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Abstract
Over the last 100 years, the average temperatures on the Earth’s surface, water, and atmosphere
have risen by 0.75 °C. The temperature increase is mainly caused by human activities such as the
burning of fossil fuels releasing a large amount of carbon dioxide into the air, which in turn results
in an environmental concern over the world. Currently, the mitigation of carbon dioxide emissions
is one of the greatest global challenges. Additionally, the energy demand worldwide has increased
in the last few decades because of rapid industrialization and the ensuing improved standard of
living. Biomass is abundant in the world and represents one of the most auspicious renewable
energy resources to replace fossil fuels. Demand for a renewable source of hydrogen in the world
leads to growing research activities in the field of biomass conversion processes. Chemical looping
gasification is a novel technology to produce efficiently and sustainably valuable products such as
heat, power, and hydrogen-enriched gas from biomass combined with carbon capture.
This thesis demonstrates the feasibility of chemical looping gasification of biomass in a pilot-scale
bubbling fluidized bed reactor. In a first step, torrefied woodchips as biomass fuel were
characterized before further investigations. Non-isothermal experiments were carried out in a
thermogravimetric analysis instrument to determine the kinetics of gasification of torrefied
woodchips char under steam and CO2 atmospheres. According to the experimental results, two
kinetic models combined with four conversion models were implemented to determine the best
fitting kinetic model for biomass char gasification. Johnson model combined with LangmuirHinshelwood kinetic model is the best agreement to the experimental data with more than 90 % of
the coefficient of determination, R2, among the combinations.
Afterward, an experimental study of biomass gasification was performed in a pilot-scale bubbling
fluidized bed reactor to assess the feasibility of biomass gasification under various operating
conditions. It was found that hydrogen fraction in the product gas can reach 49 vol.%, while carbon
conversion efficiency achieves around 77 % at high gasification temperature and steam-to-biomass
ratio. Furthermore, the results showed that the presence of oxygen in the gasifier could cause a
significant decrease in hydrogen production due to oxidation reaction, but the carbon conversion
efficiency increases significantly, reaching approximately 90 %.
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Based on the figure obtained from the study of biomass gasification, an experimental investigation
of chemical looping gasification of biomass was conducted to analyze the influences of operating
parameters on the process performance. It was observed that the maximum fraction of hydrogen
and the carbon conversion efficiency obtained from the experimental results are approximately
43 vol.% and 90 % for both oxygen carriers, respectively. The two iron-based oxygen carriers
show good performance in the study, their reactivity with different gaseous fuels decreases in the
following order: H2 > CO > CH4. Iron-based oxygen carriers perform their capability of hydrogenenriched gas production from chemical looping gasification of biomass along with a reduction of
CO2 emissions. The evaluation of this study can provide good knowledge of the phenomena of the
chemical looping gasification process and the behavior of ilmenite and iron ore during the
gasification process.
Finally, a comprehensive process simulation model was developed in the Aspen Plus flowsheet
environment based on the experimental data to simulate biomass gasification in a bubbling
fluidized bed reactor. Hydrodynamics and kinetics were implemented simultaneously in external
FORTRAN codes. It was found that the model predictions are in good agreement with the
experimental investigations with the mean errors ranging between 0.027 and 0.289. The validated
model can simulate biomass gasification in a bubbling fluidized bed reactor and provide a good
basis for large-scale applications.
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Kurzfassung

In den letzten 100 Jahren stieg die durchschnittliche Temperatur von der Erdoberfläche, deren
Gewässer und Atmosphäre um 0,75 °C. Diese Erwärmung wurde vor allem durch menschliche
Tätigkeiten wie z.B. durch die Verbrennung fossiler Brennstoffe erzeugt, wodurch große Mengen
an Kohlendioxid in die Atmosphäre gelangten, was wiederum zu weltweiten Umweltbedenken
führte. Derzeit ist die Verringerung des Kohlendioxidausstoßes eine der größten globalen
Herausforderungen. Außerdem wuchs der globale Energiebedarf über die letzten Jahrzehnte
aufgrund einer raschen Industrialisierung und dem daraus resultierenden, gesteigerten
Lebensstandard.

