hydrogen and carbon flux and the energy content of the syngas at some critical points. They
were then analysed to draw conclusions.

4.2 Gasification

Figure 4.1: Scheme of the gasification step set up
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4.2.1 Oxygen gasification
In the modelisation of gasification with oxygen as GA, two parameters need to be defined.

They are the temperature of the oxygen entering the gasifier and the ER.

The graphs 4.2 and 4.3 are plotted using the ER optimization function. They show that
oxygen temperature impacts merely the optimal equivalence ratio and the hydrogen to carbon
monoxide ratio.

Figure 4.2: ER evolution regarding the air inlet temperature for gasification with oxygen as GA

Figure 4.3: H2/CO evolution regarding the air inlet temperature for gasification with oxygen as
GA

Since the ER given by the model, when the ER optimization is activated, ranges from 0,245
to 0,255 it seems judicious to choose and ER around 0,25. The graph 4.4 shows that for an ER
higher than 0,25, the temperature begins to increase more. The chosen ER for this modelling is
therefore 0,25.
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Figure 4.4: Equilibrium temperature evolution regarding the equivalence ratio for gasification
with oxygen as GA

Figure 4.5: H2/CO Equilibrium temperature evolution regarding the equivalence ratio for
gasification with oxygen as GA
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For an ER = 0.25 the equilibrium temperature is equal to 800°C and the outlet hydrogen to
carbon monoxide ratio is equal to 0.56. The syngas composition is resumed in the table 4.1.

Syngas components Number of mole for one mole of biomass Mole percentage
CO 0.92 58.7
CO2 0.075 4.8
CH4 0.0077 0.5
H2 0.51 32.9

H2Og 0.039 2.5
N2 0.0075 0.48

Table 4.1: Composition of the syngas coming out from the gasifier in the case of gasification
with oxygen as GA

The model also predicts a production of 0.00014 moles of char.

4.2.2 Vapor gasification
For the vapor gasification, there are three customizable parameters.

The first one is the equivalence ratio (ER) which is arbitrarily set at 0.25 (as the optimal ER
for oxygen gasification).
The second one is the temperature of the steam entering the reactor. The production of steam
requires a lot of energy and equipment allows to have steam around 300-400°C. At this range
of temperatures, the hydrogen to carbon monoxide ratio does not change that much with the
steam inlet temperature and the ER fixed (see figure 4.6). The inlet vapor temperature was
therefore chosen at 250°C for safety.

Figure 4.6: Hydrogen to carbon monoxide ratio evolution with ER=0.25 and SBR=1.21

The last parameter to define is the steam to biomass mass ratio SBR. Since it is possible to
obtain hydrogen to carbon monoxide ratio of 3 with vapor gasification, the SBR is chosen such
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that the ratio reaches this value. The figure 4.7 shows the evolution of the hydrogen to carbon
monoxide ratio regarding the evolution of the SBR and the steam inlet temperature.
For a steam inlet temperature of 250°C, the hydrogen to carbon monoxide ratio reaches 3 for a
SBR of 1.21. The value of the SBR is therefore set at 1.21.

Figure 4.7: Hydrogen to biomass ratio evolution with SBR and steam inlet temperature

For a SBR = 1.121, a steam inlet temperature of 250°C , the equilibrium temperature reaches
665°C (see 4.8).

Figure 4.8: Equilibrium temperature evolution with SBR and steam inlet temperature

The table 4.2 resumes the composition of the syngas at the outlet of the gasifier for SBR =
1.121, ER=0.25 and a steam inlet temperature of 250°C.
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Syngas components Number of moles for one mole of biomass Mole percentag
CO 0.35 11.4
CO2 0.64 20.39
CH4 0.0083 0.27
H2 1.07 34.4

H2Og 1.04 33.3
N2 0.0074 0.24

Table 4.2: Composition of the syngas coming out from the gasifier in the case of gasification
with vapor as GA

4.2.3 Cooler 0
After the gasifier, the syngas goes through a cooler. The cooler 0 decreases the syngas

temperature to 300°C, condenses and purges the vapor. The syngas composition after the Cooler
0 for each model is summarized in the table 4.3.

