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General introduction and thesis focus

Energy is the capacity to do work and the lifeblood of civilizations. Sources of energy are various
including, fossil fuels, nuclear energy and renewable sources such as solar energy, wind energy and
biomass energy among others. Fossil fuels (oil, gas, coal and peat) represent the major part of
the world energy supply while the renewable energy part, including hydroelectricity is still minor.
The energy demand is increasing due to population growth and economical development. It was
clearly the industrial revolution with its emerging fossil fuel consuming technologies that induced the
tremendous increasing of fossil fuel consumption. Before 1800, fossil energy production was negligible.
From there on, it raised to an annual output of nearly 10,000 million tons of oil equivalents [1].

In less than 200 years, human activities has increased the atmospheric concentration of green
house gases by near to 50% relative to pre-industrial levels. Today’s concentration of CO, (near to
380 ppm) is higher than at any time, at least in the 420,000 past years [2]. This huge increase on C'Os
levels is attributed to the burning of fossil fuels for energy use as well as to provide fuels for transport.
Hansen et al suggested that actual C'Oy concentrations exceeds the 300 to 350 ppm level beyond which
dangerous anthropogenic interference in the climate system can trigger degradation of land and ocean
ecosystems, sea level rise, and disruption of the socio-economic and food-producing infrastructure,
making the issue of C'O, concentration mitigation serious, urgent and worthy of all humans efforts
and attention [3]. An analysis of the existing climate data shows that the land-air temperature
in both hemispheres increased during the last fifty years by near to 0.6 °C [4]. Best agreements
between climate model simulations and observations are obtained when natural and anthropogenic
factors are combined [3]. The CO, is considered to be the main cause of Global Warming [5].
To trap carbon chemically in earth takes millions of years and modern Man is consuming it at a
tremendous rate estimated to be a million time faster than that of carbon trapping. Environmentally
speaking, this harms the planet Earth at various levels : air pollution, temperature increase, ecological
disequilibrium, species migration and extinction. The twenty-first century is clearly the century
in which mankind must cope with fossil fuels depletion, which is unavoidable, and shift towards
alternative energies, clean and renewable ones.

Renewable energy sources, comprising solar, wind, geothermal and biomass energy, present two
advantages of being alternative routes to fossil ones and to be less harmful to the Planet Earth.
Biomass-energy is a promising route for C'Oy mitigation and clean energy production. Indeed,
Biomass is considered to be the only natural and renewable carbon resource that can effectively
be a substitute to fossil fuels.

Biomass resource includes living water and land based organisms, vegetation, trees as well as dead
and waste biomass like municipal organic wastes, sewage sludge, animal wastes (manures), forest and
agricultural residues and finally some of the industrial organic wastes. The global energy potential
of biomass is huge. It is estimated that the world’s terrestrial biomass carbon is approximately 50
times that of total fossil fuel related carbon emission, with forests representing near to 80-90% of
the carbon stock [6]. All is about rational and effective use of this energy source. Indeed, biomass
constitutes the main energy source for many developing countries, mainly in Africa where it provides
70% of the primary energy used for heating and cooking. Agricultural modernisation as well as good
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Figure 1: The different steps and reactions occurring during the biomass gasification process and
potential actions of added "— COy” (from: S. Salvador. Course on thermochemical conversion of
biomass)

land use management have to be developed in parallel with biomass rational and effective usage [6].
Unlike gas or liquid, biomass cannot be handled, stored, or transported easily, especially in its use for
transportation. Prior to its use as a fuel, it must be converted to gas or liquid which are more handily
and storable products. Biomass conversion can be processed through two major paths : Biochemical
path and thermochemical path. The biochemical conversion of biomass including digestion and
fermentation is likely the most ancient way of biomass gasification [7]. Biomass thermochemical
conversion routes include pyrolysis, combustion, gasification and liquefaction for thermal energy
generation, Syngas and biofuels production.

We focus in this work on biomass gasification. As illustrated in figure 1, the biomass gasification
process encompasses two main distinct stages: biomass pyrolysis (devolatilisation) and char gasifi-
cation. Biomass pyrolysis corresponds to the thermal decomposition of the fresh biomass into gas,
tars and char. The pyrolysis product distribution depends on the biomass characteristics (biomass
type, chemical composition, particle size...) and process conditions (temperature, heating rate...)
[7]. Biomass gasification is conventionally operated with steam as the gasifying agent with the aim
to obtain Syngas (a mixture of CO and Hs). The global gasification reaction is endothermic. Heat
is either externally supplied (allothermal process) or generated by injecting oxygen in the process
(autothermal process). A new concept of C'O, injection in biomass gasifier was proposed recently
[8]. External C'Oy supply will provide a more rich CO, gasification atmosphere which could im-
pact the product yields and distribution as well as the operation conditions. Injection of this active
molecule inside gasifiers therefore provides a potential route for its valorisation as a gasifying medium
in biomass gasification processes. The injected CO5y can potentially participate actively in the het-
erogeneous biomass pyrolysis and char gasification reactions as well as in gas phase reactions (see
figure 1).
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The potential use of C'O; as a gasifying medium has been tackled in the literature for biomass
and coal gasification (see section 1.7). It has been observed that the main effects of its use, alone or
as a co-reactant with steam, is to increase the carbon conversion and the CO yield while decreasing
that of Hy. Encouraging and promising results come out of the literature, but not exhaustive ones,
sometimes even contradictory. These observations show that there are several points to clarify and
a lot to learn on the potential use of COy in biomass gasifiers. Several advantages of using C'O,
as a gasifying agent have been presented in the literature [8]. For instance, that the C'O; is in
the gaseous state at ambient temperatures unlike steam whose production from water is energy
consuming. Moreover, using C'O, is less harmful for the gasifier, unlike steam which is corrosive.
These arguments are quite attractive. However, one must be critical towards certain aspects. Indeed,
the C'O4 capture, recycling, transportation and injection inside a gasifier are also energy consuming.
Moreover, C'O, injection modifies the Syngas composition by decreasing the H, yield which may not
be suitable to certain application like Fisher-Tropsh synthesis for bio-fuel production. There may
be thus a need to regulate the Syngas composition by an external H, supply, which is also energy
consuming. This shows the complexity of the potential C'O, valorisation in biomass gasifiers and
sets the requirement of an exhaustive study, tackling all the issues involved in such a process.

The French National Research Agency (ANR) funded the RECOZ2 project, aiming at studying
the potential of C'Oy recycling in Circulating Fluidized Bed Gasifiers. The present thesis is in the
frame of this project. Different partners are involved in the RECOZ2 project due to the various issues
dealing about C'O; valorisation in biomass gasifiers. The partners are Electricité De France (EDF),
Commissariat de I’Energie Atomique (CEA) of Grenoble, Systeme Durable, Technical University
of Vienna (TUW) and the RAPSODEE laboratory at the Mine school of Albi. EDF task was to
study the C'Oy valorisation in biomass gasifiers using ASPEN+ software. The aim is to model the
whole gasification process including biomass gasification, gas cleaning, C'Oy capture and recycling
into the gasifier as well as its external injection. They were also partly responsible of the technical
and economical feasibility of the process with the help of the CEA of Grenoble. The influence of
COs on the producer gas composition was assessed via experiments on a pilot unit fluidized bed
reactor in the CEA. The CEA team also developed a gasifier model for the Biomass pyro-gasification
including C'O, injection. Systéme Durable was responsible of the Life Cycle Assessment as well as of
the Carbon foot print calculation of the C'O, operating gasifier. We were responsible for providing
kinetic data for the pyrolysis as well as for the char gasification reaction in the presence of added
COs,. Our study was more fundamental, at the particle level.

The biomass pyrolysis and the char gasification are two key reactions in the whole gasification
process. The former is kinetically fast and highly governs the gas, tar and char yields inside the
gasifier, while the second is kinetically low and influences greatly the sizing of the gasifier. It is
therefore of high interest to understand the impact of added C'Oy on these two complex reactions.
The C'Oy can also interact with the gas and tarry species in the gas phase; however, we delimited
our study to the heterogeneous reactions because of the affected tasks in the RECO2 project,
and also because of the complexity of these heterogeneous reactions which requires a thesis work to
understand them, at least partially.

There exist two main classes of gasification processes wherein the char is whether produced by
a fast pyrolysis: High Heating Rate processes (HHR), such as Circulating Fluidized Bed Gasifiers
(CFBG) or by a slow pyrolysis: Low Heating Rate processes (LHR), such as Fixed Bed Gasifiers
(FBG) or Staged Gasifiers (SG). We judged worth of interest to evaluate the CO, injection effects
in conditions encountered in these two types of gasifiers.

The first chapter of this thesis will be dedicated to the literature review. At first, we will
presents some basics of biomass gasification and main technologies. We will then focus on the char
gasification reaction and gather different information related to the char chemical, structural and
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textural features, those on the gasification reaction phenomenology, on the factors influencing the
char reactivity as well as on the different approach of reactivity modelling. Afterwards, we will
present a literature review on the effects of COs injection on the gasification process. This review is
divided in three parts : the first one is dedicated to the effects of C'Oy on the gas composition, the
second one concerns the effects of C'Oy on the char properties while the third and last one will deal
about mixed atmosphere char gasification in COy + H5O atmospheres.

The experimental devices, used in the present thesis will be exposed in chapter 2.

The results of the present work are given starting from chapter 3. Each chapter is in the form of
a scientific paper, already published, submitted or in an intent of submission. The methods related
to each part will be presented in the material and methods section of the paper. As the reader would
have already read about the experimental devices, we suggest him/her to refer only to the methods.

The first part of the present work will be therefore dedicated to HHR conditions, typical of
fluidized bed gasifiers. We will be firstly interested in the effects of C'Oy on the high temperature
fast pyrolysis reaction. We will evaluate its effects on the pyrolysis rate, on the gas yield as well as
on the char properties including chemical composition, texture and reactivity. The results are given
in chapter 3.

Afterwards, we will focus on the effects of CO, on the HHR-char gasification reaction. We will
first determine the gasification rate in single atmospheres of COy and H,O, then study the mixed
atmosphere gasification reaction in C'O, and H,O for different atmosphere composition with a total
reactants concentration of 40%.vol. We will propose then, regarding the obtained results, a possible
mechanism for char gasification in mixed atmosphere. This part is presented in chapter 4.

Finally, we imagined a hypothetical case of a pure CO, operating gasifier (steam injection would
be replaced by C'O; injection in the CFBG). The case of a pure CO, pyro-gasification process will
be tackled experimentally and theoretically by numerical modelling with aim to understand the
unfolding of the global C'O, pyro-gasification reaction. The results are presented in chapter 5.

In the second part, we will tackle the issue of LHR-char gasification. On one hand, we will
provide reactivity data for practical gasification operations. On the other hand, we will try to
understand the gasification reaction mechanisms (in COs, H,O and their mixtures) at the molecular
level. Understanding the fundamentals of gasification reactions is performed on the LHR-chars as
they are more homogeneous from the chemical, structural and textural viewpoints than HHR-chars
particles, which chemical composition, structure and texture can vary throughout the particle.

To do so, we will tackle the issue of particle size influence on the single atmosphere gasification in
CO, and H50 using the Thiele modulus approach. We will then study the effects of temperature on
the char gasification in mixed atmosphere of C'O, and steam for relatively small particle. Afterwards,
we will be interested in larger particle size up to 13 mm to approach practical situation such as in
FBG or SG, and have a focus on the mixed atmosphere gasification in the presence of mass transfer
limitations. We will also tackle the issue of cyclic atmosphere gasification and study the effects of a
prior C'O, gasification on the char reactivity towards H,O and vice versa. The results are reported
in chapter 6.

To further understand the char gasification mechanisms in single and mixed atmospheres of C'O,
and H,0O, we approached the gasification reactions at the char structural units level. As the char
reactivity is conditioned by its chemical, structural and textural properties, we opted to monitor
the evolution of these properties along the gasification in COy, HoO and their mixtures. Deep
char characterization were performed in the "Institut des Sciences des Materiaux de Mulhouse” in
the frame of a collaboration between the two laboratories. Small LHR-char particles were partially
gasified at 20%, 50% and 70% of conversion in C'Oy, HO and their mixtures, on which we performed
deep textural, structural and chemical analysis. These characterisations are of high interest as they
shed light on the unfolding of the gasification reaction in CO,, H,O and their mixtures. This part
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will be presented in chapter 7.
Finally, we will present the main conclusions on C'Oy valorisation in biomass gasifiers as well as
the effects of C'O5 on the heterogeneous reactions of biomass pyrolysis and char gasification.
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Introduction et objectifs de la these

L’énergie traduit la capacité d'un systeme a effectuer un travail et constitue I'un des piliers de
développement des nations. Les sources d’énergie sont diverses, incluant les ressources fossiles,
I'énergie nucléaire ainsi que les ressources renouvelables. Les ressources fossiles (pétrole, charbon...)
représentent la majeure partie des ressources d’énergie tandis que les ressources renouvelables (solaire,
éolien, biomasse) ne représentent qu’une petite partie. La demande en énergie s’accroit constamment
suite a ’accroissement démographique et au développement économique. Avant 1800, la production
d’énergie fossile était négligeable, mais depuis la révolution industrielle, elle n’a cessé d’augmenter
annuellement de 10 millions de tonnes équivalent pétrole [1].

En moins de 200 ans, les activités humaines ont causé une augmentation de la concentration atmo-
sphérique de gaz a effet de serre de 50% relativement a celle de 1’ére préindustrielle. La concentration
atmosphérique actuelle en C' Oy avoisine les 380 ppm et est la plus haute depuis pres de 420,000 ans
[2]. Cette forte augmentation est attribuée en majeure partie a la combustion des ressources fossiles.
Hansen et al. Suggerent que les concentrations actuelles en C'Oy peuvent entrainer de graves in-
terférences dans le systeme climatique et causer la dégradation des terres et des écosystémes marins,
I’augmentation du niveau de la mer ainsi que la perturbation de 'infrastructure socio-économique et
agro-alimentaire, rendant ainsi la diminution du C'O, atmosphérique une question d’actualité valant
tous les efforts et I'attention nécessaires [3].