Biomasse

ist

weltweit

reichlich

vorhanden

und

stellt

eine

der

vielversprechendsten erneuerbaren Energiequellen dar, um fossile Brennstoffe zu ersetzen. Die
weltweite Nachfrage nach nachhaltigen Wasserstoffquellen führt zu wachsenden Forschungsaktivitäten auf dem Gebiet der Umwandlungsverfahren von Biomasse. Die Chemical Looping
Vergasung ist eine neue Technologie zur nachhaltigen und effizienten Herstellung wertvoller
Erzeugnisse wie Wärme, Energie und wasserstoffreiches Gas aus Biomasse verbunden mit einer
CO2 Abscheidung.
Diese Dissertation demonstriert die Machbarkeit der Chemical Looping Vergasung von Biomasse
im Pilot-Maßstab in einer stationären Wirbelschicht. Im ersten Schritt wurden torrefizierte
Holzschnitzel als Biomassebrennstoff für weitere Untersuchungen analysiert. Es wurden nicht
isotherme, thermogravimetrische Analysen durchgeführt, um die kinetischen Parameter der
Vergasung von Koks aus torrefizierten Holzschnitzel in einer Dampf und CO2 Atmosphäre zu
bestimmen. Gemäß den Versuchsergebnissen wurden zwei kinetische Modelle mit vier
Umwandlungsmodelle implementiert, um das geeignetste kinetische Modell für die Koks
Vergasung von Biomasse zu bestimmen. Das Johnson-Modell kombiniert mit dem LangmuirHinshelwood Kinetikmodell liefert die beste Übereinstimmung mit den experimentellen Daten,
mit mehr als 90 % Übereinstimmung aller R2-Koeffizienten.
Hiernach wurde eine experimentelle Untersuchung von Biomassevergasung in einer stationären
Wirbelschicht im Pilotmaßstab durchgeführt, um die Machbarkeit einer Biomassevergasung unter
verschiedenen Einsatzbedingungen zu beurteilen. Es wurde herausgefunden, dass bei hoher
Vergasungstemperatur und hohem Dampf-zu-Biomasse Verhältnis der Wasserstoffgehalt im
Produktgas bis auf 49 vol.% ansteigen kann, während der Kohlenstoffumwandlungsgrad etwa 77%
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erreicht. Desweitern zeigen die Ergebnisse, dass die Anwesenheit von Sauerstoff bei der
Vergasung durch Oxidationsreaktionen eine deutliche Verringerung der Wasserstoff Produktion
verursachen kann, jedoch die Kohlenstoffumwandlungsrate signifikant steigt und ca. 90% erreicht.
Ausgehend von den Erfahrungen der Biomassevergasung, wurde eine experimentelle
Untersuchung der Chemical Looping Vergasung von Biomasse durchgeführt, um den Einfluss
verschiedener Betriebsparameter auf die Prozessverhalten zu analysieren. Bei den experimentellen
Untersuchungen wurde beobachtet, dass der maximale Anteil von Wasserstoff im Produktgas und
die Kohlenstoffumwandlungsrate bei beiden Sauerstoffträgern jeweils ungefähr 43 vol.% bzw. 90
% betrugen . In der Studie zeigten beide eisenbasierten Sauerstoffträger gute Ergebnisse, wobei
ihre Reaktivität mit verschiedenen gasförmigen Brennstoffen in der folgenden Reihenfolge
abnahm: H2 > CO > CH4. Die eisenbasierten Sauerstoffträger erfüllen ihre Aufgabe der
wasserstoffangereicherten Gaserzeugung während der Chemical Looping Vergasung von
Biomasse zusammen mit einer Reduzierung der CO2-Emissionen. Die Auswertung dieser Studie
liefert somit gute Kenntnisse über die Phänomene des Chemical-Looping-Vergasungsprozesses
und das Verhalten von Ilmenit und Eisenerz während des Vergasungsprozesses.
Schließlich wurde anhand der Versuchsergebnisse in der Software Aspen Plus ein umfassendes
Modell zur Simulation der Biomasse-Vergasung in einer stationären Wirbelschicht entwickelt.
Das Modell beinhaltet Hydrodynamik und Kinetik, welche gleichzeitig in einem externen
FORTRAN-Code implementiert sind. Es zeigte sich, dass die Modellvorhersagen und die
experimentellen Untersuchungen eine gute Übereinstimmung haben, mit einem mittleren Fehlern
zwischen 0,027 und 0,289. Das validierte Modell kann die Biomassevergasung in einer stationären
Wirbelschicht demnach gut simulieren und bildet daher ein gutes Fundament für Anwendungen
im Großmaßstab.