Gas components Oxygen gasification Vapor gasification
CO 60.2 17
CO2 4.9 30.5
CH4 0,508 0.4
H2 33.83 51.6

H2O 0 0
N2 0.49 0.36

Table 4.3: Gas composition in moles percentage for the oxygen and vapor gasification cases at
the outlet of the Cooler 0

4.3 Methanation

Figure 4.9: Scheme of the methanation step set-up

4.3.1 Hydrogen to carbon monoxide ratio adaptation
As discussed in the section 2.2.1, monoxide methanation requires an hydrogen to carbon

monoxide molar ratio equal to three. This is already the case for the syngas coming from the
vapor gasification since the number of moles of hydrogen is equal to 0.35 and the number of
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moles of carbon monoxide is equal to 1.074 given H2
CO

= 0.33.

The syngas coming from oxygen methanation needs a supply of hydrogen to reach the
hydrogen to carbon monoxide molar ratio of 3. The number of moles of CO in the syngas at the
outlet of the gasification is equal to 0,9166. The number of moles of hydrogen should therefore
reach the value of 0.92 · 3 = 2.75.

The table 4.4 resumes the composition of the gas after this step (at the inlet of the pre-
methanation reactor) for each cases.

Gas components Oxygen gasification Vapor gasification GoBiGas
CO 24.7 17 16.5
CO2 2 30.5 20.2
CH4 0.2 0.4 8.3
H2 73.2 51.6 52.8

H2O 0 0 0
N2 0.2 0.36 0

Table 4.4: Gas composition at step C in moles percentage for the oxygen and vapor gasification
cases an GoBiGas

4.3.2 Gas composition through the process
The figure 4.10 shows the evolution of the methane molar fraction computed with the models.

The letters correspond to the flux presented in the figure 4.9.

Figure 4.10: Methan molar fraction at every step of the process where the letters refer to the
step in figure 4.9

The stages can be distinguished by the methane content. The positives slopes are either
methanation reactors in which methane is produced through the consumption of other com-
pounds, or purge stages in which the composition of some elements (vapor and/or carbon
monoxide) drops. The null slope represent non-purging cooling stages where the composition of
the gas does not change.
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The inlet composition of the gas has a big impact on the methane component. In the GoBiGas
case, the syngas at the inlet of the pre-methanor is significantly higher than in the two other
cases. Therefore, in graph 4.10, the curve for the GoBiGas case is shifted slightly upwards
compared to the other two cases.
The same statement can be done in with a graph representing the evolution of the methane
content and the gas temperature in the figure 4.11.

Oxygen gasification case Vapor gasification case

GoBiGas

Figure 4.11: Methan content and temperature evolution through the methanation stages where
the letters refer to the step in figure 4.9

It is also interesting to see how the pre-methanation reactor temperature is impacted by the
composition of the syngas. In the vapor gasification and GoBiGas cases, the syngas contains
much more carbon dioxide which is a ballast gas. It is why the pre-methanation reaches an higher
temperature in the oxygen gasification case for the pre-methanation. The first methanation has
the same temperatures for both cases since the ballast gas was removed during the passage in
the Cooler1 and in the CO2 scrubber.

To understand the differences between the vapor gasification and oxygen gasification cases, it
is interesting to study the evolution of each species during the process. The graph 4.12 shows
the evolution of the mole number of each species.
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Oxygen gasification case Vapor gasification case

Figure 4.12: Evolution of mole numbers for individual gase through the methanation stages
where the letters refer to the step in figure 4.9

Please note that the calculations were made for one mole of biomass entering the whole
process. Since the gasification does not give the same gas for oxygen or vapor as GA and since
it was necessary to add hydrogen for the oxygen gasification case, the total amount of moles
of gas entering the methanation is not the same. It is therefore not convenient to compare
the number of moles of each species among the difference species. However, it is interesting to
compare the number of moles of two species in each case. Also note that for readability reasons,
the two graphs are not at the same scale.