Une analyse des données climatiques existantes montre que la température sol-air dans les deux
hémispheres a augmenté pendant les cinquante derniéres années de pres de 0.6°C [4]. Les meilleurs
accords entre les modeles climatiques et les observations sont obtenus quand des facteurs naturels
et anthropogéniques sont combinés [3]. Le C'O, est considéré comme étant la cause principale du
réchauffement climatique [5]. L’Homme moderne est entrain de consommer les ressources fossiles
a une vitesse un million de fois plus élevée que celle nécéssaire a la formation de cette ressource
au tréfonds de la terre. Ceci nuit a la planete Terre a diverses niveaux : pollution atmosphérique,
augmentation de la température, déséquilibre écologique, migration d’especes et extinction. De nos
jours, I’humanité doit faire face a 'inévitable épuisement des combustibles fossiles et opter pour le
changement vers des énergies alternatives, propres et renouvelables.

Les sources d’énergie renouvelable, comprenant le solaire, I’éolien, la géothermie et 1’énergie de
biomasse, ont deux avantages principaux : a savoir qu’elles présentent des alternatives aux ressources
fossiles et sont moins nuisibles pour la planete. La biomasse a un potentiel prometteur pour la
réduction du C'Oy atmosphérique et la production d’énergie propre. On considere que la biomasse est
la seule ressource naturelle et renouvelable qui peut efficacement étre un substitut aux combustibles
fossiles.

Les ressources en biomasse incluent entre autres la biomasse marine (algues), la végétation, les
arbres aussi bien que les déchets organiques municipaux, des boues d’épuration, des déchets animaliers
(fumiers), des résidus forestiers et agricoles et finalement certains des déchets organiques industriels.
Le potentiel énergétique global de la biomasse est énorme. On estime que le carbone que renferme
la biomasse terrestre du monde est environ 50 fois celui du combustible fossile brulé. Les foréts
représentent a elles seules pres de 80-90 % du stock en carbone [6]. La biomasse doit étre utilisée
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d’une maniere raisonnable et effective. En effet, la biomasse constitue la source d’énergie principale
pour beaucoup de pays en voie de développement, principalement en Afrique ou elle fournit pres de
70 % de I’énergie primaire utilisée pour chauffer et cuisiner.

La modernisation agricole aussi bien que le bon usage des terres doivent étre développés en
parallele avec la filiere biomasse-énergie [6]. Contrairement aux combustibles liquides et gazeux,
la biomasse ne peut pas étre manipulée, stockée, ou transportée facilement, particulierement dans
le cadre de son utilisation pour le transport. Avant son utilisation comme un carburant, elle doit
étre converti en gaz ou en liquide qui sont plus facilement stockables. La conversion de biomasse
peut étre réalisée via deux voies principales : la voie biochimique et la voie thermochimique. La
conversion biochimique de la biomasse incluant la digestion et la fermentation est la plus ancienne
[7]. La voie thermochimique inclut la pyrolyse, la combustion, la gazéification et la liquéfaction pour
la génération d’énergie thermique, de Gaz de synthese et la production de biocarburants.

Nous nous concentrons dans ce travail sur la gazéification de biomasse. La gazéification de
biomasse comprend deux étapes principales de pyrolyse et de gazéification du char comme illustré
dans la figure 1. Elle est conventionnellement opérée avec la vapeur d’eau comme agent de gazéification
dans le but de produire du gaz de synthese (un mélange de CO et de Hy). La réaction de gazéification
globale est endothermique (incluant le séchage, la pyrolyse et la gazéification du char). La chaleur
nécessaire est ou extérieurement fournie ou produite en injectant 'oxygene dans le réacteur.

Récemment, un nouveau concept qui consiste a utiliser le C'O, comme agent gazéifiant dans les
gazéifieurs a été proposé [8]. L’injection externe de C'O, fournira une atmosphere de gazéification plus
riche en C'O, ce qui pourrait avoir un impact sur les rendements des différents produits. L’injection
de cette molécule active dans des procédés de gazéification fournit donc un moyen potentiel pour
sa valorisation comme un agent de gazéification dans des réacteurs de gazéification de biomasse.
L’utilisation potentielle de C'Oy comme agent gazéifiant pour la gazéification de la biomasse et du
charbon a été abordée dans la littérature (voir chapitre 1). Il a été observé que les effets principaux
de son utilisation, seul ou comme un co-réactif avec la vapeur d’eau, sont d’augmenter la conversion
du carbone et le rendement en CO tout en diminuant celui de Hs.

Des résultats encourageants ressortent de la littérature, mais qui ne sont cependant pas exhaustifs
et sont parfois méme contradictoires. Ces observations montrent qu’il y a plusieurs points a clarifier
et beaucoup a apprendre sur 1'utilisation potentielle du COy dans des procédés de gazéification de
biomasse. Plusieurs avantages sur l'utilisation du CO, comme un agent de gazéification ont été
présentés dans la littérature [8]. Par exemple, que le C'O; soit a 1’état gazeux a température et
pression ambiantes contrairement a la vapeur d’eau, ou encore qu’il soit moins nuisible pour le
réacteur, contrairement a la vapeur d’eau qui est corrosive.

Ces arguments sont tout a fait attractifs. Cependant, il faut étre critique envers certains aspects.
En effet, la capture, le recyclage, le transport et l'injection du C'O,; dans un gazéifieur sont aussi
consommateurs d’énergie. De plus, 'injection de C'O, modifie la composition du gaz de synthese en
diminuant la concentration de Hy ce qui peut conduire que le syngaz ne soit plus approprié pour
certaines applications comme la synthese Fisher-Tropsh pour la production de biocarburants. Il
devient ainsi nécessaire de régler la composition du gaz de syntheése par une injection externe de Ho
qui est aussi consommatrice d’énergie. Ceci montre la complexité de la valorisation potentielle du
CO4 dans les procédés de gazéification de la biomasse et impose ainsi une étude exhaustive, abordant
toutes les aspects impliquées dans un tel processus.

L’Agence de Recherche Nationale frangaise (ANR) a financé le projet RECO,, visant a 1'étude de
I'usage potentiel du CO, comme agent gazéifiant dans des réacteurs a lit fluidisé pour la gazéification
de biomasse. La présente these rentre dans le cadre de ce projet. Des partenaires différents y sont
également impliqués : Electricité de France (EDF), le Commissariat de ’Energie Atomique (CEA) de
Grenoble, Systéeme durable, I’Université Technique de Vienne (TUW) et le laboratoire RAPSODEE a
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I’école des Mines d’Albi. EDF était responsable d’analyser le procédé de gazéification de la biomasse
en présence de C'O, via une modélisation de I’ensemble du processus en utilisant ASPEN+. EDF
était aussi en partie responsable de ’étude technico-économique avec I’équipe du CEA de Grenoble.
L’impact du CO, sur le rendement en gaz a été étudié expérimentalement par le CEA via des
expériences de gazéification dans un lit fluidisé a I’échelle pilote. Le CEA a aussi développé en
parallele un modele de gazéifieur opérant au C'O,. La société Systeéme durable était responsable de
'analyse du cycle de vie ainsi que du calcul de 'empreinte carbone d’un tel procédé. De notre cAtté,
on avait la tache de fournir des données cinétiques de pyrolyse et de gazéification du char. Notre
étude était plus fondamentale, a 1’échelle de la particule.

La pyrolyse de la biomasse et de la gazéification du char sont deux réactions clés dans I’ensemble
du processus de gazéification. La premiere est cinétiquement rapide et détermine les rendements en
gaz, goudrons et char a l'intérieur du gazéifieur, tandis que la seconde est cinétiquement lente mais
influence fortement le dimensionnement de 'unité de gazéification. Il est donc d'un grand intérét
de comprendre 'impact du C'O, sur ces deux réactions complexes. Le C'O, peut également réagir
avec les gaz et goudrons dans la phase gazeuse, cependant, nous avons délimité notre étude aux
réactions hétérogenes en raison des taches affectées dans le projet RECO,, ainsi que du fait de la
complexité de ces réactions hétérogenes qui nécessitent un travail de these pour les comprendre, au
moins partiellement.

Il existe deux grandes catégories de procédés de gazéification, dans lequel le char est soit produit
par une pyrolyse rapide comme dans les lits fluidisés ou par une pyrolyse lente comme dans les
gazogenes a lit fixe ou les procédés étagés. Nous avons jugé tres utile d’évaluer 'effet du C'O, dans
des conditions rencontrées dans ces deux types de gazogenes.

Le premier chapitre de cette étude portera sur I’état de I’art. On abordera en premier lieu les
bases et les principales technologies de gazéification de la biomasse. Puis, on mettra particulierement
I’accent sur la réaction de gazéification du char. Afin de comprendre la phénoménologie de la réaction
de gazéification, on présentera les différentes données relatives a la composition chimique du char,
ses caractéristiques structurales et texturales, ainsi que les facteurs qui influent sur sa réactivité.
On abordera aussi les différentes approches de modélisation de la réactivité d’un char. Ensuite, on
présentera un état de l'art sur les effets d’injection du C'Os sur le processus de gazéification. Cet état
de l'art sera divisé en trois parties : la premiere est consacrée aux effets du C'O,y sur la composition
du gaz produit, la deuxiéme concerne les effets du C'Oy sur les propriétés du char obtenu, tandis
que la troisieme et derniére portera sur la gazéification du char en atmosphere mixte contenant de
la vapeur d’eau et du C'Os.

Les dispositifs expérimentaux, utilisés dans la présente theése sont exposés dans le chapitre 2.

Les résultats de ce travail sont donnés a partir du chapitre 3. Chaque chapitre est sous la forme
d’un article scientifique, déja publié, soumis ou dans une intention de publication. Les méthodes
associées a chaque chapitre seront présentés dans la section matériel et méthode qui lui est associAle.
Comme le lecteur aura déja lu sur les dispositifs expérimentaux, nous lui suggérons de se référer
uniquement aux méthodes.

La premiere partie des résultats sera donc dédiée a des conditions de chauffe rapide, typiques
des gazogenes a lit fluidisé. Nous aborderons d’abord les effets de C'O, sur la réaction de pyrolyse
rapide a haute température. Nous allons évaluer ses effets sur la vitesse de pyrolyse, sur le rendement
en gaz, ainsi que sur les propriétés du char, notamment sa composition chimique, la texture et sa
réactivité. Les résultats sont donnés dans le chapitre 3.

Ensuite, nous allons nous concentrer sur les effets de C'O, sur la réaction de gazéification du
char obtenus en chauffe rapide. Nous allons d’abord déterminer la vitesse de gazéification dans
des atmospheres simples de C'O, et H,O. Nous étudierons ensuite la réaction de gazéification sous
atmosphere mixtes pour différentes compositions en CO; + H;O. Nous proposerons ensuite, au
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regard des résultats obtenus, un mécanisme possible pour la réaction de gazéification en atmospheres
mixtes. Cette partie est présentée dans le chapitre 4.

Enfin, nous avons imaginé un cas hypothétique d’'un gazogene opérant sous CO; pur ('injection
de vapeur serait remplacée par le CO, ). Le cas d’'un processus de pyro-gazéification sous C'Oy sera
abordée expérimentalement et théoriquement par la modélisation numérique avec 1'objectif de fournir
des informations sur les temps caractéristiques de pyrolyse et de gazéification, et de comprendre le
déroulement de la pyro-gazéification sous C'O,. Les résultats sont présentés dans le chapitre 5.

Dans la deuxiéme partie, nous aborderons la question de la gazéification des chars obtenus par
pyrolyse lente avec deux objectifs principaux : d’une part, de fournir des données de réactivités de
chars dans des conditions typiques de procédés de gazéification et d’autre part, de comprendre les
mécanismes des réactions de gazéification sous COy, H50 et leurs mélanges. Comprendre les principes
fondamentaux des réactions de gazéification est entrepris sur des chars obtenus par pyrolyse lente
car ils sont plus homogenes du point de vue structural et textural.

Nous allons en premier lieu aborder la question de I'influence de la taille des particules sur la
gazéification sous C'Oy et HyO par une approche de module de Thiele. Nous allons ensuite étudier les
effets de la température et de la taille des particules de char sur la gazéification sous des atmospheres
mixtes de C'Oy et de vapeur. Nous allons également aborder la question de la gazéification sous des
atmospheres alternées et étudier les effets d'une gazéification au C'O, sur la réactivité du char a H,O
et vice versa. Les résultats sont présentés dans le chapitre 6.

Pour mieux comprendre les mécanismes de gazéification dans des atmospheres simples et mixtes
de C'Oy et HyO, nous avons approché les réactions de gazéification a I’échelle des unités structurales
du char. Comme la réactivité char est conditionnée par les propriétés structurales, texturales et
chimiques, nous avons opté pour suivre I’évolution de ces dernieres le long de la gazéification sous
COs, HyO et leurs mélanges. Les caractérisations du char ont été effectuées a 1’"Institut des Sciences
des Matériaux de Mulhouse” dans le cadre d’une collaboration entre nos deux laboratoires. De
petites particules de char ont été partiellement gazéifiés a 20 %, 50 % et 70 % de conversion sous
COq, H50 et leurs mélanges, sur lesquels nous avons par la suite effectué les différentes analyses. Ces
caractérisations sont d’un grand intérét car elles mettent en lumiere la phénoménologie de la réaction
de gazéification sous COs, H50 et leurs mélanges. Cette partie sera présentée dans le chapitre 7.

On présentera enfin les principales conclusions et perspectives de la présente étude.
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Abstract

The first chapter of this thesis is dedicated to the literature review. At first, we will presents some
basics of biomass gasification and main technologies. We will then focus on the char gasification re-
action and gather different information related to the char chemical, structural and textural features,
those on the gasification reaction phenomenology, on the factors influencing the char reactivity as
well as on the different approach of reactivity modelling. Afterwards, we will present a literature
review on the effects of C'O, injection on the gasification process. This review is divided in three parts
. the first one is dedicated to the effects of C'O, on the gas composition, the second one concerns the
effects of CO, on the char properties while the third and last one will deal about mixed atmosphere
char gasification in COy + H50O atmospheres.
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Résumé

Ce chapitre constitue une revue concise se voulant étre les plus exhaustive possible sur la pyro-
gazéification de la biomasse en présence de C'Oy. Dans ce chapitre, apres un apercu sur la structure
et la composition de la biomasse ainsi que les techniques de gazéification, les propriétés structurales,
texturales et chimiques des chars sont présentées de fagon synthétique. Les facteurs affectant la
réactivité des chars sont exposés (fonctions de surfacesurface active, composés minéraux, taille des
particules de chars, texture des chars, vitesse de chauffe lors de la phase de pyrolyse et température
finale). Par la suite, les équations permettant de modéliser la gazéification des chars en régime
chimique et en présence de limitations a la diffusion sont présentées. La derniére partie du chapitre
bibliographique, se focalise sur les résultats majeurs portant sur l'utilisation du C'O, lors de la
pyrolyse de biomasses et de la gazéification. Une étude exhaustive de la littérature est réalisée afin
de permettre d’identifier les points critiques liés a la gazéification en présence de C'O,, les parametres
clés ainsi que les phénomenes complexes a étudier. Il est également mis en évidence que de nombreux
auteurs se contredisent concernant l'effet du COs en présence de vapeur d’eau sur la réaction de
gazéification du char.
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1.1 Biomass gasification: Resources, basics and technolo-
gies
1.1.1 Biomass resources

Biomass can be defined as the organic material derived from biological systems. Biological solar
energy conversion via the process of photosynthesis produces energy in the form of plant biomass
which is about ten times the world’s annual use of energy. Biomass does not include fossil fuels,
although they also originate from biomass-based sources. Based on their moisture content, biomasses
can be classified into two main categories: dry biomasses and wet biomasses [9].