Table of contents

v

Table of Contents

Abstract ........................................................................................................................................... i
Kurzfassung ..................................................................................................................................iii
Table of Contents .......................................................................................................................... v
List of Figures .............................................................................................................................viii
List of Tables................................................................................................................................. xi
Nomenclature ..............................................................................................................................xiii
1

Introduction ............................................................................................................................ 1
Motivation ....................................................................................................................... 1
Research Objectives ....................................................................................................... 4
Thesis Outline ................................................................................................................. 5

2

Background and Literature Review ..................................................................................... 7
Biomass ............................................................................................................................ 7
Overview ....................................................................................................................... 7
Biomass Properties........................................................................................................ 7
Biomass Torrefaction .................................................................................................. 12
Gasification.................................................................................................................... 15
Overview ..................................................................................................................... 15
Gasification Chemistry ............................................................................................... 18
Gasification Mechanism ............................................................................................. 21
Gasifying Agent .......................................................................................................... 23
Chemical-Looping Gasification ................................................................................... 25
Process Description ..................................................................................................... 26
Process Classification ................................................................................................. 27
Type of System Configuration .................................................................................... 27
Type of Looping Materials ......................................................................................... 33
Type of Oxygen Carrier .............................................................................................. 35
Effect of Process Parameters ....................................................................................... 42
Biomass Characteristics .............................................................................................. 42
Gasification Temperature............................................................................................ 44
Steam-to-Biomass Ratio ............................................................................................. 46
Oxygen Carrier-to-Biomass Ratio .............................................................................. 47
Fundamentals of Fluidized Beds ................................................................................. 49

Table of Contents

vi

Particle Characterization ............................................................................................. 49
Fluidization Regime .................................................................................................... 50
Section Summary .......................................................................................................... 53
3

Reaction Kinetics of Torrefied Biomass Char................................................................... 54
Methodology .................................................................................................................. 54
Kinetic Models ............................................................................................................ 54
Torrefied Woodchip Char Preparation........................................................................ 56
Experimental Setup ..................................................................................................... 56
Data Evaluation ........................................................................................................... 58
Results and Discussion ................................................................................................. 58
Influence of Gasifying Agents on the Gasification Reactivity ................................... 58
Determination of Kinetic Parameters .......................................................................... 62
Conclusion and Remark ............................................................................................... 63

4

Fluidized Bed Test Rig......................................................................................................... 65
Material Preparation .................................................................................................... 65
Torrefied Woodchips .................................................................................................. 65
Silica Sand .................................................................................................................. 67
Iron-based Oxygen Carriers ........................................................................................ 68
Bubbling Fluidized Bed Reactor ................................................................................. 70
Fuel Dosage System .................................................................................................... 71
Reactor ........................................................................................................................ 72
Gas Distribution System ............................................................................................. 72
Post Gasification Zone ................................................................................................ 72
Exhaust System ........................................................................................................... 72
Gas Analysis Unit ....................................................................................................... 73
Process Control System .............................................................................................. 73
Data Evaluation ............................................................................................................ 73
Steam Gasification ........................................................................................................ 74
Experimental Setup ..................................................................................................... 75
Experimental Procedure .............................................................................................. 76
Experimental Results and Discussion ......................................................................... 76
Chemical-Looping Gasification ................................................................................... 95
Experimental Setup ..................................................................................................... 95
Experimental Procedure .............................................................................................. 96
Experimental Results and Discussion ......................................................................... 97
Conclusion and Remarks ........................................................................................... 120
Steam Gasification .................................................................................................... 120
Chemical-Looping Gasification ................................................................................ 121