During the pre-methanation step, the number of moles of carbon monoxide decreases in
the oxygen gasification case while it stays constant in the vapor gasification case. The only
difference in this step between the two cases is the composition of the syngas entering the
reactor. The major difference is in the carbon dioxide content. The pre-methanation in vapor
gasification case receives a syngas with a higher carbon dioxide fraction. The way the dioxide
carbon decreases a lot during the pre-methanation while the carbon monoxide remains the same
lets think that the pre-methanation is a carbon dioxide methanation. This is correlated with the
fact that carbon dioxide methanation is favored at higher temperature than carbon monoxide
methanation since it is more exothermic.

The pre-methanation will have an impact on the rest of the process. Since the pre-methanation
is a dioxide carbon methanation in the vapor gasification case, the carbon dioxide and the
hydrogen are consumed while the carbon monoxide is not consumed. In the oxygen gasification
case, the pre-methanation is a carbon dioxide methanation consuming hydrogen and carbon
monoxide. At the end of the pre-methanation, the ratio hydrogen to carbon monoxide is equal to
1.87
0.61 = 3.04 for the oxygen gasification case and equal to 0.396

0.359 = 1.1 for the vapor gasification case.

The chains of methanation reactor will begin with a lack of hydrogen in the vapor gasification
case. In the following methanation reactors, the system does not have enough hydrogen to
make carbon methanation. There are also no carbon dioxide anymore because of the carbon
dioxide removal between the steps L and N (see figure 3.1). So the reaction 2.14 and 2.15 cannot
happen. Instead, a WGS reaction takes place producing carbon dioxide and hydrogen. This
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hydrogen is then produced in carbon monoxide methanation reaction :

CO + H2O ↔ CO2 + H2 (R5) (4.1)
CO + 3H2 ↔ CH4 + H2O (R2) (4.2)

⇒ 2CO + 2H2 ↔ CH4 + CO2 (4.3)

Each time a mole of methane is produced, a mole of carbon dioxide is produced. It is why the
increase of carbon dioxide follows the one of methane in the graph displaying ’Vapor gasification
case’ in figure 4.12.
The amount of vapor does not increase that much as compared to the oxygen gasification case.
It is because one mole of vapor is consumed and one mole of water is created for one mole of
methane created (see the equation 4.3).

These equations also explained why the amount of hydrogen and carbon monoxide follows
each other while in the oxygen gasification case, the amount of hydrogen decreases faster than the
amount of carbon monoxide (which is an expected result since in theory, the carbon monoxide
methanation consume three time less carbon monoxide than hydrogen).

The figure 4.13 expresses well this difference in the hydrogen to carbon dioxide ratio for the
two cases. The left graph shows a constant ratio of three during the process (except in the
last methanation where nearly all the carbon monoxide is consumed). This ratio is conserved
because each time a carbon monoxide is consumed, three hydrogens are also consumed. On the
other hand, the right graph shows a drop in the hydrogen to carbon monoxide ratio and then
constant ratio of one.

Oxygen gasification case Vapor gasification case

Figure 4.13: Hydrogen to carbon ratio evolution through the methanation stages where the
letters refer to the step in figure 4.9
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Seeing the hydrogen deficiency after pre-methanation, it is tempting to consider an adaptation
of the hydrogen to carbon monoxide ratio in the case of steam gasification too. This adaptation
would aim to increase the amount of hydrogen in the syngas sufficiently to always have an
hydrogen to carbon monoxide ratio of three after pre-methanation.
This hydrogen supply could be done in two places:

• First improvement: Adding hydrogen before the first methanation reactor so that the
hyrogen to carbon monoxide ratio is equal to three.