Table 1.1: Classification of biomasses according to [9]

Dry biomasses Wet biomasses
Forests Farming waste effluents
(trees, wood-chips) (liquid manure )
Wood transformation manufactures Liquid effluents of food-industries
(sawdust, bark) (vinasses, spent coffee grounds)
Agriculture and food industries Green wastes
(straw, leaves, trunks, husk) (grass clippings, branches, leaves)
Energetic crops Household waste
(Miscanthus, Arundo donax) ( kitchen waste, garden waste, paper)

Herbaceous biomasses
(papyrus, alfa-alfa, water hyacinth)

Ligno-Cellulosic biomasses

Ligno-cellulosic material is the non-starch, fibrous part of plant materials. A ligno-cellulosic biomass
is composed mainly of cellulose, hemicellulose, and lignin. Wood is a typical example of a ligno-
cellulosic biomass. Unlike carbohydrate or starch, ligno-cellulose is not easily digestible by humans.
For example, we can eat the rice, which is a carbohydrate, but we cannot digest the husk or the
straw, which are ligno-cellulose. As ligno-cellulosic biomass is not part of the human food chain, its
use for biogas or bio-oil production does not threaten the world’s food supply. Woody biomasses
are of great interest for thermochemical conversion into energy and marketable fuels. In the present
work, beech wood will be used as the parent biomass. It is therefore interesting to have a look on
the wood structure and composition.

Wood structure and composition

description of a tree trunk A living, growing tree has two main domains, the shoot and the
roots. Roots are the subterranean structures responsible for water and mineral nutrient uptake,
mechanical anchoring of the shoot, and storage of biochemicals. The shoot is made up of the trunk,
branches, and leaves. We will be concerned with the trunk as the main ligno-cellulosic part of a tree.

When cutting down a tree and looking at the stump, one can make several gross observations.
The trunk is composed of various materials present in concentric bands. From the outside of the tree
to the inside are: outer bark, inner bark, vascular cambium, sapwood, heartwood, and the pith (see
figure 1.1). Outer bark have a protective function as it provides a mechanical protection to the softer
inner bark and also helps to limit evaporative water loss. Inner bark is the tissue through which

4
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Heartwood

Figure 1.1: Macroscopic view of a transverse section of a Quercus alba trunk. Beginning at the
outside of the tree is the outer bark (ob). Next is the inner bark (ib) and then the vascular cambium
(ve), which is too narrow to see at this magnification. Interior toward the vascular cambium is the
sapwood, which is easily differentiated from the heartwood that lies toward the interior. At the
center of the trunk is the pith (p), which is barely discernible in the center of the heartwood. [10]

sugars (food) produced by photosynthesis are transported from the leaves to the roots or growing
portions of the tree. The vascular cambium is the layer between the bark and the wood that produces
both these tissues each year. The sapwood is the active, 'living’ wood that conducts the water (or
sap) from the roots to the leaves. It has not yet accumulated the often-coloured chemicals that set
apart the non-conductive heart-wood found as a core of darker-coloured wood in the middle of most
trees. The pith at the very center of the trunk is the remnant of the early growth of the trunk, before
wood was formed [10].

Softwoods and hardwoods There exist two types of woods: softwoods and hardwoods. To define
them botanically, softwoods are those woods that come from gymnosperms (mostly conifers) such as
pine (Pinus) and spruce (Picea), and hardwoods are woods that come from angiosperms (flowering
plants) such as beech, maple (Acer), birch (Betula), and oak (Quercus). Softwoods and hardwoods
not only differ in terms of the types of trees from which they are derived, but they also differ in terms
of their component cells. Softwoods have a simpler basic structure than do hardwoods because they
have only two cell types and relatively little variation in structure within these cell types. Hardwoods
have greater structural complexity because they have both a greater number of basic cell types and
a far greater degree of variability within the cell types (see figure 1.2).

Elementary composition Wood is mostly composed of C, H, O and N. It also contains a minor
part of mineral matter found in the form of ash. The proportions between these compounds are
different from a type of wood to another, but the general trends are conserved. Ash composition
varies from a wood to another but the main components are K, Ca, Na and Mg [12].

Moisture content At cutting, raw wood can contain up to 50 w% of water. After a natural drying,
moisture can be decreased to about 10 w% to 20 w%, depending on the storage conditions. Because
of its hygroscopic properties, wood is very sensitive to the temperature and ambient hygrometry. In
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Figure 1.2: Gross structure of softwood (a) and hardwood (b)[11]

raw harvested wood, moisture can exist in three forms: water vapour in the pores, capillary or free
water (liquid) in the pores and hygroscopic or bound water in the solid structure [13].

Constituents of wood Cells About 95 % of the wood cells are composed of three molecular
components: cellulose, hemicellulose and lignin. Additionally, wood contains some low-molecular
weight organic compounds know as extractives, which gather a thousand of species extractable by
solvents, like ketones, organic acids, esters, phenolic compounds, resins and terpenes among others.

The repartition of cellulose, hemicellulose and lignin is slightly variable among the wood species.
However, a general trend is always respected: cellulose is the major component, 40 to 45 w% daf,
followed by hemicellulose and lignin in comparable amounts, 20 to 30 w% dalf.

e Cellulose

Cellulose is the most common organic compound on Earth and the primary structural compo-
nent of cell walls in biomass. It is represented by the generic formula (CsH1005),, , cellulose
is a long chain polymer with a high degree of polymerization. The value of n, the degree of
polymerization, reaches even more than 10000 units in an unaltered wood. Cellulose has a
crystalline structure of thousands of units, which are made up of many glucose molecules. This
structure gives it high strength, permitting it to provide the skeletal and fibrous structure of
most terrestrial biomass. Cellulose is primarily composed of d-glucose, which is made of six
carbons or hexose sugars . Cellulose is highly insoluble and, though a carbohydrate, is not
digestible by humans.

e Hemicellulose

Hemicellulose is a mixture of polysaccharides of 50 to 200 units, entirely composed of sugars such
as glucose, mannose, arabinose, methylglucuronic acid, galacturonic acid and mostly xylose.
While cellulose is of a crystalline, strong structure that is resistant to hydrolysis, hemicellulose
has a random, amorphous structure with little strength. It is a group of carbohydrates with
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a branched chain structure and a lower degree of polymerization (100 to 200), and may be
represented by the generic formula (C5HgO,),. Hemicellulose tends to yield more gases and
less tar than cellulose. It is soluble in weak alkaline solutions and is easily hydrolyzed by dilute
acid or base [7]

e Lignin

Lignin is a three-dimensional polymer, mostly constituted of phenolic units of nature highly
dependent on the type of wood. As a lignin polymer is severely impacted by the extraction
mode, its complex structure is very difficult to define and thus it is not still well known in the
scientific community. Lignin is the cementing agent for cellulose fibres holding adjacent cells
together. The dominant monomeric units in the polymers are benzene rings. It is similar to
the glue in a cardboard box, which is made by gluing together papers in special fashion.

1.1.2 Basics of biomass gasification

The term "biomass gasification” is a gross appellation gathering several steps of drying, pyrolysis, gas
phase reactions and char gasification, occurring inside the gasifier. Figure 1 illustrates the different
stages of the biomass gasification process. The whole process can be divided in four main steps:
drying, pyrolysis, partial oxidation of char an and char gasification.

The first step of drying occurs in a range of temperatures below 200°C. The major part of water
(free and bound water) contained in the biomass is evaporated and passes into the gaseous phase.

Follows then the pyrolysis step, which is a thermal decomposition of the biomass into light gases,
tars and solid char. Pyrolysis takes place between 230°C and 500°C. The solid char is mostly formed
of carbon with few amounts of oxygen, hydrogen and ash. The liquid yield known as tar or bio-
oil is a black tarry fluid containing up to 20% water. The light gases comprise in majority CO,,
CO, H,0, CyH,, C5H4 and CyHg. The nature and yields of the pyrolysis product depends on the
operating conditions such as pyrolysis final temperature and heating rate. The influence of pyrolysis
final temperature and heating rate on the pyrolysis product distribution is shown in figure 1.3. The
production of char is maximized at low temperatures and slow heating rate conditions. The more
the temperature and heating rate increase the more light gases are produced. Production of liquids
is optimized for fast heating rate conditions in a temperature range of 750 to 800 K.

Homogeneous gas phase reactions such as tar reforming in presence of steam and/or C'Os, reac-
tions between pyrolysis gas products and reactants (water gas shift), as well as combustion reactions
of some light gases with oxygen occur in the gasifier.

The last step is char gasification that occurs at high temperature (800-1000°C). This step involves
reactions between the steam and/or carbon dioxide (resulting from the combustion reactions of
volatiles with oxygen, or injected as gasifying media) with the porous char. The steam-char and
C'Os-char gasification reactions are endothermic. Energy can be supplied by the combustion of
part of the char and volatiles. The char gasification reactions (steam gasification reaction and
Boudouard reaction) produce mainly hydrogen and carbon monoxide which proportions depend on
the gasification conditions.

The main chemical reactions occurring in a gasifier are summarized as follows:

Biomass pyrolysis:

Biomass —» char +tar + HyO + light gas(CO + COq + Hy + CHy+ C2 + Ny) (endothermic) (1.1)

Heterogeneous reactions:
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Figure 1.3: Char (a) Gas (b)and Liquid (c) yields as a function of the pyrolysis conditions [14]

Char combustion reactions

Partial combustion : C +1/20y — CO (—111kJ/mol)
Complete combustion : C' + Oy — CO4 (—394k.J/mol)

Char gasification reactions

Boudouardreaction : C' 4+ COy — 2C0O (+173kJ/mol)
Steam gasification : C' + HyO — CO + Hy (+131kJ/mol)
Hydrogen gasi fication (Methanisation) : C + 2Hy — C'Hy (—=75k.J/mol)

Homogeneous gas phase reactions:

Carbon monoxide oxidation : CO + 1/209 — COy (—283k.J/mol
Hydrogen oxidation : Hy + 1/209 — HsO (—242kJ/mol

Methane oxidation CHy 4+ 205 — COy + 2H50 (—283kJ /mol
WateraASgas shiftreaction : CO + HyO —s COy + Hy(—41kJ/mol

— — —— —

1.1.3 Biomass gasification technologies
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Investigation on reactor designs in order to optimize the biomass gasification have began since more
than a century and leaded to a wide range of gasifiers which can be classified in different ways

according to:
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Figure 1.4: The three types of Fixed Bed Gasifiers: (a) Updraft (b) downdraft (c) Cross flow

e The gasification agent: Air-blown gasifiers Oxygen gasifiers Steam gasifiers

e Heat for gasification: Autothermal or direct gasifiers: heat is provided by partial combustion
of the biomass and Allothermal or indirect gasifiers: heat is supplied from an external source
through heat exchanger or indirect process. (i.e. separation of gasification and combustion
zone).

e Pressure in the gasifier: Atmospheric or pressurized

e The reactor design: Fixed bed, Fluidized bed, Entrained flow, Twin-bed.

The choice of a gasification process depends on many parameters such as the installation scale,
the fuel type and the future use of the produced gas. In the next paragraph, we will describe briefly
some gasification technologies currently available in the market, on the basis of reactor design .

Fixed bed gasifiers

Fixed bed gasifiers can be classified into three categories: Updraft gasifiers, Downdraft gasifiers and
Crossdraft gasifiers (see figure 1.4) .

In Updraft gasifiers, biomass is fed at the top of the reactor, moves downwards and is converted
as it goes along. As a result of a complete conversion, the biomass reaches the bottom of the reactor
in the form of ashes which are continuously removed. A continuous biomass feed allow to balance
biomass conversion and keeping the biomass bed in a constant level and thus maintaining a stationary
state into the gasifier. The air-intake is located at the bottom of the reactor and the produced gas
leaves at the top. The biomass is then moving counter-currently to the gas flow and passes first
through the drying zone, then through the pyrolysis zone, afterwards through the reduction zone
and finally through the oxidation zone as it is depicted in the opposite figure.

In Downdraft gasifiers, biomass is still fed at the top of the reactor yet the air-intake is located
at the top or at sides. The gas is moving in the same direction as the fuel and leaves the reactor
at its bottom. The different zones through which the biomass passes are the same but their order
is different. The injection of air in the char zone allows achieving low tar gas ( less than 100 mg
tar/Nm3).

Finally, in Crossdraft gasifiers, the air intake and the gas extraction orifice are located in the
same horizontal level while the biomass is fed from the top of the reactor. Unlike the downdraft and
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Figure 1.5: Refractory Wall Design of EFR for feed-stocks of less than 4% of ash content (STEMENS
technology)

updraft types, it releases the product from its side wall opposite to the entry point of the air for
gasification. Because of this configuration, the design is also referred to as sidedraft.

Entrained Flow gasifiers

In entrained flow gasifiers, very finely pulverized feedstock is gasified in an oxygen/air and steam
mixture. Entrained beds are available in large scale (> 100 MW) and often use fossil fuels as the
particle size is limited. Temperature is very high (up to 2000°C), and process is often pressurized
(up to 35 bar) [7]. Due to the high temperature, the ash melts and flows down on the reactor walls
and is removed from the bottom as liquid slag. There are also non-slagging entrained beds gasifiers,
but they are not as popular because slagging beds are more fuel flexible and it is impossible to avoid
the slagging completely.