5

Process Simulation ............................................................................................................. 123

Table of Contents

vii

Model Description....................................................................................................... 123
Bubbling Fluidized Bed Hydrodynamics .................................................................. 125
Reaction Kinetics ...................................................................................................... 126
Calculation Procedure ............................................................................................... 127
Mean error ................................................................................................................. 129
Model Validation ........................................................................................................ 129
Gasification Temperature.......................................................................................... 129
Steam-to-Biomass Ratio ........................................................................................... 132
Conclusion and Remarks ........................................................................................... 135
6

Conclusions and Further Work ........................................................................................ 137

Bibliography .............................................................................................................................. 141

List of Figures

viii

List of Figures
Figure 1.1: Global CO2 atmospheric concentration [3]................................................................... 1
Figure 2.1: Van Krevelen diagram for various solid fuels [28] .................................................... 10
Figure 2.2: Flow chart of biomass conversion technologies ......................................................... 12
Figure 2.3: A schematic of the torrefaction process [35] .............................................................. 13
Figure 2.4: Processes involved in biomass gasification ................................................................ 16
Figure 2.5: Gasification processes and their products [43, 44] ..................................................... 18
Figure 2.6: Gasification and Pyrolysis reaction pathways [21] .................................................... 19
Figure 2.7: The transition of tar composition scheme ................................................................... 20
Figure 2.8: General scheme of Biomass chemical looping gasification process .......................... 26
Figure 2.9: Classification of Biomass chemical looping gasification process .............................. 27
Figure 2.10: BCLG configurations for hydrogen enrich gas production ...................................... 29
Figure 2.11: Process scheme of Three-reactor system for BCLG ................................................. 31
Figure 2.12: Simple configuration of alternating packed or fluidized bed reactors ...................... 32
Figure 2.13: Main reactions in the fuel reactor: (a) BCLG and (b) OU-BCLG ............................ 34
Figure 2.14: Modified Ellingham diagram for oxygen carrier material: (a) Standard Gibbs free
energy changes of some oxidation reactions and (b) reaction zones for syngas production
applications [16]..................................................................................................................... 38
Figure 2.15: Oxygen transport capacity, RO [85] ........................................................................ 40
Figure 2.16: The simplified summary of biomass pyrolysis [109] ............................................... 44
Figure 2.17: Effect of temperature on hydrogen concentration .................................................... 46
Figure 2.18: Effect of SBR on hydrogen concentration ................................................................ 47
Figure 2.19: The Geldart classification of solid particles at ambient conditions [126] ................ 50
Figure 2.20: A schematic of different fluidization regimes [126]................................................. 52
Figure 2.21: Variation of pressure drop with superficial velocity [126] ....................................... 52
Figure 3.1: Mass weight profiles for CO2 gasification (a) and steam gasification (b) .................. 59
Figure 3.2: Conversion (a) and conversion rate (b) curves for CO2 gasification .......................... 60
Figure 3.3: Conversion (a) and conversion rate (b) curves for steam gasification ....................... 61
Figure 4.1: Torrefied woodchips before (left) and after (right) grinding ...................................... 65
Figure 4.2: Particle size distribution of torrefied woodchips ........................................................ 66
Figure 4.3: Particle size distribution of silica sand ....................................................................... 68