• Second improvement : Adding hydrogen before the pre-methanator reactor to boost the
hydrogen content. If there is not enough hydrogen added, the system will just consume
more CO2 and not consume any CO. It is needed to add enough hydrogen for both
methanations to occur. Hydrogen must be added so that the H2

3CO+4CO2
ratio is equal to 1.

Since, one of the goal of this master thesis is to study the interset of the introduction of
hydrogen in the process, theses two alternative cases are interesting to study. They were tested
with the models and presented in the following box.
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Vapor gasification : two improvement cases

First improvement

The addition of hydrogen after the pre-methanator instantly boosts the hydrogen to
carbon ratio to reach the value of three.
The graph 4.14 shows that the number of moles of methane produced is equal to 0.47
when the classic case produces only 0.36 moles (see 4.12). Even if the amount of moles is
higher, it is far from reaching the amount of moles of methane produced by the oxygen
gasification case. This is due to the fact that this improvement does not change the
amount of carbon removed from the system in the first carbon dioxide scrubber. Since a
lot of carbon were purged, the quantity of methane that can be produced is limited.
Since a lot of hydrogen ( 9.8%molar ) remains in the gas at the end of the methanation,
the methane content is weaker than in the classic case

Figure 4.14: Syngas mole evolution Figure 4.15: Methane fraction evolution

Second improvement

The model does not give expected results. Much more dioxide carbon was consumed but
the amount of carbon monoxide does not decrease. On the contrary, since there is a large
amount of carbon dioxide and hydrogen, the reverse reaction 2.18 seems to be encouraged.
This could explain the slight increase of carbon monoxide and the big increase of water.
The methanation chain begins with an hydrogen to carbon monoxide ratio of 4.93. All
the carbon monoxide is consumed after the third methanation reactor.

Figure 4.16: Syngas mole evolution Figure 4.17: Methane fraction evolution
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The theoretical analysis of the two alternatives leads to the conclusion that they do not
provide a real improvement compared to the classic case under study.

Moreover, nowhere in the GoBiGas set-up was an additional hydrogen addition step planned.
It is therefore tempting to ask why no hydrogen addition is planed. The energy cost of the
hydrogen could be an explanation.
Another reason can lead in the results of the models used in this master thesis. It is important
to remember that the data presented in this chapter are the result of theoretical models. It is
therefore advisable to make a quick analysis of the gas entering and leaving the pre-methanation
reactor and compare it to the assumptions mentioned above. In the literature, only the molar
compositions of dry gas of certain stages are given (see table 4.5).

Components Before pre-methanation After pre-methanation
CO 16.5 11.5
CO2 20.2 26.5
CH4 8.3 26.8
H2 52.8 35.8

C2H6 2.2 0

Table 4.5: GoBiGas dry gas composition of the gas in mole percentages before and after the
pre-methanation [8]

It is already interesting to see that the hydrogen to carbon monoxide ratio is equal to
three after the pre-methanation. However, it is more interesting to look in amount of moles.
Unfortunately, the literature only gives the dry gas composition of the syngas in mole percents.
In order to transform this into mole numbers, the total number of moles of syngas entering
pre-methanation is first assumed to be equal to 1. To transform that in number of moles, the
fact that the moles number of carbon is conserved during pre-methanation is used. The result
is presented in the table 4.6

Components Before pre-methanation After pre-methanation
CO 0.16 0.084
CO2 0.2 0.19
CH4 0.083 0.2
H2 0.53 0.26

C2H6 0.22 0

Table 4.6: GoBiGas dry gas composition in number of moles before and after the pre-methanation
for 1 mole of inlet syngas

The amount of carbon monoxide decreases by half during pre-methanation while the amount
of carbon dioxide decreases slightly. This result suggests that in reality, carbon monoxide
methanation is still dominant even though the amount of carbon dioxide at the inlet is greater.
So the idea of boosting the amount of hydrogen before the pre-methanation does not seem to
be the best choice in practice.
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4.4 Mass and energy balance
The evolution of the syngas composition through all the stages for both cases is presented in

the section 6.2 and 6.3 of the Appendix.