Some problems are encountered when considering entrained-flow gasification for biomass. Owing
to a short residence time (a few seconds) in entrained-flow reactors, the fuel needs to be very fine,
and grinding fibrous biomass into such fine particles is very difficult. However, torrefaction shows
one way to unify the inhomogeneous feedstock, improve grindability and process efficiency as basis
for use of biomass within a complex industrial plant [15] [16]. For biomass with CaO but no alkali,
the ash-melting point is high, and therefore it has a higher oxygen requirement. The melting point
of biomass ash with a high alkali content is much lower than that of coal. This reduces the oxygen
required to raise the temperature of the ash above its melting point. However, molten biomass ash
is highly aggressive, which greatly shortens the life of the gasifier’s refractory lining [7].

Entrained Flow Gasification pave the way for large throughput biofuel projects requiring very
clean syngas. The SIEMENS group intend to implement a First-time application of Entrained Flow
Gasification and Torrefaction in a large-scale Commercial Demonstration Project - the WOOD-
SPIRIT Biomethanol Project.

10
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Figure 1.6: Staged gasifier pilot plant in DTU

Staged gasifiers

In conventional fixed bed gasifiers different zones can be identified. Their sequence order varies with
the gasifier type. These zones are not physically fixed but moving up and downwards depending on
gasification conditions. In a multi-stage gasifier, the two main steps of pyrolysis and char gasification
are performed in separate reactors. In the first one, biomass is dried and pyrolysed, the volatiles and
char produced are fed in the second reactor. In this latter, the pyrolysis gases are directed into an
oxidation zone where they are combusted with a continuous air supply. The hot combustion gases
(steam and carbon dioxide) react with the char bed which lead to the Hy and CO production. An
example of a staged gasifier is the Viking Gasifier in Denmark. The installation is at a pilot scale
level. It was developed in 2002 by the "Biomass Gasification Group” from the Technical University
of Denmark (DTU) in the frame of the "LIFTOFF” project for staged gasification. The pyrolysis is
performed at 600°C while the char gasification is done in a second reactor at 1100°C (see figure 1.6).

Staged gasification, as demonstrated by the Viking plant and more recently by the "multi-stage”-
type NOTAR reactor designed by Xylowatt (see figure 1.7), has confirmed its potential for low and
medium energy production (up to 5 MWth). The "multi-stage”’-type NOTAR reactor physically
separates the 3 phases of the gasification process, namely pyrolysis, combustion and reduction. Tar
content of the syngas upon exiting the reactor is less than 100 mg/Nm?, the wood-to-gas conversion
output is over 98% with no production of clinker (solid residue). Optimism with respect to staged
gasifiers is justified as they produce much less tar than other processes.

In such a process the COy and H,O produced in the combustion zone are reduced by the activated
char to produces a syngas principally composed of Hy and CO. Some researches continue to provide
valuable information on the characteristics of the gasification zone for the mastering and efficient
design of such gasifiers [17]. The mixed atmosphere gasification of LHR chars with COy and H,O
studied in the scope of the present thesis will concern such kind of process.

11
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Figure 1.7: The "multi-stage”-type NOTAR reactor from Xylowatt

Fluidised bed gasifiers

The fluidised beds are composed of inert material (sand, dolomite...) and fuel particles. A gasifying
agent (air, steam, carbon dioxide or mixture) is injected through the porous bottom of the reactor
with a sufficient pressure that allow holding the whole particles in suspension. The more we increase
the gasifying agent velocity the more the particles are moving vigorously and giving a shape of a
boiling liquid. The inert material is heated first by a fossil fuel combustion. Once it is hot enough,
no more fossil fuel is needed. The biomass is then fed via a dosing screw and mixed with the hot
sand. The fluidization allows a closely contact between the biomass and the hot sand and leads to
a fast pyrolysis and decomposition into a combustible gas. There are mainly two types of fluidised
bed gasifiers: bubbling fluidised bed (BFB) and circulating fluidised bed (CFB) (see figure 1.8).

Fluidized bed gasifiers have a number of advantages over fixed beds, especially with regard to
mixing, reaction rates, and the possibility of being built in sizes far above those of fixed-bed gasifiers.
FB gasifiers are also more tolerant with the fuel particle size and quality. The technology is suitable
for biomass, municipal waste or blends of several biomass, coal or lignite[18] [19] [20] [21] [22].

Granular bed works as a heat exchanger so the heat and mass transfer from the fuel is improved
and throughput and heating value of the product gas are higher [23] [7] . The main difference
between Bubbling and circulating FBG is that the latter type is always built with recirculation of
particles. Recycling of fines leads to a greater efficiency and higher carbon conversion by increasing
the residence time of particles. The char particles can be gasified alternatively with H,O, CO, (in
the gasifier) and O, (in the combustor) in the recycling process. CFBG is taller and provided with a
continuous solids recycling system for re-injection of particles into the bed (particle separator, return
leg and seal). CEFBG operates with higher superficial velocities, typically in the range of 2 to 5
m/s,where as the velocity in the BFBG is only 0.5 to 2 m/s which allows particles mixing without
carrying them out of the fluidized reaction zone. For the same ratio of fuel-to-fluidization gas and for
the same cross-section, the gasifier is fed with higher fuel flow rate in a CFBG than in a BFBG. The
entrainment of material from the bottom bed and the recycling in CFBG increase the solids flow as
well as the gas-solid contact time in the freeboard.

12
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Figure 1.8: The two types of FBG: (a) Bubbling FBG; (b) Circulating FBG

1.2 A focus on the char properties

1.2.1 What is the char?

The char is a carbonaceous and porous solid resulting from the biomass pyrolysis reaction among other
products which are gases and tars. The char yield is highly by the pyrolysis operating conditions.
The char yield decreases when increasing temperature for both LHR and HHR pyrolysis conditions.
However, slow pyrolysis is used to maximize the char yield. For instance, at a temperature of 800 K,
the wood char yield for LHR conditions varies between 25% and 35%, while it is in the range of 10-
20% in the case of HHR conditions [14]. Intrinsic biomass properties such as the lignin and mineral
content influence the char yield. Agricultural residues, which contain higher mineral matter content
and a higher lignin proportion than woody biomasses produce higher char yields. The mineral
matter, principally alkali compounds, favours charring reactions [14]. The biomass char formed
in typical gasification conditions encountered in CFBG or SG, is a quite complex, non-organised
material containing a tremendous number of chemical functions. It is highly porous and contains
beside carbon, which is its major constituent, oxygen, nitrogen, hydrogen and various mineral species
depending on the parent biomass composition. The char properties can be classified into three main
groups [24]:

e Textural properties

e Structural properties

e Chemical properties

1.2.2 The char textural properties

The biomass char results from the thermal decomposition of the parent biomass material. Depending
on the pyrolysis conditions, it keeps more or less the features of the initial material. The thermal

13



Chapter 1. State of the art

(b)

150008 w03 el 25, 0av xd ok * sbua

N - ~
—rr v r oA N

i P . o .
MS0008 WD22.8mm 15.0xV x1 sk" “Zous'

Figure 1.9: SEM micrographs of porous chars: (a) castor oil plantwood, (b) bagasse, and (c) babool
wood.

decomposition results in a mass loss of the parent biomass solid material. A part of the solid
constituents decompose into tars and gases resulting in less solid and more void [25].

The biomass char is a very porous material. The internal char porosity is most often non uniform.
Inside a biomass char, there can a wide distribution of pore size resulting from the anisotropic
structure of the parent biomass and the creation, widening of existing pores after the pyrolysis
reaction. The pores can also be of different shapes, open or closed, connected or not. Figure 1.9
shows the difference of pore shapes of chars obtained from castor oil plantwood, bagasse, and babool
wood [26].

According to their size, the pores are classified usually into three groups: (i) macropores having
average diameter higher than 50 nm, (ii) mesopores with an average diameter comprised between 2
and 50 nm, and (iii) micropores having an average diameter less than 2 nm. SEM images of biomass
chars are quite insightful for apprehending the porosity distribution as well as the pore shapes and
sizes. Nevertheless, micropores are not distinguished with this technique, which limits its use to the
analysis of large mesoporosity and macroporosity. An illustration of the char porosity is given shown
in figure 1.10.

Other techniques such as Hg porosimetry or gas (No, CO,, Ar, He) adsorption on the porous char
are used to determine the char porosity, the Total Surface Area (TSA) and the pore size distribution
(PSD) of a porous char. Theoretical model were established to determine these parameters. For
instance, the BET model or the Density Functional Theory (DFT) model are widely used to determine
respectively the TSA and the PSD of porous carbon materials. They are thought to be quite reliable
and have a good degree of precision [27] [28] [29] [30] [31] . An example of Ny adsorption isotherms
and PSD of hemp (Cannabis sativa L.) steam activated chars is shown in figure 1.11.

14
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Figure 1.10: Ilustration of carbonaceous char structure and porosity [24]
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Figure 1.11: Nitrogen adsorption desorption isotherms at 196°C on synthetic activated carbons
prepared at different temperatures (a), semilogarithmic scale adsorption isotherms (b) and DFT
pore size distributions (c) and (d) full symbols, adsorption; open symbols, desorption [27]

15



Chapter 1. State of the art

(a) Edge plane \D

Figure 1.12: Hlustration of a biomass char structure (a) and a magnification of a BSU (b)

1.2.3 The char structural properties

The biomass char can be viewed as a disordered assembling of carbonaceous structural units called
Basic Structural Units (BSU). BSU are composed of aromatic rings more or less condensed. A
biomass char contains different BSU of different sizes. These BSU contain different type of carbons:

e Basal plane carbon sites which contain de-localized sp2 carbons having a low reactivity.

e Prismatic edge carbon sites which contain the functional groups and are thought to be the
reactive sites.

A schematic representation of the char structure is shown in figure 1.12 with the illustration of
BSU as well as basal plane and prismatic edge carbons.

High Resolution Transmission Electron Microscopy images are very insightful for understanding
the structural features of a carbonaceous material [32] [33] [34]. An example of Saccharose coke and
Tobacco char HRTEM images are shown in figure 1.13.

According to the literature, the biomass char structural features can be analysed through X-Ray
Diffraction (XRD) analysis or Raman Microscopy analysis. Nevertheless, according to several carbon
specialists, Raman spectroscopy would be more suitable [35]. These latter emitted severe critics the
validity of the Graphitic Microcrystallite Theory linked to the XRD analysis of disordered carbons.

The structure of a biomass char changes with temperature. It becomes more ordered as the
temperature increases. The heat treatment induces the carbon enrichment of the char and the
desorption of inherent oxygen, hydrogen or other hetero-atoms. The char structure evolves towards
that of a graphite material at very high temperature. Figurel.14 illustrates the graphitization process
of a disordered carboneaceous material with increasing temperature.

Raman spectra of disordered carbons contain two bands of major interest, namely the D-band
(1350 cm™?!) and the G-band (1580 cm™!). The D-band is identified with Defective or Disorganized
carbon, and the G-band with Graphitic carbon. The origins of the D-band, in terms of possible
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Figure 1.13: Saccharose-based coke heat-treated at 1000°C (a) and Tobacco char heated to 550°C
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Figure 1.14: Structural changes occurring during the heat treatment of a graphitizable carbon
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Figure 1.15: (a) Raman spectra from normal wood specimens for selected pyrolysis temperatures.
(b) Relative peak shift and (c) peak-width of the D-band and the G-band as function of temperature.
Solid lines are drawn as a guide for the eye [36].

defective structures in carbons, remain quite obscure. The D-band origin is associated with arrange-
ments of carbon atoms in hexagonal format ranging from a benzenoid molecular type to defective
graphene layers, the defects being lack of continuity in the layer, point defects, multiple vacancy
defects, nitrogen or oxygen in the layer or at edges of layers, etc. Similarly, the origins of the G-band
cannot be identified with graphitic carbon but is rather linked to an in plane vibration in all sp?
carbon materials (graphene layer for instance) [35]. RMS technique has been used to study structure
in carbons and the changes induced by heat treatment or gasification [37] [38] [39] [40] [41] [42]. Fig-
ure 1.15 and 1.16 show the evolution of biomass char structures with temperature and upon contact
with steam.

In the first order region (800-1000 cm™!) of disorganized chars Raman spectra, the so-called D and
G bands are overlapping. This overlapping is due to the fact that the spectrum is the combinations
of several bands corresponding to different carbonaceous structures. The Raman spectrum can be
deconvoluted into several bands according to the nature of the carbonaceous structure present in the
material. For instance, Jawhari [38] characterized the structure of several commercially carbon black
material and found that the Raman spectra of Printex and Vulcan carbons are quite well represented
by a 3 bands. Sadezky [43] has successfully reproduced the Raman spectra of Printex and diesel soot
considering the presence of 5 carbonaceous structure in these materials. In another register, Sheng
[39] evidenced the structural evolution of a coal char during combustion and considered a five band
deconvolution of the coal char Raman spectra. He demonstrated the ordering of the coal char while
reacting with oxygen. Other authors considered a 10 bands deconvolution of biomass and coal chars
while characterizing their structural evolution during pyrolysis and gasification [40] [44] [45] [46] [47].
An example of a curve-fitted Raman spectrum of a coal char is shown in figure 1.17.
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The char texture and structure are highly linked. The disposition of the char BSU forms the
porosity inside the char. For instance, the space between two BSU can be affected to a micro-
porosity while the arrangement of BSU blocks is linked to the meso-porosity and macro-porosity (see
figure 1.10).

1.2.4 The char chemical properties

The char chemical properties can be viewed at two levels: the elemental composition and the surface
functional groups.

The char elemental composition

As stated above, the char is mainly composed of carbon. Its elemental composition depends on the
initial biomass composition as well as on the pyrolysis conditions[48]. The elemental composition
changes with the final pyrolysis temperature as well as along the gasification [30] [31]. The chemical
composition comprises an organic part, related to the presence of C, H, O, N and S atoms, and a
mineral part related to the presence of mineral species such as K, Ca, Na, Mg, heavy metals etc... The
C, H, O, N and S contents are determined by elemental analysers, while the mineral fraction com-
position is determined by Inductive Coupled Plasma (ICP) analysis, Atomic Absorption/Emission
Spectroscopy (AAS/AES) or X-Ray Fluorescence among others. The char elemental composition is
of high interest as it is linked to its High Heating Value (HHV), to the potential pollutant emissions
when combusted or gasified (NOz, SOz, HCN, Heavy metals etc...)[49]. The mineral species affects
highly the char gasification rates and can be classified in tow main groups of catalysts (K, Ca, Na,
Ni..) and inhibitors (57, P, Pb) [50].