List of Figures

ix

Figure 4.4: Oxidized form of Ilmenite (left) and iron ore (right) .................................................. 69
Figure 4.5: Configuration of the fluidized bed reactor. 1 – screw conveyor for feeding fuel; 2 –
reactor; 3 – electrical heater; 4 – pre-heating section; 5 – gas distribution system; 6 – post
gasification zone .................................................................................................................... 71
Figure 4.6: Van Krevelen diagram for various types of biomass.................................................. 77
Figure 4.7: Gas composition and operating parameters during steady operation (SBR of 1.4 and
850 °C) ................................................................................................................................... 79
Figure 4.8: Effect of temperature on gas composition from steam gasification ........................... 83
Figure 4.9: Effect of gasification temperature on gas composition from steam/air gasification .. 84
Figure 4.10: Effect of SBR on gas composition from steam gasification ..................................... 85
Figure 4.11: Effect of SBR on volume flow rate from steam gasification .................................... 86
Figure 4.12: Effect of Equivalence ratio on gas composition from steam/air gasification ........... 89
Figure 4.13: Effect of Equivalence ratio on volume flow rates from steam/air gasification ........ 89
Figure 4.14: Gas content and operating parameters during biomass chemical looping gasification
process in a bubbling fluidized bed reactor (iron ore, OBR of 3, SBR of 1.08, 850 °C) ...... 98
Figure 4.15: Effect of temperature for ilmenite on the gas composition (a), ratios and process
efficiencies (b) ..................................................................................................................... 101
Figure 4.16: Effect of temperature for iron ore on the gas composition (a), ratios and process
efficiencies (b) ..................................................................................................................... 102
Figure 4.17: Effect of steam-to-biomass ratio for ilmenite on the gas composition (a), ratios and
hydrogen yield (b) ................................................................................................................ 107
Figure 4.18: Effect of steam-to-biomass ratio for iron ore on the gas composition (a), ratios and
hydrogen yield (b) ................................................................................................................ 109
Figure 4.19: Effect of oxygen carrier-to-biomass ratio for ilmenite on the gas composition (a),
ratios and process efficiencies (b) ........................................................................................ 111
Figure 4.20: Effect of oxygen carrier-to-biomass ratio for iron ore on the gas composition (a),
ratios and process efficiencies (b) ........................................................................................ 112
Figure 4.21: Effect of superficial gas velocity for ilmenite on the gas composition (a), the product
gas yield and carbon conversion efficiency (b) ................................................................... 114
Figure 4.22: Effect of superficial gas velocity for iron ore on the gas composition (a), the product
gas yield and CCE (b) .......................................................................................................... 115
Figure 5.1: Simplified flow chart of gasification model in Aspen Plus ...................................... 124
Figure 5.2: Simplified flow chart of simulation .......................................................................... 128
Figure 5.3: Gas composition as a function of gasification temperature [°C] .............................. 130
Figure 5.4: Gas yields as a function of gasification temperature ................................................ 130
Figure 5.5: Carbon conversion efficiency as a function of gasification temperature ................. 131

List of Figures

x

Figure 5.6: Gas contents as a function of the steam-to-biomass ratio......................................... 133
Figure 5.7: Gas yields as a function of the steam-to-biomass ratio ............................................ 134
Figure 5.8: Carbon conversion efficiency as a function of the steam-to-biomass ratio .............. 135