4.4.1 Secondary inlet flux
The process is fed by biomass feedstock but also by secondary flux such as GA and hydrogen.

This section will summarize all the inlet secondary flux.

Addition of hydrogen

The supply of hydrogen needed to upgrade the syngas coming from oxygen methanation
is calculated by substracting the number of moles to reach (2.23 see sub-section 4.3.1) and
the actual number of moles in the syngas before the hydrogen addition (0.51). The H2/CO
adaptation step in the diagram 4.1 need therefore to add 2.75−0.51 = 2.23 mole of pure hydrogen .

The hydrogen can be produced by water electrolysis. This process uses electricity to decompose
water into oxygen and hydrogen. The set-up is represented in the figure 4.18. Two tanks full of
water are separated by a membrane allowing the passage of the protons, blocking the passage of
the reactants and blocking an electronic pathways from one tank to the other. There are two
electrodes, each immersed in a pool and connected by a DC electrical power.

Figure 4.18: Scheme of water electrolysis technology

In the cathode, the hydrogen cations are reduced to form hydrogen gas (eq 4.4) while in the
anode an oxidation reaction occurs forming oxygen gas (eq 4.5).

2H+
(aq) + 2e− → H2(g) (Reduction) (4.4)

2H2O(l) → O2(g) + 4H+ + 4e− (Reduction) (4.5)
2H2O → 2H2(g) + O(2l) (Overall reaction) (4.6)
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Oxygen

The oxygen gasification case and vapor gasification case have the same ER. Since the
calculation is made for one mole of biomass for the two cases, the amount of oxygen entering
the reactor is the same for both cases.

The definition of the ER 3.10 allows to compute the number of moles of oxygen needed
for one mole of biomass. Given that the gasification runs for one mole of biomass, the mass
of biomass mbiomass is equal to the molar mass of biomass Mmbiomass which is equal to 0.023
[kg/mol].

CHyOx + (1 + y
4 − x

2 )O2 → CO2 + y
2H2O + (1 − y

2 − x
2 ) (4.7)

The coefficient ma1 can be computed regarding the combustion equation of biomass with
oxygen 4.7, the coefficients being y=1,139 and x=0,619.

ma1 =
(

mO2

mbiomass

)
st

=
(1 + y

4 − x
2 ) · MmO2

1 · Mmbiomass

= 1.34
(4.8)

The equation 3.10 can be transformed into the equations 4.9 to find the number of moles of
oxygen needed.

moxygen = Mmbiomass · ma1

ER
· ma1 = 0.0078 kg

noxygen = moxygen

0.036 = 0.24 mol
(4.9)

The oxygen can be produced in the same time than hydrogen with electrolysis gasification. If
no hydrogen supply is needed, less energy-demanding process are available such as air separation.

The vapor gasification case needs also vapor as GA. It is possible to compute the quantity
of vapor needed using the SBR. The equation 4.10 uses the definition of the SBR, the molar
mass of biomass Mmbiomass = 0.023 [kg/mol] and the molar mass of steam Mmsteam = 0.018
[kg/mol].

SBR = msteam

mbiomass

→ nsteam = SBR · Mmbiomass

Mmsteam

= 1, 56 mol
(4.10)
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Summary

The table 4.7 summarises the secondary flux needed along the process like the oxygen and/or
vapor and the additional hydrogen.

Additional flux (in moles) Oxygen gasification Vapor gasification
Oxygen 0.24 0.24
Steam 0 1.56

Hydrogen 2.23 0

Table 4.7: Additional inlet flux needed for each cases in number of moles for one mole of biomass
entering the process

The oxygen gasification case needs about ten times more hydrogen than oxygen. With the
water electrolysis, when one mole of hydrogen is produced, half a mole of oxygen is produced
(see equation 4.6).
The water electrolysis can therefore be sufficient to supply the process with hydrogen and oxygen
without additional oxygen production.