The char surface functional groups

Inside the porous char, the different atoms have a defined disposition forming the BSU which ar-
rangement affects directly the char texture as stated above. More closely, zooming at a BSU level, we
can distinguish the organic functionalities on the zigzag and armchair sites. We often refer to them
as "Surface Functional Groups” (SFG). Figure 1.18 shows an example of functional groups that can
potentially exist on the char surface. Carboxyl, carbonyl, phenol, quinone, and lactone groups, have
been identified on carbon surfaces [51]. These sites containing oxygen atoms are highly reactive.

The SFG can be analysed qualitatively and quantitatively by several techniques such as Fourier
Transformed Infra-Red (FTIR) spectroscopy [30] [28], X-ray Photo-electron Spectroscopy (XPS) [52]
and Temperature Programmed Desorption and gas analysis by Mass spectrometry (TPD-MS) [51]
[53] [54] [55] [28]. The TPD-MS technique allows a quantitative determination of the SFG. it consists
of heating the char sample in vacuum at a low heating rate. The decomposition of the SFG leads
to the emission of C'O,, CO, HyO and H, in major part. According to the temperature and to
the nature of the emitted gas, the nature of the surface functional groups can be determined. For
instance, Figueiredo et al [51] as well as Zhuang et al [54] used this technique to follow the evolution
of coal char functional groups during oxidation with O,, while Klose et Wolki [55] measured the
evolution of the CO surface complex for CO, and H,O gasification reaction. This technique can be
coupled to the results given by the XPS technique for a more precise determination of the nature of

SFG [52).
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Figure 1.18: Example of functional groups that can potentially exist on the char surface [51]

1.3 Phenomenology of the char gasification reaction

The char gasification reaction is a heterogeneous solid-gas reaction between the carbonaceous char
and gasifying medium (steam or carbon dioxide for instance). The char gasification reaction may
be described by the following steps: (1) film diffusion of the gasifying agent, (2) diffusion into
the particle, (3) adsorption onto the reaction surface, (4) chemical reaction, (5) desorption of the
reaction gas product from the char surface, (6) diffusion of the product gas through the particle and
ash layer,(7) film diffusion back to the ambient gas. A gross illustration of the gasification reaction
is given in figure 1.19.

The reality is in fact much more complicated. There can be diffusional limitations as the char
pores are of various sizes and shapes. Some of them are inaccessible to the reactant gas if they are
narrower than the reactant gas kinetic diameter. There exist also closed porosity inside the char,
which is also inaccessible. Even if the reactant gas enters a pore, it must reach the reactive sites as
not all the pore surface is reactive. There are only some reactive sites where the reactant gas can
adsorb and react.

1.3.1 Char gasification in the chemical regime

The heterogeneous gasification reaction implies a diffusion-reaction competition. The gas diffuses first
in the porous matrix and react in when meeting an active site. If the diffusion characteristic time is
greater than the reaction characteristic time, the reactant gas will diffuse in the whole char particle,
adsorb on the active sites and reacts afterwards. In this case, the whole char active sites participate
to the gasification reaction (assuming that active sites in closed porosity and very narrow pores are
negligible). The reaction is, in this case, performed in the chemical regime. Experimental conditions
that are required to perform the gasification reaction in the chemical regime are low temperature
and very small particle size. Several authors insist on this crucial point and require more attention
from experimentalists when determining intrinsic gasification reaction kinetic constants because of
quite disparate kinetic data in the literature, and which are likely due to diffusional limitations [14]
[57].
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Figure 1.19: Phenomenology of the gasification reaction [56]

1.3.2 Diffusional limitations

Diffusional limitations began to appear when increasing the temperature, the chemical reaction rate
becomes higher than the rate of gas diffusion in the particle. The reacting gas is consumed before
reaching all the internal available reactive surface. The gasification reaction occurs in only a part
of the reactive surface. In this case, internal diffusion limitations exist and the reaction rate is not
the intrinsic rate. Internal diffusion limitations are accentuated by increasing the particle size. At a
quite high temperature, the chemical reaction rate is so high compared to external gas transfer rate
that the consumed quantity of the reacting gas can not be replaced rapidly. A product gas layer
with a low concentration of the reacting gas is consequently formed around the char particle which
limits the reaction. In this case the gasification reaction is controlled by external mass transfer.

It should be also pointed out that there are two levels of diffusional limitations which must be
distinguished:

e diffusional limitations at the particle level
e diffusional limitations at the pore level

For instance, if we consider a spherical char particle, the diffusional limitations at the particle level
are related to the reactant gas concentration uniformity along the particle radius (from the surface to
the particle core). In the chemical controlled regime, the reactant gas concentration is uniform along
the particle radius in the accessible porosity. However, if there exist inside the char particle pores
of sizes inferior to the molecular size of the reactant gas, these latter would be not accessible. This
situation shows clearly despite of good experimental conditions of small particle and low temperature,
ensuring no diffusional limitations at the particle level, there can be diffusional limitations at the
pore level which are dependent on the char texture. Figure 1.20 shows a schematic representation of
diffusional limitations at the pore level. COy molecules are diffusing inside a micropore, larger than
that of their molecular size (>0.3 nm), while they can not access to very narrow micropores (<0.3
nm).
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Figure 1.20: Schematic representation of diffusional limitations at the pore level

1.3.3 Heat transfer limitations

Char gasification reaction is an endothermic reaction consuming energy. When the particle is small
enough, the characteristic time of heat conduction through the particle is quite low relatively to that
of the reaction characteristic time. The particle temperature is uniform. Increasing the particle size
increases the heat conduction characteristic time. A temperature gradient may appear inside the
char particle.

1.4 Factors affecting the char reactivity

1.4.1 The char reactivity

The char reactivity, towards a gas or a mixture of gases, represents the rate of char consumption
divided by an extensive property, namely the char mass, Active Surface Area (ASA) or Total Surface
Area (TSA). For instance, when it is divided by the mass, the char reactivity reads:

Ry = 1.12
(t) 1 - X(t) . dt ( )
Where X is the conversion level given by:
mo — m(t)
Xy = p— (1.13)

Where mg, m; and myg, are respectively the initial mass of char, the mass at a time t and the
mass of the residual ash.

Because of the much lower rates of char gasification compared to the biomass pyrolysis, the char
yield and reactivity are the main factors affecting the feed rate and size of combustors and gasifiers
[7] [14]. The solid char gasification can be performed with steam, carbon dioxide or a mixture
of these gases. In practical situations, inside a gasifier, these gaseous species are present and can
simultaneously interact with the char. The char yield and reactivity are highly affected by the
pyrolysis and gasification operating conditions (temperature and gasifying medium pressure) as well
as by the intrinsic properties of the parent biomass and those of the resulting char. A brief literature
review is presented in the next paragraphs to state on the complexity and the multitude of factors
affecting the char reactivity. The char gasification reaction is governed by a high number of coupled
factors inherent to the solid or relative to the gasifier operating conditions. These factors can be
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Figure 1.21: TPD profiles of partially gasified chars. A.H,O-750°C-30% B.C'O5-750°C-30% C.H,O-
750°C-60% D.C'05-920°C-30%

divided into factors: those influencing physical processes such as gas diffusion and heat transfer, and
those affecting the gasification reaction such as the SFG, mineral species and char texture.

1.4.2 Factors affecting the intrinsic gasification reaction rate
Surface Functional Groups

The chemical reactivity of a char finds its origin in the presence of the SF'G on the char surface. These
latter constitute the active sites were the gasifying agent adsorbs and reacts. Some authors argue
that the intrinsic char gasification reactivity is in fact a resultant of a reactivity distribution of the
functional groups located at the char surface, which is very reasonable as the chemical functionalities
at the char surface do not have the same reactivity toward a gas [24]. For practical reasons, it is more
suitable, but not very realistic, to consider a single rate constant for char without accounting for the
individual contributions of the SFG to the char reactivity. As discussed in the previous paragraphs,
it is possible to quantify the SFG on a char through TPD and mass spectroscopy quantification of
the desorbed species [51] [53] [54] [55] [29]. For instance Klinghoffer [29] analysed the nature of SFG
on partially gasified chars with COy and H>O through the CO; and CO TPD emission profiles. The
results are shown in figure 1.21. Zhuang et al. as well as Figueiredo et al. [51] used the TPD-MS
technique to follow the evolution of the SFG during char oxidation with O,. XPS technique can be
coupled to TPD-MS results for a more precise identification of the SFG of a carbonaceous material
[52].

Increasing number of studies deal about the mechanism of gasification using a computational
chemistry and molecular modelling approach [58] [59] [60] [61]. An example of Biomass- and Coal-
Derived Chars optimized molecular geometries is shown in figure 1.22. Through thermodynamic
calculations and Density Functional Theory study, researchers evidenced the most plausible mecha-
nisms of gas molecule adsorption and reaction on such molecular model of biomass and coal chars.

24



Chapter 1.

State of the art

0.137 nm
0.126 nm
o
gt ytytyr L
{Biomass) J“““JJ @9 >
& & o ‘d 2@ o
$ 9 v 7 R ] & <9
9 ¢4 @ ¢
s & 2 9 ]
(=) (b)
2 { 0.142 nm
Ja“i““J : K If{l123nm
@ @ 9 3 &9 ¥
2 g @ @
(Coal) & 9 & @
J‘J“"J > & 9 &
| & &
J'.“. o ‘,‘ a4
V] ] o

(L]

Figure 1.22: Biomass- and Coal-Derived Chars: Optimized molecular geometries

Some authors studied also the effects of the presence of surface functionalities on the gas adsorption
process [59].

Reactive Surface Area (RSA) and Active Surface Area (ASA)

Several researchers succeeded to reconcile gasification kinetic models with experimental data by
introducing the effective area participating to the gasification reaction [62] [63] [64] [55].

For instance, Lizzio et al [62] measured a "Reactive Surface Area” (RSA) corresponding to the
amount of desorbed reactive CO complex from the char surface during C'O, char gasification reaction
by means of Temperature Programmed Desorption. The authors found similar evolution shapes of
the RSA and reactivity of bituminous coal char, Saran char, lignite char with the conversion extent.

More recently, Klose et al [55] made the same findings concerning the dependence of the char
reactivity on the RSA. As shown in figure 1.23, the reactivity of oil palm shell char and beech wood
char increases linearly with the RSA for both H,O and C'O, gasification reactions.

Another concept to approach the intrinsic reactivity of a carbon material is the Active Surface
Area measurement, which consists roughly in cleaning the char surface by a thermal treatment and
adsorbing on Os at a low temperature in the range of 200-300°C [64] [65]. The quantity of adsorbed
Oxygen on the char surface is an index of the carbon reactivity as it can be related directly to the
number of active sites on the char surface. The ASA was found to represent a small part of the
TSA. Not all the surface participates to the gasification reaction. Laine et al measured the evolution
of the TSA and ASA of chars during combustion with oxygen and showed the high difference that
exists between TSA and ASA [64]. The ASA was successfully introduced to measure the reactivity
of coal chars to oxygen and would be therefore specific to this molecule. To have a representative
char reactivity index to COy or H,0O, it would be more reasonable to replace the O, molecule by
these latter during the chemisorption step. The obtained ASA would be specific to each gas.

Structural features

As explained above, the char structure highly affects the char reactivity. Many authors evidenced,
thanks to Raman spectroscopy, the link between char structure and reactivity. More ordered chars
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Figure 1.23: Specific reaction rate as a function of the specific reactive surface area

are found to be less reactive. Char structural ordering is promoted at high temperatures and long
soaking time. The char structural ordering is accompanied by a loss of oxygen functional groups
which are thought to be the major and most reactive sites on the char surface [40]. This shows the
intimate relation ship between the different char properties. A brief discussion on this subject given
at the end of the present section.

Asadullah at al. [40] found that the reactivity to oxygen of chars obtained from a mallee wood
decreases with increasing the temperature from 700°C to 900°C. The increase of temperature was
also accompanied by a loss of oxygen functional groups and ordering of the char which are likely
behind the decrease in reactivity.

Tay et al. [66] studied the structural features of partially gasified char, in different atmospheres
containing reducing (H,0) and oxidising (CO, and O,) gasifying agents, using FT-Raman spec-
troscopy followed by spectral deconvolution. The authors found that the presence of H,O during
gasification at 800°C plays a decisive role in the evolution of char structure, in particular by decreas-
ing the relative ratio of small and large aromatic ring structures in char. Keown et al. made similar
observations as the structure of cane trash chars changes drastically after contact with steam [42].

Li et al. [46] also studied the evolution of the char structure during gasification with COs,
H50 and their mixtures using FT-Raman spectroscopy followed by spectral deconvolution. Drastic
changes in char structure were perceived during the reactions. The structural changes were different
respectively in CO; and HyO atmospheres. The char char obtained in mixed atmosphere showed a
very close structure to that obtained in single H,O atmosphere (see figure 1.24). The authors came
to the main conclusion that COy and H,O gasification reactions follow different pathways. For a
defined gasification reaction, the char structural features did not vary in the temperature range of
800-900°C.
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Mineral species

The catalytic effect of minerals in thermochemical reactions of pyrolysis, combustion or gasification
has been demonstrated in several studies either by loading minerals in the raw biomass or by removing
them by leaching with water or acid solution [67] [68]. The gasification rate increases with loading
minerals to a certain saturation limit beyond which carbon pores are blocked. A wide range of
minerals are known to enhance the gasification rate when they are present in the biomass. Zhang
et al. tested 14 different biomass samples including sawdust, bark and some agricultural wastes
by gasifying with 50 kPa steamat 850°C chars which had been formed at 900°C. Char reactivity
measurements indicate that the inherent alkali metals are more effective than inherent calcium to
catalyse the gasification reaction. For chars containing very high silica contents (rice husks and
bagasse), alkali silicates were formed at low temperatures and their catalytic action was curtailed.
A random pore model was successfully applied to describe burnout, with the two parameters related
to potassium content [69].