List of Tables

xi

List of Tables

Table 1.1: Renewable energy scenario according to EREC............................................................ 3
Table 2.1: Biomass constituents (wt.% on a dry basis) [15] ........................................................... 7
Table 2.2: Proximate analysis of some biomass feedstock (wt.%) [26] ......................................... 9
Table 2.3: Advantages and disadvantages of biomass as a feedstock ........................................... 11
Table 2.4: Torrefaction classification and its products [36].......................................................... 14
Table 2.5: The properties of various types of biomass before and after torrefaction [36] ............ 15
Table 2.6: Gasification chemical reactions [15, 63]...................................................................... 23
Table 2.7: Calorific values (CV) for product gas based on Gasifying agent [64] ......................... 23
Table 2.8: Chemical reactions in fuel reactor [15, 63][19, 45] ..................................................... 27
Table 2.9: Overview of common types of oxygen carriers in chemical looping processes .......... 42
Table 2.10: Biomass constituents (wt.% on a dry basis) [15] ....................................................... 43
Table 3.1: Ultimate analysis of the torrefied woodchips char....................................................... 56
Table 3.2: Experimental configurations for steam gasification .................................................... 57
Table 3.3: Experimental configurations for CO2 gasification ....................................................... 58
Table 3.4: Coefficient of determination R2 for all model combinations ....................................... 63
Table 3.5: Kinetic parameters for the L-H model combined with the volumetric conversion model
................................................................................................................................................ 63
Table 3.6: Kinetic parameters for the L-H model combined with the Johnson conversion model
................................................................................................................................................ 63
Table 4.1: Main properties of torrefied woodchips ....................................................................... 67
Table 4.2: Characteristics of two oxygen carriers ......................................................................... 69
Table 4.3: Methods for continuous measurement of the gas composition .................................... 73
Table 4.4: Matrix of experimental investigations for steam gasification ...................................... 75
Table 4.5: Matrix of experimental investigations for steam/air gasification ................................ 76
Table 4.6: Analysis of operating parameters in the steam gasification of torrefied biomass ....... 80
Table 4.7: Analysis of operating parameters in steam/air gasification of torrefied biomass ........ 80
Table 4.8: Experimental results of steam gasification .................................................................. 81
Table 4.9: Experimental results of steam/air gasification ............................................................. 82
Table 4.10: Comparison of steam gasification with references .................................................... 93
Table 4.11: Comparison of steam/air gasification with references ............................................... 94

List of Tables

xii

Table 4.12: Matrix of experimental investigation for biomass chemical looping gasification ..... 99
Table 4.13: Experimental results of BCLG using iron ore as oxygen carrier ............................ 104
Table 4.14: Experimental results of the BCLG using ilmenite as oxygen carrier ...................... 105
Table 4.15: Summary of the key information of biomass chemical looping gasification .......... 119
Table 5.1: Mass yields [wt.%] of pyrolytic products for torrefied woodchips ........................... 125
Table 5.2: Kinetic parameters for char gasification with steam and CO2 ................................... 127
Table 5.3: Data analysis .............................................................................................................. 131

Nomenclature

xiii

Nomenclature

Latin symbols
a

Decay constant of the solid volume fraction in the lean zone

[1/m]

A

Cross-section area

Ar

Archimedes number

b

Mass effect

C

Concentration

d

Diameter

E

Activation energy

g

Gravitational acceleration

ΔH0

Heat of reaction

k

Reaction rate constant

L

Length

[m]

m

Sample mass

[kg]

Ni

Molar flow rate

N

Number of experiments

p

Pressure

Δp

Pressure drop

R

Gas constant

R2

Coefficient of determination

Ro

Oxygen transport capacity

[-]

t

Time

[s]

T

Temperature

ΔT

Temperature difference

uf

Superficial velocity

V

Volume

x

Mass fraction

[-]

X

Molar conversion

[-]

Y

Gas yield

z

Bed height

[m2]
[-]
[μg-1]
[mol/m3]
[m]
[kJ/mol]
[m/s2]
[kJ/mol]
[kPa-1 min-1],[kPa-1]

[kmol/h]
[-]
[bar], [N/m2]
[mbar]
[J/mol.K]
[%]

[°C]
[K]
[m/s]
[m3]

[Nm3/kg]
[m]

Nomenclature

xiv

Greek symbols
α

Parameter of Johnson model

[–]

β

Kinetic parameter

[–]

δb

Bubble fraction

[–]

ε

Void fraction in a fluidized bed

[–]

η

Efficiency

μ

Dynamic viscosity

ρ

Mass density

φ

Gas-solid contacting factor

[–]

ψ

Kinetic parameter

[–]

𝜙

Sphericity

[–]

𝜙s

Particle porosity

[–]

Subscripts and indices
0

Initial conditions

b

Bed

cal

Calculation

exp

Experimental data

f

Fluidized bed

fb

Freeboard

in

Inlet of an evaluation framework

g

Gaseous phase

m

Fixed bed

mf

Minimum fluidized bed

p

Particle

s

Solid state

th

Thermal

Abbreviations
AR

Air reactor

BCLG

Biomass chemical looping gasification

BFB

Bubbling fluidized bed

[%]
[Pa.s]
[kg/m3]