The vapor gasification case will need to produce vapor and oxygen independently.
However, the oxygen can be provided by technology less energy-consuming than water electrolysis
such as air separation.

In the case of a dual fluidized bed such as GoBiGas, it is not necessary to produce oxygen
with an external process. The oxygen required for gasification comes from the combustion
chamber (see section 2.4).

4.4.2 Hydrogen and carbon distribution
The hydrogen in the final bio-methane comes from the biomass and the additional hydrogen

or vapor GA depending on the case. Not all the hydrogen introduced into the system is in
the bio-methane, some of it is lost in the water purges. The figures 4.19 and 4.20 give the
distribution of hydrogen sources and use for the oxygen gasification and vapor gasification case
respectively.
A large proportion of hydrogen is found in bio-methane for the oxygen gasification case. In the
other case, a lot of hydrogen is purged in the Cooler O. It is due to the fact that the vapor
gasification produces a large fraction of vapor.
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Figure 4.19: Sankey diagram of hydrogen flux for the oxygen gasification case

Figure 4.20: Sankey diagram of hydrogen flux for the vapor gasification case

The figures 4.21 and 4.22 give the distribution of carbon sources and uses for the oxygen
gasification and vapor gasification case respectively. The only source of carbon is the biomass. A
part is converted in the bio-methane while the other part is lost in the carbon dioxide collected
by the CO2 scrubbers. Only a small part of carbon exits the process in the carbon dioxide form
for the oxygen gasification case.
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Figure 4.21: Sankey diagram of carbon flux for the oxygen gasification case

Figure 4.22: Sankey diagram of carbon flux for the vapor gasification case

4.4.3 Energy
One way of tracing the energy content through the stages is to calculate the Lower heating

value (LHV). The lower heating value of a fuel is defined as the amount of heat released when
fully burnt. The LHV takes into account the heat of evaporation of the water formed from the
hydrogen in the material and the moisture.

The amount of heat released when burnt, without considering the heat of evaporation of the
water formed from the hydrogen in the material and the moisture, is the higher heating value
(HHV). The LHV and HHV can be related by the mass of water content in the fuel

LHV = HHV − mH2O

mbiomass

· 2.5 (4.11)

Many scientists have been working on defining a relationship between HHV and fuel compo-
sition. Several mathematical relationships based on experiments have been published. In this
thesis, the relationship of Channiwala and Parikh was used (see 4.12) [30].
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HHV = 0.3491 · (C) + 1.1778 · (H) − 0.1034 · (O) − 0.00151 · (N) [MJ/kg] (4.12)

Four steps are most interesting to evaluate, they are represented in the figure 4.23.

Oxygen gasification case Vapor gasification case

Figure 4.23: Evolution of the through the process. The purple part is the LHV coming from
the hydrogen

The graph about the oxygen gasification case on the figure 4.23 demonstrates that from an
energy perspective, the hydrogen is well valued in the bio-methane.
It is understandable to have much more energy content in the bio-methane in the oxygen
gasification case since there is an LHV input with the hydrogen addition. The amount of LHV
in the produced SNG for both cases can not really compared. To compare both cases, efficiencies
can be computed.

The energy efficiency can be computed by comparing what is recovered in the bio-methane
(the useful energy) and the energy invested in the step under interest.
Because inputs are not the same for oxygen gasification and vapor gasification cases, the defini-
tion of the overall energy efficiency will be different :

Oxygen gasification case :

ηLHV −overall = LHVbio−methane

LHVbiomass + LHVH2

(4.13)

Vapor gasification case

ηLHV −overall = LHVbio−methane

LHVbiomass

(4.14)

On the other hand, gasification energy efficiency and methanation energy efficiency have the
same definition for both cases :

ηLHV −gasification = LHVSyngas

LHVbiomass
(4.15)

ηLHV −methanation = LHVBio−methane

LHVCleanedsyngas
(4.16)
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The table 4.8 summarize the above efficiencies for both cases.