Keiichirou Mitsuoka et al [70] studied the gasification of cypress char with carbon dioxide after
loading it with alkali catalysts (potassium and calcium). The Ca-loaded char had the highest gasi-
fication rate in contrast with the acid washed-char which had the lowest calcium amount and the
lowest reactivity. The authors concluded that the C-C'O, gasification reaction was accelerated on
CaO surface. However, they pointed out that at lower temperature (1123 K) and higher carbon diox-
ide concentration (80%) the rate of gasification decreased which was probably due to the well-known
CO inhibiting effect.

Huang et al [71] also reported the effect of 5 catalyst metals on the C'O, gasification of fir char.
They found that loading the biomass samples with catalysts metal improves the char reactivity in
the increasing order of Mg, Fe, Ca, Na and K (see figure 1.25).

More recently Dupont et al [72] found that the char reactivity towards steam for various samples
can be expressed as the product of kinetic term accounting for temperature and steam partial pressure
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Figure 1.25: Carbon conversion of different metal loaded char samples [71]

dependence, and an empirical correlation bearing the concentration of potassium and silicon which
respectively catalyse and inhibit the gasification reaction.

Hognon et al found that the effects of mineral species is preponderant at higher conversion
levels beyond 70%(73]. The authors reported two typical behaviour of biomass char, those which
reactivity decrease along the conversion having a K/Si ratio below one, and those having a K/Si
ratio above one exhibiting a constant reactivity or slight decrease followed by reactivity increase
beyond 70% of conversion. It is also reported in a quite exhaustive review on the action of minerals
on char gasification, that the catalytic effect of potassium is much more pronounced with ordered
graphitic-type structures [50]. The mineral content of the char changes with the extent of conversion.
Depending on the nature of the reactant gas, some minerals are retained in the char while others
leave it to the gas phase [31].

1.4.3 Factors affecting physical processes of heat and mass transfer
The char particle size

The size of a char particle is a determining factor in whether the gasification rate is controlled by
the rate of chemical reactions, heat and mass transfer or both of them. It is acknowledged that
the smaller is the particle the more uniform is the gas concentration and temperature inside it. In
the case of concentration and temperature uniformity inside the char particle, gasification would
be chemically-controlled and heat and mass transfer limitations would not influence the reaction
rate. Increasing the char particle size introduces heat and mass transfer limitations, until reaching a
critical size above which heat and mass transfer limitations predominate. In several studies [57], [74],
authors pointed out that biomass reactivity decreases when increasing the particle size, which is due
to an increasing diffusional resistance. Figure 1.26 shows the increase of the char total conversion
time with particle size for steam gasification.

Many authors propose a minimal particle size below which the gasification rate is constant and is
consequently performed in the chemical regime, however the values are quite disparate from a study
to another. For instance, Mermoud et al proposed 1 mm and as a critical size below which char steam
gasification is chemically-controlled [75]. Kirubakaran et al proposed that for a practice size less than
2 mm, chemical reactions controls, between 2 and 6 mm, chemical reaction and heat transfer control
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Figure 1.26: Gasification of charcoal particles of different initial diameters: 10, 20, and 30 mm (T =
930°C, Py,o = 0.2 atm) [74]

and above 6 mm, heat transfer controls the gasification [76]. Van De Steene et al. [77] found that
the particle thickness was the characteristic dimension for parallelepiped shape pine char. They also
found that for particle thickness below 2.5 mm, the char steam gasification is chemically controlled
at 900°C (see figure 1.27).

a b
1 I
0.8 4 0.8 4
A ) 0.6 1 size: 10.5 mm
05 thickness: 5.5mm . H yoofiy
X = size: 15m X ® thickness: [.5mm
0.4 h_'“" mm 0.4 4 & thickness: 2.5mm
s H_""'L': 13mm ® thickness: 4.5mm
0.2 4 & size: 10.5mm 0.2 o thickness: 5.5mm
+ thickness: 6.5mm
0 - - T - () o T T T T
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
time (s) time (s)

Figure 1.27: Influence of particle size (a) and particle thickness (b) on the steam gasification conver-
sion rate (bulk gas temperature: 900°C, 0.2 atm H>O (in Ns)) [77]

Gomez Barea et al [57] found that the CO, gasification reaction of char from pressed-oil stone
is chemically controlled for powder char particles of 0.06 mm which is quite different from the value
given above. An increase of particle size increases the time required for total conversion as depicted in
figure 1.28. Klose et al. proposed that HoO-char and C'O,-char gasification reactions are performed
in the intrinsic regime for particle size below 0.125 mm and 10 mg of sample mass. Isothermal
gasification experiments are done in a thermogravimetric apparatus [55]. This variety of statement
about intrinsic conditions show well that it is a quite difficult to state with insurance on the nature
of the gasification regime. It depends highly on the experimental conditions as well as on the texture
of char. This issue will be discussed in the frame of the present work.
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Char texture

As discussed above, the char texture, namely the TSA, PSD and pore shape, highly affects the
gas diffusion inside the porous char. The larger is the pore, the easiest is the gas diffusion inside
it. For very narrow pores, the gas diffusivity becomes very low. If the pore diameter is lower
than the molecular diameter of a gas, the gas can simply not diffuse inside it. For instance a C'O,
and H,O molecules can not diffuse in pores having an average size respectively below 0.34 nm and
0.27 nm. The effective diffusivity D.s; of a gas inside a porous char is given as a function of its
molecular diffusivity (kinetic theory of gas) Di,,, and the Knudsen diffusivity (dependence on the
pore diameter) Dgpydsen-

. 1

Diepy = i i (1.14)

DKnudsen Dimol

5 T 1.75
Dio = a; 107 () 1.15
fmol = @ 208 (1.15)

d T 0.5
Di genudsen = 0.97—22< () 1.16
(K nud > \31 (1.16)

Figure 1.29 illustrates the COy and H,O effective diffusivities at 900°C as a function of the pore
diameter.

Heat and fluid transport phenomena depend on the morphological features of the biomass parti-
cles such as tortuosity, porosity and pore size distribution. Porous char are more reactive than the
non-porous ones, as they present a larger reactive surface and allow gas diffusion inside the parti-
cles. Henrisken et al [78] highlighted the influence of the texture on gas transport phenomena and
concluded that they were enhanced in the longitudinal direction of fibres whereas they were lowered
in the radial one.

C. Avila et al. [79] also established links between reactivity and morphology of 10 biomass
chars. They observed by mean of SEM images that biomasses giving the thickest walled char had the
lowest reactivities, while those giving the thinnest walled char had the highest ones because of a lower
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Figure 1.29: C'O, and H,O effective diffusivities as a function of the pore diameter at 900°C

resistance to mass and heat transfer. The developed surface area depends on the pyrolysis conditions.
HHR chars exhibiting a higher reactivity exhibit a surface area consisting mainly of mesopores and
macropores, while LHR chars exhibit a surface area mainly consisting of micropores [80]. Some
authors think that the mesopores and macropores are better indicators of the char reactivity owing
to the differences observed on LHR and HHR chars. Contribution of micropores to the active surface
area is thought to be negligible [80]. The TSA of a char depends on the pyrolysis conditions in terms
of temperature, heating rate and pressure [81] [82]. Attempts to correlate the initial reactivity (at
X=5%) of the different char with their respective TSA were unsuccessful. Reactivity of biomass char
can increase by near to 10 folds at the end of the reaction compared to the initial stages [72]. Several
authors explain this reactivity increase by the increase in the reactive surface during the gasification,
however, most of studies show that the reactivity increase is not proportional to the increase in the
TSA [81] [31]. For instance, Fu et al. [31] investigated the evolution of char textural and chemical
features during steam gasification. The char was produced from fast pyrolysis of rice husk. The
authors found that the highest TSA was obtained at X=49%. TSA decreased beyond this conversion
level, probably because of pore coalescence and collapse (see figure 1.30). Similarly, Laine et al [64]
observed that coal chars with nearly the same TSA, have quite different reactivity.

From these observations, it comes out that the textural properties are more related to a porous
volume and gas diffusivity inside the char, than to its chemical reactivity. Only a small portion of
the TSA is effectively reactive. The use of an appropriate surface area should result in a surface
related reaction rate, which is independent from the degree of conversion. Besides, the reaction rate
should be proportional to the relevant surface area. Reactive Surface Area (RSA) or Active Surface
Area (ASA) were found to be quite representative of the char reactivity [64] [55].
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Figure 1.30: Nitrogen adsorption/desorption isotherms of the rice husk chars at different conversion
levels of gasification with steam

1.4.4 Some relevant observations coming from the literature on the char
reactivity

The influence of pyrolysis heating rate and final temperature on the char reactivity It
has been well established that pyrolysis heating rate quite influence biomass char reactivity. Low
heating rates produce char with a low reactivity, meanwhile high heating rates generate chars with
higher reactivities [80] (see figurel.31).

The parameter HR has no physical meaning when focusing on the char gasification reaction.
Saying that LHR conditions produce less reactive chars than HHR conditions does not clarify more
the situation. It is more suitable to say that the HR influences directly the char chemical and textural
properties that impact on its reactivity. Indeed, HHR produce a more porous char and more cracks
and voids, as more volatiles are emitted in a shorter time than the case of LHR. The carbonaceous
texture and structure are therefore different from a LHR char. Pore size distribution is also different
and the HHR chars have a less ordered structure than the LHR ones. LHR also tend to keep a similar
texture as that of the parent wood [82]. Particle shrinkage is more pronounced in the case of LHR
conditions. Some authors think that the higher internal pressure developed in HHR conditions tends
to resist to the particle shrinkage (see figure 1.32 [83]). This impacts directly the particle porosity.

The pyrolysis final temperature as well as residence time impact the char reactivity. The de-
crease in the char reactivity with increasing temperature is known as structural ordering of thermal
annealing. Here again, the pyrolysis temperature or residence time do not illustrate the physical or
chemical cause behind the char reactivity modifications. Pyrolysis final temperature as well as resi-
dence time impact the char reactivity through modifying the char properties. The thermal annealing
phenomenon is the result of structural ordering of the char into a less reactive one. It involves several
inner modifications of the char related to the elemental composition, minerals and porous network
among others. Char deactivation during pyrolysis depends on two main parameters: Pyrolysis final
temperature and residence time. It has been demonstrated that the char reactivity decreases when
increasing the pyrolysis final temperature [84] [85] [86]. The elemental composition of the biomass
char changes with temperature. Oxygen and hydrogen continue to be released out of the char porous
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Figure 1.32: Photographs of raw material of wood cylinder and wood cylinder chars prepared at
heating rates of 1 and 30 K/s (left to right) captured from (a) side view and (b) top view[83]
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matrix as the pyrolysis temperature increases. The high levels of oxygen content in biomass fuels
foster cross-linking of the carbon chains and inhibits ordering of the char matrix [87]. The loss of
oxygen and hydrogen by elimination of functional groups are clear indicators of subsequent coales-
cence, ordering and rearrangement of aromatic rings. Increasing the pyrolysis final temperature is
also accompanied by and textural structural modifications occurring simultaneously with the release
of volatiles. Indeed, studies on the pyrolysis of Maize stlak, rice straw, cotton straw, rice husk [88],
Brazil Nut shells [89] and eucalyptus [90], showed that the porous network developed inside the char
particle depends markedly on the pyrolysis final temperature. Increasing the pyrolysis temperature
from 600°C to 900°C is accompanied by an increase of the micropores volumes, mesopores volumes,
surface areas and a decrease in the average pore diameter. Beyond 900°C, the tendencies were
reversed for all the parameters.

Physical and chemical influencing factors are highly coupled The factors influencing the
char reactivity are in reality highly coupled. For instance, the particle size affect the carbonaceous
structure as well as the chemical composition of the char. Indeed, Asadullah et al [91] showed that
biomass particle size influence char yield and carbonaceous structure during the pyrolysis process. For
biomass particles of 5 mm, the authors evidenced the formation of a secondary char, corresponding
to coke deposition originating from re-adsorption and condensation of volatiles formed inside the
pyrolysing biomass/char matrix. The authors used Raman spectroscopy to evidence such phenomena.
These observations are confirmed by Pattonatai et al [92] who evidenced intra-particle tar cracking
during the pyrolysis of thermally thick wood cylinders. Pyrolysis was performed at a low heating rate
(HR) and led to a homogeneous char sample. The authors evidenced the uniformity of the elemental
composition along the radial direction regardless of the final pyrolysis temperature. The particle
size can also impact the mineral retention in the char particle. Mohammed Asadullah et al [91]
established also a good correlation between biomass particle size and alkaline earth metallic species
retention in the remaining char after the pyrolysis step. The authors noticed an improved retention of
the alkaline earth metallic species (Na, K, Mg and Ca) when increasing the size of biomass particles.
As seen above, the loss of H and O atoms is accompanied by a structural modifications which also
impact the char texture and consequently the gas diffusivity [88].

Synthesis All these chemical and physical modifications are responsible of the modifications of
the char reactivity at two levels: The chemistry of the gasification which is impacted by the nature
of the carbon structure forming the char as well as by the presence of catalytic active species and
active sites concentration. The mass transport inside the pores which is directly related to the char
textural properties. The factors affecting the char reactivity are numerous and highly coupled. To
illustrate this complexity, a simplified scheme in which are presented the different factors as well as
their inter-dependence is proposed in figure 1.33.

1.5 Char gasification in the chemical regime

Literature on biomass char gasification in the chemical regime is huge. Di Blasi summarized in
her review the main findings related to the H,O and C'O, gasification of biomass chars as well as
their combustion [14]. Most of the studies on small char particles are performed in classical TG
devices, fluidized bed reactor or fixed bed reactors and aim at the kinetic modelling, gas composition
determination or char structural modification monitoring during CO, and/or H,O gasification. Char
gasification reactions were studied for a high number of biomass chars including woods [72] [93] [94],
energy crops [95], agricultural residues [96], sewage sludge [97] or algal biomasses [98] [73].
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Figure 1.33: A schematic representation of the influencing factors on the char reactivity and their
inter-dependence

The previous sections demonstrate well the complexity of the char reactivity modelling due to
the numerous factors influencing it. Authors agree about considering three main chief sample char-
acteristics for char gasification modelling: chemical structure, inorganic constituents and porosity.
However, most of the kinetic models do not use these fundamental features for char gasification
description due to their measurement difficulty and their high variability along the conversion [14].
The common approach is therefore to consider a global reactivity description.