Nomenclature

xv

CCE

Carbon conversion efficiency

CGE

Cold gas efficiency

CHP

Combined heat and power

CLC

Chemical looping combustion

CLG

Chemical looping gasification

CV

Calorific value

daf

Dry ash-free

DIN

Deutsches Institut für Normung

EU

European Union

ER

Equivalence ratios

FB

Fluidized bed

FC

Fixed carbon

FR

Fuel reactor

GAU

Gas analysis unit

GHG

Greenhouse gases

GM

Grain model

H/C

Hydrogen-to-carbon ratio

HHV

Higher heating value

IEO

International energy outlook

JM

Johnson model

L–H

Langmuir–Hinshelwood

LHV

Lower heating value

MC

Moisture content

MFC

Mass flow controller

OBR

Oxygen carrier-to-biomass ratio

OC

Oxygen carrier

O/C

Oxygen-to-carbon ratio

OTC

Oxygen transport capacity

OU-BCLG

Oxygen uncoupling chemical looping gasification

Redox

Oxidation and reduction reaction

RES

Renewable energy source

RPM

Random pore model

SBR

Steam-to-biomass ratio

TGA

Thermogravimetric analysis

Nomenclature

xvi

VM

Volatile matter

VM

Volumetric model

WGS

Water-gas shift

WGSR

Water-gas shift reaction

Introduction

1

1 Introduction
1.1 Motivation
Global energy consumption has increased sharply in the last few decades due to rapid economic
growth. From 1990 to 2019, the total energy consumption has risen by 5622 Mtoe in the world. It
is noteworthy that its average annual growth rate is 1.9 % between 2000 and 2019 [1]. To meet
the demand, many energy resources have been utilized such as fossil fuels, nuclear power, and
renewable energy, etc. Nowadays, the combustion of carbon-based fossil energy sources, i.e. coal,
oil, or natural gas, contributes to the largest share of greenhouse gas (GHG) emissions [2].
Figure 1.1 illustrates the variation of the global average CO2 concentration that is a primary
greenhouse gas and its increase in the atmosphere mainly causes global warming. The CO2
concentration has increased rapidly since the 18th century – the first industrial revolution. In 2015,
the CO2 concentration has reached the 400-ppm threshold, which is the highest level in the last
three million years.

Figure 1.1: Global CO2 atmospheric concentration [3]
The Paris Agreement aims to limit the CO2 concentration in the atmosphere to maintain the
temperature increase within 1.5 °C above pre-industrial levels [4]. According to International
Energy Outlook 2016 (IEO 2016), the total world energy consumption predictably increases by
48 % from 2012 to 2040 due to growth in non-OECD Asia (including China, India, Southeast
Asia), the Middle East, parts of Africa, and America [2]. In the IEO 2016 Reference Case, fossil