ηLHV Oxygen gasification Vapor gasification
Overall 86.4 76.6

Gasification 92 95.7
Methanation 80.2 80

Table 4.8: Summarize of the different energy efficiencies for each case

While the gasification and the methanation efficiencies are pretty similar, the overall efficiency
is much higher in the oxygen gasification. When the objective is only to produce the most
energy-content syngas from gasification, the vapor gasification case seems to be the best approach.
In the energy content point of view, the oxygen gasification case is more interesting for an
overall methanation process.
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Chapter 5

Discussion

With the results presented in previous section, we can bring new insights on the integration of
hydrogen supply in the methanation process using an oxygen downdraft gasifier. The hydrogen
added is well used since a large part of hydrogen is found in the final bio-methane and few is
lost in the purges. We can do the same observation with the carbon. The energy content in the
syngas is well improved and the energy added with the hydrogen is well used.

However, there is no obvious conclusion about the choice of technology. Advantages and
disadvantages of both oxygen gasification and steam gasification are apparent and their impact
on the methanation production process is different. The introduction of hydrogen has some
advantages even if the difference is not huge. These results should be read with the application
in mind for which the technology will be used.

For example, let us say we have a source of biomass (sawmill waste, forestry waste etc.)
and we want to exploit it by producing bio-methan. We also have the possibility to have
electrolyzer and to exploit the production of hydrogen. The goal in the stockage here is to
store the maximum amount of energy coming from the biomass and the hydrogen. We have
demonstrated that the oxygen gasification with hydrogen supply does the job properly.

In other hand, we can imagine that we have an energy supply and we want to stock this
energy. Since energy is poorly stored in the form of hydrogen, we would like to store it in the
form of methane. In this case, the objective will be to transform biomass into bio-methane with
as little carbon loss as possible during the process. In this case, the vapor gasification case is
not the most optimal. Even if the energy efficiency is still high, the production of a syngas with
high carbon dioxide content generates losses of carbon in the CO2 scrubber.

The present master thesis is based on theoretical models for which hypothesis are made.
These hypothesis do not always reflect the reality. It is why the results always need to be put
into perspective.
First, the model does not take into account the practical limits. The biggest assumption the
model makes is to work at system equilibrium. In practice, the reactor is potentially not at
equilibrium since the catalyst increases the speed of the reactions.
Then, the model does not take into account instantaneous loss of pressure. Since the reactors
are modeled as adiabatic and isobare reactors. However, there are pressure losses during the
process. This is why, the pre-methanator reactor works at 13 bar while the next methanation
reactors work are 6bar.
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In practice, the CO2 scrubber does not remove totally the carbon dioxide. Like the ideal
equilibrium state, the CO2 scrubber is also idealized. In the model, the CO2 is therefore totally
removed.

This area of study is really large and this master thesis covers only a small part. A lot of
further studies could be interesting. For example, only the energy costs were studied here.
However, the economical scope is an important parameter for political and financial reasons.
First, the Capital expenditure (CAPEX) should be calculated. Then the operational cost needs
to be assessed.
In addition, one of the reasons for studying the value of adding hydrogen to the process is to
be able to couple the production of bio-methane to the energy supplied by IE. The research in
this thesis can therefore be extended to the study of the operational flexibility of the process
to compensate for the intermittence of renewable energy. Is it possible to stop and restart the
production of bio-methane depending on the hydrogen supply? Will it be necessary to use
a generator to compensate for the low production of IE? Is it possible to temporarily store
hydrogen to ensure a constant supply to the process?
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Chapter 6

Appendix

6.1 GoBiGas set-up

Figure 6.1: Schematic of the process layout for the GoBiGas demonstration unit [7]. 1: Heat
generation, 2:Gasification, 3:methanation, 4: compression, 5:Gas cleaning
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6.2 Mass balance for oxygen gasification case
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6.3 Mass balance for vapor gasification case
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