As stated above, the char reactivity depends on the operating conditions (temperature and re-
actant gas pressure), and char properties (texture, mineral content, structure). It is thus commonly
expressed as the product of a reference reactivity R(Xref)r p,)(depending on the temperature and
reactant gas pressure) and a structural term f(X) accounting for the char properties evolution along
the conversion. Owing to the difficulties in the monitoring of the intrinsic char properties along the
conversion, the structural term is usually an empirical correlation where the conversion level appears
as the sole variable. Changes in the char intrinsic properties are implicitly described by this empirical
term. The reference reactivity corresponds to a specific conversion level. Reference reactivity at 10%
or 50% of conversion have been used in the literature [99] [100]. The reactivity at 50% conversion
level R(50) is the most frequently used as a reference value. The reactivity at any gasification stage
can be thus expressed as:

R(X)py = R(Xref)@.p)f(X) (1.17)

1.5.1 Kinetic constants

As the reference reactivity depends on the temperature and on the gasifying agent partial pressure,
the most simple approach is to consider a nth order model. The reference reactivity is expressed as
a product of a reaction rate constant k;r) which depends on the temperature and the reactant gas
partial pressure following a power law.

The reference reactivity expression reads:
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ki(ry is the reaction rate constant [s~'.atm™"] , Py [atm] is the reactant gas partial pressure and
n is the reaction order.
The rate constant accounting for the reactivity temperature dependence, follows an Arrhenius
law:
E;

kiry = Aiexp;%—T (1.19)

Where A;[s™!.atm™"] is the pre-exponential factor[J/mol], E; [J/mol] is the activation energy and
R [J/(mol.K)] is the universal gas constant.

A more realistic model based on Langmuir-Hinshelwood reaction mechanisms can be used to
express the reference reactivity. In this model, the gasification reaction unfolds in two steps. In the
first step, called oxygen exchange step, the oxygen atom of the CO molecule (taking the Boudouard
reaction as an example), is adsorbed on the active site C() on the char surface. Then in the second
step, the oxygen atom, reacts on the carbon active site to produce a C(O) molecule that will be
afterwards desorbed. The desorbed carbon monoxide has an inhibiting effect as it can react with the
C(O) function and forms again a C'O, molecule. The Boudourad gasification reaction is decomposed
into two elementary steps:

C +COy — 2C0O (1.20)

C() + COy — C(0) + CO (1.21)
¢(0) —COo (1.22)

(1.23)

According to Langmuir-Hinshelwood reaction mechanisms, the reference reactivity in the case of
COs gasification reads:

ki Pco.)
1+ (k1) /kacry) Pcoy + (ki /kar)) Pco,)

The same mechanism is held for steam gasification but with the only difference of an extended
set of equations accounting for hydrogen inhibition.

(1.24)

R(Xref) =

C+ H,0 — CO + H,y (1.25)

C() + H,O0 — C(0) + H, (1.26)
C(0)+ Hy, — C() + H,O (1.27)
C(0) — CO (1.28)

C()+ Hy — C(H)2 (1.29)
C(Hy) — C() + H, (1.30)
C()+1/2Hy, — C(H) (1.31)
C(H)+ — C()+1/2H, (1.32)
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For steam gasification, the reference reactivity has the following expression:

k1) Pas0)
L+ (ki) /ksry) Pi,oy + f(Pi))

R(Xref) = (133)

1.5.2 The structural function expression

The structural function expression can be developed from structural models that describe the evolu-
tion of the char properties during the gasification. These models have a theoretical expression that
may contain one or many parameters which are adjusted experimentally to fit the char structural
evolution trend [101] [102] [93] [94]. Structural functions can also have a purely empirical expression
having a polynomial form [99] [100] [34]. Three basic models can be applied to study the evolution of
the reactive surface during heterogeneous reaction: the volume reaction model (VRM), the shrinking
core model (SCM) and the random pore model (RPM).

e The VRM, also named homogeneous model, assimilates the heterogeneous reaction of gasifica-
tion to a homogeneous reaction. The reaction takes place at the totality of the active sites and
the structure of the particle is assumed not to change. The structural function corresponding
to this model, which decreases as gasification proceeds, is expressed as:

oy =010-X) (1.34)

e The SCM assumes that the reaction initially occurs at the external surface of the particle
and gradually moves inside it. As the particle size is reduced during the transformation, the
reactive surface also decreases, but the particle density remains unchanged. At the intermediate
conversion of solid, the char represents a shrinking core of non-reacted solid.

foo = (1= X)* (1.35)

e The RPM considers that gasification takes place on the inside surface of the micropores, which
occupy most of the surface area of the particle. As a function of the reaction progress, the reac-
tive surface initially increases due to the pores growth, and then it decreases by the coalescence
of adjacent pores.

foxy=(1—X)(1 - Vin(l - X))"? (1.36)

The ¥ parameter, related to the char structure, is most often determined by fitting procedure
due to its experimental determination difficulty. Its theoretical expression is the following one:

. 4’7TLO(1 — 60)

v
S8

(1.37)

Ly is the pore length [m], €y is the char initial porosity and Sy is char total surface per unit
volume [m].

Despite that RPM is widely used for coal char gasification modelling, it does not fit to many
case of biomass char gasification modelling. There exist besides varieties of modified SCM and RPM
with additional semi-empirical parameters introduced for better fitting with the experiments. These
parameters are for instance related to the presence of minerals in the char [72] [69] [101].

37



Chapter 1. State of the art

Many authors use power law models and polynomial functions to account for the char properties
evolution along the conversion as the none of the above described models captures the reactivity
evolution adequately [23] [14].

The power law model has the following expression:

foxoy=(1-X)" (1.38)

For the polynomial function, the structural function reads:

fo = 2 aX! (1.39)

An extensive collection of additional structural functions is available in the literature [23] [14]
[103]. These functions are in most of the cases "black box” ones, bearing no physical meaning.

The structural function hides necessarily physical and chemical changes occurring in the char.
Very few authors succeeded to reconcile the gasification models with the experiments by introducing
the RSA as discussed above [62] [55]. The RSA bears no empirical parameters. It corresponds to
the amount of reactive C(O) complex on the char surface. These latter can be determined by the
TPD-MS technique.

The structural function is in this case determined experimentally:

fox) = RSA (1.40)

The RSA is the most realistic structural function. However, its determination is not at all trivial.

1.6 Char gasification in the presence of heat and mass trans-
fer limitations

1.6.1 Literature review on char gasification in the presence of heat and
mass transfer limitations

The literature on char gasification is huge. Most of the char gasification studies are performed using
thermogravimetric apparatus and fine char powders to get kinetic data in the chemical regime [14].
However, studies on gasification of large char particle are scarcer.

For instance, Groeneveld and van Swaaij [104] investigated the gasification of wood char particles
with dimensions of 40 mm x 20 mm x 20 mm. The gasification reaction was performed in a mixture
of H,O and CO,. A local volumetric model enabled them to explain conversion profiles found
experimentally. The authors adopted an overall reaction of 0.7.

Standish and Tanjung [105] analyzed the effects of temperature, CO, gas composition, and par-
ticle size in 10-34-mm-sized wood charcoal gasification. They correlated their observations with an
apparent nth-order kinetic expression that has a reaction order of 0.71. The initial particle size effect
was also included in the expression raised to a power of -0.81.

For instance, Dasappa et al. [106] modelled the gasification of an isolated single charcoal sphere
initially in a C'Oy/ Ny mixture. The model was afterwards extended to the steam char gasification
reaction. The model describes the physical phenomena of diffusion convection and reaction processes
of the gas and solid char species as well as energy transport in the pores by mass and energy conser-
vation equations. Immediate outflow of the gas phases is described by convective transport. Modified
Langmuir Hinshelwood kinetic model is used for the gasification reaction term. The numerical re-
sults fit well the experimental data for the C'O, char reaction up to 60% of conversion, however, the
modelling results are less accurate for the steam gasification reaction.
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Figure 1.34: Rate of conversion as a function of the degree of conversion (X) for L, R and T series
[78]

Gomez Barea et al. [57] evidenced diffusional limitations during C'O, gasification of pressed-oil
stone char. The authors varied the particle size from 0.06 mm to 2.1 mm and calculated experimental
effectiveness factors at different temperatures. In an accompanying paper [107], the authors developed
an original char gasification model that takes into account the diffusion-reaction processes within a
finite-size char particle as well as intra-particle heat effects and heat and mass transfer phenomena
that occurs in the external gas layer. Intra-particle mass transfer limitations were identified as the
main factor responsible for the strong resistance found at large particle size and high temperature.
External heat and mass transfer were also determined to have a relevant role in the C'O, char
gasification reaction.

More recently, Mani et al [108] evidenced diffusional limitations in wheat straw char gasification
with C'Oy in a temperature range of 750 to 900°C and particle size range of 0.06 to 0.925 mm.
Although the char particle are not large ones, diffusional limitations were observed for particle size
higher than 0.06 mm.

Gasification of large char particles where mass transport is the limiting factor was studied by
Henriksen et al. [78]. The authors evidenced the preferential transport along the grain direction
by coating the char pores with alumina silicate which sinter with heating and form a gas proof.
In a steam gasification run, the coating was performed on two of the three possible gas entries
(longitudinal (L), tangential (T) and radial (R)). The authors observed that the gasification rate
was most influenced when preventing steam to enter along the fibre direction (L). They also noticed
that at advanced level of conversion the gasification rate was the same independently from where
the coating was initially performed (see figure 1.34). The authors also pointed out that low heating
rate (LHR) pyrolysis allows to obtain homogeneous and similar chars.

Mermoud et al [80] studied the influence of the pyrolysis heating rate on the char physical prop-
erties and reactivity to steam. The char particle were prepared from spherical wood particles of 10
mm diameter. They showed that increasing heating rate leads to a more porous char containing
higher mineral amount and exhibiting a higher reactivity to steam. They also studied showed the
macroscopic evolution of a large char particle under steam gasification and performed porosity and
surface area measurements on the raw chars. The authors concluded that most probably, the char
steam gasification occurred in mesopores. The micropores contribution to the active surface area
would be small compared to that of the mesoporosity.
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The same authors carried a numerical study on the steam gasification of a single large char
particle and evidenced mass and heat transfer limitations for large char particles gasification [74]. The
numerical model based on balance equations for gas species and enthalpy, and including heterogeneous
reaction kinetics, was able to describe, both qualitatively and quantitatively with an accuracy of 7%
until 60% of conversion, the effect of the parameters that can be controlled in an industrial process
of gasification of large particles by H2O: the diameter of the particle (10 to 30 mm), the temperature
(830 to 1030°C), and the H,O partial pressure (0.1 to 0.4 atm) of the surrounding gas phase.

The model allows to characterize the thermochemical situation of the char particle at any date "t”.
Fields of gas concentrations and temperatures show the existence of gradients inside the particles.
The modelling results confirm that the gasification of large particle can not be accurately described
using simplified models such as a homogeneous or shrinking-core models. Mass transfer is limiting
the process for large particles both outside and inside; the assumption of mass equilibrium between
the particle and the surrounding gas is not valid. On the other hand, the assumption of thermal
equilibrium between the particle and the surrounding gas can be adopted with minor impact.
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Figure 1.35: Arrhenius plot of reactivity for chars prepared at heating rates of (a) 1 K/s and (b) 30
K /s [83]

To understand better the observed discrepancies beyond 60% of conversion for large particles
(having a diameter > 7 mm), in another paper, Golfier et al [109] studied the effect of peripheral
fragmentation on the large char steam gasification rate. The authors introduced fragmentation
criteria (critical porosity value and gradient) to account for the char matrix dislocation at high
conversion levels. The authors observed that When reaction kinetics is the predominant mechanism
(for the 7 mm diameter particle), the agreement obtained with the experimental curve remains
excellent with or without fragmentation. On the other hand, when the particle is larger and the
diffusional effects increase, the model including fragmentation is much more accurate.

Umeki et al [110] also developed a semi-empirical model for steam gasification of large char
particles based on the effectiveness factor. The authors set a simple expression for the apparent
reaction rate of large wood char (14.3 and 21.2 mm ) gasification which was expressed as the product
of the intrinsic rate and an effective factor. The authors took into account the change in char diameter
and intrinsic reaction rate during the reaction. This model does involve solving mass and energy
equations and does not takes into account the physics of gasification.
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Tagutchu et al [111] also studied the gasification of pine char particles with a thickness range of
1.5 to 5.5 mm. The gasification of wood char particles during gasification in three atmospheres, i.e.,
HyO, CO,, and Hy0O/COs,, was experimentally investigated in a macro TG device. An important
result of this article is that the addition of C'O, in a H5O atmosphere led to an acceleration of
gasification kinetic. In a mixture of 20% H>0O and 40% CO,, the gasification rate was 20% higher
than the sum of the gasification rates in the two single atmospheres.

Van de Steene et al. studied the wood-chip chars gasification with H,O, CO; and Oy both
experimentally and numerically. The char particles had a parallelepiped shape. The authors showed
that the characteristic dimension is the particle thickness. The authors varied the particle thickness
and found that there was no rate modification below a particle thickness of 2.5 mm . Experimental
results from a macro-Thermogravimetric reactor were compared to those from a char particle model,
previously established by Mermoud et al, in which were performed modifications concerning the
particle shape and the introduction of surface functions to account for reactive surface evolution
through the gasification reactions [77].

More recently, Pattonatai et al [92] evidenced intra-particle tar cracking during the pyrolysis of
thermally thick wood cylinders. Pyrolysis was performed at a low heating rate (HR) and led to a
homogeneous char sample. The authors evidenced the uniformity of the elemental composition along
the radial direction regardless of the final pyrolysis temperature.

The same authors [83] studied afterwards the oxygen gasification characteristics of large wood
chars. The authors evidenced the effects of the pyrolysis HR on the char properties and tar yield.
They also show that at a temperature of 673 K, the char reactivity towards oxygen was constant
regardless of the char particle size and pyrolysis HR which corresponds to the chemical regime (see
figure 1.35). The authors pointed out the shrinkage during LHR pyrolysis and that the char would
keep its initial size during gasification if it is performed in a chemically controlled regime. However,
when increasing the temperature, significant morphological changes occur depicted by the decrease
in the particle dimension mainly in the grain direction (see figure 1.36).

This brief review shows that large char particle gasification is not extensively studied in the
literature , despite the large particle size in gasifiers and the presence of mass transfer limitations in
practical conditions.

1.6.2 Modelling char gasification with heat and mass transfer limitations

As seen before, when the char particle is small enough and the temperature is low, the gasification
reaction is performed in the chemical controlled regime. This situation is an ideal one for kinetic
parameter determination. In biomass gasifiers, the char particle size is rather in the order of sev-
eral millimetres, even centimetres. The temperature may also reach 1000-1100°C. This situation is
typical of mass and heat transfer limitations. The rate of gas diffusion becomes comparable to the
chemical reaction rate leading to a limited penetration of the reacting agent into the char matrix.
In the presence of heat and mass transfer limitations, there exist gradients of temperature and gas
concentrations in the char particle. The chemical reaction rate is not therefore uniform in the solid
matrix. The gasification reaction rate is an apparent rate, lower than the intrinsic rate due to mass
and heat transfer limitations.

There exist different methods for formulating the apparent gasification reaction rate [110]. The
simplest method is using the pseudo-activation energy which changes with temperature. However,
this method cannot express the effect of the particle size and is poorly describing the physical
phenomena. The evolution of the gasification rate with particle size can be described through a
semi-empirical expression, where the apparent reaction rate is expressed as a function of the intrinsic
reaction rate and the particle size [105]. The third method consists in using the effectiveness factor
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Figure 1.36: Photographs of initial char (X = 0), char at X = 0.5 gasified at 673 K, and char at X
= 0.5 gasified at 1173 K (left to right). Char samples are prepared at heating rates of (a) 1 K/s and
(b) 30 K/s [83]

from catalyst theory [112] [113] [108]. The fourth method is numerical modelling of partial differential
equations (PDEs) formulated from the mass and energy balance equations [74]. This method can
express the apparent reaction rate most precisely, but requires much computing time for the gasifier
simulation since PDEs for every char particle in the gasifier should be solved. We will briefly develop
the last two approach for modelling char gasification in the presence of heat and mass transfer
limitations.

The effectiveness factor approach

In the case of mass transfer limitations, the concentration of the reactant gas (COy or HyO) exhibits
a gradient throughout the particle with a maximal value at the surface. In this kind of situation,
Thiele [114] defined an effectiveness factor 7, that allows to take into account the consumption of the
reactant gas while it diffuses inside the porous particle. In such conditions, the apparent reaction
rate expression reads:

dmc
dt
with m¢: mass of char (kg), ki): Kinetic rate constant of char gasification (kg.s~'.m™2.atm™")
, Sy Reactive surface area (m?.kg™'), P,: reacting gas partial pressure at the particle surface(atm)
n: reaction order, n: Thiele effectiveness factor.

Reaction order of biomass char gasification differs from a study to another. In Di Blasi’s review,
C' Oy char gasification reaction order varies between 0.36 and 1.2. That of H,O char gasification

=nmg k(T) STP; (1.41)
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is comprised between 0.4 and 1 [14]. When using the effectiveness factor approach to model the
effect of LHR char gasification, we will consider the gasification reaction as first order reactions. The
definition of the effectiveness factor is rigorous only for a first order reaction.

Thiele effectiveness factor, 7, comprised between 0 and 1, is the ratio between the apparent
reaction rate and the intrinsic one (without diffusion limitations). In the chemical regime, n=1. It
tends towards 0 with increasing diffusional limitation. The effectiveness factor expression is obtained
by volume integration of the reactant gas balance equation.

3 1 1
N E(tcmf@ _5

The Thiele modulus ¢ has the following expression:

dpart 5 Sv k(T) Pg
pr— 1-4
¢ 2 \ MyD.Cy (1.43)

Where d,q,¢ is the particle diameter (m), § is a stoichiometric coefficient equal to ratio between
the gas molar mass and that of carbon, S, is a volumetric surface (m?/m?®) which is equal to the
product of the specific surface by the char density, M, is the molecular weight of the reactant gas
(kg.mol™"), C, the bulk concentration of the reactant gas(mol.m™3), D, is the effective diffusion
coefficient (m?/s).

For a gas "i” (COy or H20), Di.ss is expressed through the the molecular diffusion coefficient
Di,,, and the Knudsen diffusion coefficient Dixpudsen:

U ) (1.42)

_ 1
Dieyy = i i (1.44)
Dgnudsen Diol
T 1.75
Diippor = a; 107° (298) (1.45)
d ore T 05
Diknudsen = 50.97 " (M) (1.46)

Where a; is a constant taken to 1.67 for CO, and 2.1 for HyO [113], dpore is the pore diameter
(m), € is the char porosity and 7 is the char tortuosity

Several authors used the effectiveness factor approach to model the char combustion and gasifi-
cation reactions for different temperature and particle size [115] [57] [110] [108] [116] [97] [113]. The
effectiveness approach render the calculation of the char reactivity straightforward. Despite it does
not gather all the physics of the gasification reaction, it is a simple method allowing to predict the
char apparent reactivity without enormous computational effort.

Numerical modelling approach

Numerical modelling involves setting mass and energy balance equations to model heat and mass
transfer inside the char particle. For more details on single large char particle gasification modelling,
the reader can refer to [74]. A brief description of external and internal energy and species transport
is given in the next paragraphs.

The char particle, identified by the subscript 7, can be seen as a porous medium including a fluid
and a solid region consisting mainly of carbon, identified as the S-phase and the o-phase, respectively.
For instance, when considering the Boudouard gasification reaction, three species are of concern when
establishing the model equations:
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e the solid char: approximated as pure carbon
e the reactant gas: C'O,

e the produced gas: CO

The gas transport inside the particle can be modelled by a sum of a convective and a diffusive
terms. The convective term includes a superficial velocity which can be determined by the Darcy’s
law. The diffusive transport is governed by the Fick law.

For a gas specie ”j” (CO4 or CO), the balance equation reads:

0 :
W + V.(psn Vowin) = V.(psyDjnVwjn) + Ry (1.47)

The first left hand side term corresponds to the accumulation, the second left hand side term corre-
sponds to the convective gas transport while the first right hand side term represents the diffusive
transport. Finally, the reaction term (production or consumption) is given by the second right hand
side term.

The superficial velocity is given by the Darcy’s law:

K
v, = I"VR] (1.48)

K, and y; are respectively the char permeability and the j™ gas specie viscosity.
The gas pressure inside the particle porosity is given by the ideal gas law:

pen BT,
P, =" (1.49)
! Mﬁn
The solid char conservation equation reads:
3(677p0n)
— R. 1.
5 R; (1.50)
The energy balance equation reads:
oT,
(/)Cp)nﬁ + (pCp) oy V- VI, = V.(AVTy) + @y (1.51)

The first left hand side term corresponds to the accumulation of energy, the second left hand
side term corresponds to the convective gas transport of energy while the first right hand side
term represents the conductive transport of energy according to Fourier’s law. Finally, the energy
consumed by the gasification reaction per unit time is given by the second right hand side term.

e [External heat transfer

Considering that the particle environment is at a constant temperature. The heat flux density
at the particle surface is given by:

A% 0 = Ry (T — T) 4 o€ (T — T¥M) (1.52)

T and T represent respectively the temperature of the surroundings and particle surface. o
is the Stefan-Boltzmann constant [W.m™2.K %] and ¢ is the char emissivity close to the unity
(char is assimilated to a black body).
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heons (W.m™2.K~2)is the convective heat transfer coefficient. It is a function of the dimen-
sionless Nusselt number, the particle diameter,dp [m], and the thermal conductivity of the
surrounding gas, A [W.m 1. K~1].

Nul>®
Peony = 1.53
- (1.53)

o External mass transfer

Considering a reacting gas in the particle environment at a constant concentration, the mass
flux density of the reacting gas at the particle surface is proportional to the gas concentration
differences between the surroundings and the particle surface.

N n = k’m(p]a-Q —p5) (1.54)

k., [m/s] is the convective mass transfer coefficient.It is a function of the dimensionless Sherwood

number, the particle diameter (dp) and the diffusivity of the surrounding gas D; [m?.s™].

_ ShD,
-5

kom (1.55)

p?Q and p}° represent respectively the reacting gas concentrations in the surroundings and at
particle surface.

1.7 The use of C'O, in biomass pyrolysis and gasification

The present chapter aims to gather the available knowledge on C'O, utilization in biomass pyrolysis
and gasification process. The collected information comprises some reference to coal. The effect of
C'O, on the biomass pyrolysis and gasification was studied at two levels:

e a theoretical level using thermodynamic analysis based on equilibrium calculations,

e an experimental level by studying (i) the effects of CO, on the gas composition, (ii), the effects
of COy on the char properties and (iii) effects of C'Oy on the char gasification in complex
atmospheres containing H,O

1.7.1 Thermodynamic analysis of biomass gasification with injection
C'Os in the gasifying medium

Thermodynamic simulations (based on equilibrium calculations) of thermochemical conversion of
carbonaceous feed-stocks into Syngas at the reactor level using C'O, in the gasifying medium were
performed by Renganathan et al. [117]. The main conclusions to which the authors came to are the
following: The C'O, gasification of biomass under adiabatic condition is not favourable as it results
in an incomplete carbon conversion and quite low Cold Gas Efficiency (CGE). The operation has to
be done in isothermal conditions with a constant supply of heat. When increasing the temperature,
the CGE increases as well as the COy and carbon conversions. The H,/CO ratio deceases with
temperature for a defined C'Oy/biomass ratio. Pressure have a negative influence over the carbon
and C' Oy conversion and thus the CGE of SynGas. Indeed, when increasing the operating pressure
above 4 bars, the reverse Boudouard reaction as well as the reverse Primary Water Gas (PWG) are
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favoured as they tend to lower the decrease the pressure. CO concentration decreases with pressure
while that of Hy is almost independent. When increasing the C'O, flow rate (mol of COz/ mol
C), CO production increases up to a plateau while that of Hs monotonically decreases. The C'O,
conversion reaches a maximum at the Carbon Boundary Point (CBP), in which all the solid carbon
is transferred to the SynGas. For a higher C' O, flow-rate, the C'Oy conversion decreases as the C'Os
leaves the reactor without reacting. The authors identified a universal optimal operating temperature
of 850°C for minimum energy input. The initial carbon feedstock has an influence on the heat and
C'Oy requirements of the process via its elemental composition (H/C and O/C ratios). Among a a
variety of carbonaceous feed-stocks, biomass shows the lowest C'O5 and heat requirements while Coal
Anthracite showed the maximum ones.

Simulations considering mixed atmosphere gasification showed that for a defined C'O,/C ratio,
increasing % of steam or O, results in increased carbon conversion and a decreased C'O, conversion.
When introducing steam, the amount of CO decreases while that of Hs increases which is consistent
with experimental data of [8]. Increasing oxygen results in the reverse case: H, decreases and CO
increases. The heat input required at CBP does not show a minimum with respect to temperature
for higher % of H,O or O,. Gasification using CO, /05 mixture can be carried out with no heat input
over a certain temperature range. Use of HyO or Oy as a co-gasifying agent reduces the amount of
C' Oy required at CBP and the conversion of C'O,. Finally the use of steam reduces the CGE slightly
at low temperature, Oy has a negative on CGE, more at low temperature than at higher ones.
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Figure 1.37: Biomass gasification using recycled CO, as gasifying agent.[118]

Chaiwatanodom et al [118] also performed thermodynamic analysis of biomass gasification under
complex atmospheres of COy, HyO and O, using Aspen + software. Thermodynamic analysis are
also based on equilibrium calculations. The authors used performance criteria such as the Hy/CO
ratio, an efficiency factor based on the entire energy requirement of the process (including energy
for Oy production, CO, trapping and recycling, steam production and heat input for the gasifier) as
well as a C'Oy emission factor. Direct and indirect heated gasifiers configurations were also studied.
The CO; recycling concept is shown in figure 1.37. The authors came to the conclusion that C'O,
recycling in the biomass gasification process shows the potential benefit on the Syngas production;
however, the study reveals that the additional energy requirement for CO, heating may overwhelm
this benefit. The indirect gasification, with biomass as fuel for heating is a better gasifier configuration

46



Chapter 1. State of the art

- 75
(a) ™ (b) = z
B Totalliquid M Oil fraction 0 Water [ Mibermdamhizny Mt Bk
- 25
B 200
LTS8
£ 40 =
5 z 150
2 ke
5 = 12s
100
20 75
in 50
15
0 0.0 1,
Atmosphere —» o0, Co CH, H, Atmosphere — N, co, co CH, H,

(c)

Atmosphere — N, co, co CH, H,

Figure 1.38: Pyrolysis product distribution as a function of the gasification medium composition
[119]

when thermodynamic efficiency and C'O, emissions are considered as performance criteria. COs
addition has positive effects on the process efficiency and C'Oy emission factor when operating at a
low temperature and high pressure. Optimum C'O5/C ratio of 0.1-0.2 is found for a temperature of
800°C and high pressures. For higher temperatures, C'O, addition may have a positive impact on the
emission factor while the process efficiency factor monotonically decreases. The authors also found
that it is worth-noting to consider that C'Oy or O, addition also offers more flexibility in adjusting
H,/CO of end product especially at low temperature and high pressure according to the Syngas
downstream application.

1.7.2 Effects of CO, on the pyrolysis and gasification gas composition

Zhang et al [119] investigated the effect of the pyrolysis medium composition in the biomass fast
pyrolysis process in a fluidized bed gasifier at 550° C. The pyrolysis mediums were Ny, CO,, CO,
CH, and Hs. The authors found that the liquid yield, composition and higher heating value depend
on the pyrolysis bath gas composition. The pyrolysis in a C'O, atmosphere was seen to produce less
char than in the other atmospheres. The C'O; yield also decreased compared to the yield obtained in
an Ny atmosphere. Moreover, the CO, atmosphere led to the highest yield of acetic acid compared
to the other atmospheres (see figure 1.38). GC' — M.S analysis of the liquid products shows that
C'O and C'O5 atmospheres produced less methoxy-containing compounds and more mono-functional
phenols. The authors explained these observation by two possible mechanisms: the C'Oy reacted
with the active volatiles or with the biomass char.

Recently, in their study on macro-algae pyrolysis/gasification, Kwon et al [120] found that in-
troducing C'O, in the pyrolysis process at 550 °C in a tubular reactor minimized the generation of
pyrolytic oil (see figure 1.39). They noticed a decrease in the pyrolytic oil by 24.3% and an enhanced
pyrolytic gas production. Such observations implies that hydrocarbons emitted in the pyrolysis
process can be broken down in the presence of C'O,.
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