Introduction

2

fuels will present the most energy source in the world in 2040, accounting for 78 % of total world
energy consumption [2]. Although coal is the slowest-growing energy source with 0.6 % annually,
it still contributes to a large proportion of world energy consumption. This is due to the fact that
coal is abundant and less expensive than natural gas and oil. However, the utilization of coal relates
to the challenges of the efficiency of thermal power plants (< 45 %) and emissions (i.e. carbon
dioxide). The European Union (EU) has planned to achieve a 20 % share of renewable energy in
total energy consumption across its members by 2020 [5]. According to IEO 2017 [6], renewables
were predicted as the fastest-growing energy source through 2040. However, high cost, geological
constraints, and technical barriers as well as other challenges have hindered the widespread use of
renewable energy. Germany sets a key goal to achieve at least a 40 % cut in greenhouse gas
emissions by 2020 and 80 - 95 % by 2050 compared to 1990 levels [7]. To reach the target, the
increased use of renewable resources will play a key role. By 2050, Germany sets a target that
power generation must be almost entirely based on renewable energy sources.
A study conducted by the European Renewable Energy Council – EREC proposed scenarios for
the utilization of renewable energy to 2040 in the world [8]. Dynamic current policies scenario
(DCP) predicts the contribution of renewable energy sources (RES) to the world energy supply to
2040 as shown in Table 1.1. According to the scenario, the renewable energy sources will
approximately double their contribution by 2040, and biomass will account for around 16 % of the
total primary energy consumption in the world and will be the highest share in renewable energy
sources.
The feasibility of sustainable commercialization of biomass was evaluated based on various
technological, economic, environmental, and social aspects. Since these aspects vary considerably
in different regions and countries, the utilization of biomass is not unique across the world.
Additionally, each industrial area has its specific requirements and challenges for further
utilization of solid biomass. Mitigation of greenhouse gas emissions and decarbonization of
industrial activities will be driven by long-term climate policies, which lead to extensive use of
biomass in the future [9]. Policies to increase the utilization of biomass in the industrial sectors are
identified for each conversion technology and region. The policies developed are also based on
the maturity stage of various conversion technologies [10]. By putting a price on carbon emissions,
for example, makes pollution less attractive and competitive for fossil fuels and conventional
conversion technologies.
Due to the disadvantages of the inherent properties of biomass, torrefaction is promising as a pretreatment method to improve the properties and value of biomass. The torrefaction process
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improves the characteristics of biomass in terms of the energy density, the calorific value, the
grind-ability as well as the atomic O/C and H/C ratios. The torrefied biomass pellets contain an
amount of energy per unit volume of 14,000 - 18,500 MJ/Nm3, which is significantly higher than
the pellets produced by untreated material, such as woody pellets with between 8,000 11,000 MJ/Nm3 [11, 12].
Table 1.1: Renewable energy scenario according to EREC
Types of renewable energy
2001
World Primary Energy Consumption
10038
(Mtoe)

2010

2020

2030

2040

11752

13553

15547

17690

Biomass

1080

1291

1653

2221

2843

Large Hydro

223

255

281

296

308

Small Hydro

9.5

16

34

62

91

Wind

4.7

35

167

395

584

PV

0.2

1

15

110

445

Solar Thermal

4.1

11

41

127

274

Solar thermal power

0.1

0.4

2

9

29

Geothermal

43

73

131

194

261

Marine (tidal/wave/ocean)

0.05

0.1

0.4

2

9

Total RES

1364

1682

2324

3416

4844

RES Contribution [%]

13.6

14.3

17.1

22

27.4

Biomass can be converted into valuable products through various conversion processes, which can
be mainly categorized into biochemical and thermochemical conversion pathways. The
biochemical conversion process is a method using enzymes of bacteria or other microorganisms
to break down biomass into gaseous or liquid fuels, i.e. biogas or bioethanol, while the
thermochemical conversion processes are mostly implemented at high temperatures for generating
heat/power or higher heating value fuels from biomass [13]. Among these conversion
technologies, gasification, a thermochemical process, has benefits over the other for producing
efficiently syngas from biomass. Gasification is a high-temperature partial oxidation process using
gasifying agents to convert carbonaceous (carbon-based) materials into the product gas, including
mainly carbon monoxide, hydrogen, carbon dioxide, and methane [14, 15]. However, conventional
gasification is an endothermic process; therefore, it requires an external heat source to remain in
the process, resulting in a reduction in process efficiency.
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Consequently, the development of novel conversion technologies and the utilization of renewable
sources for heat and power generation, and the production of chemicals are a crucial demand for
the mitigation of CO2 emissions. Chemical looping gasification is a promising technology to
produce high-quality syngas from biomass due to lower CO2 emissions and high hydrogen
production efficiency. Additionally, the heat produced from exothermic reactions in an air reactor
can supply gasification reactions in a fuel reactor through metal oxides as oxygen carriers. Many
studies on biomass chemical looping gasification have been conducted to analyze kinetics and the
process performance of the gasification process using various types of biomass and oxygen carriers
[16-21]. However, the lack of knowledge of the behavior of oxygen carriers and the influences of
operating conditions on the biomass gasification process has hindered its large-scale commercial
applications. Therefore, this work aims to study the effect of operating parameters and the
feasibility of the biomass-based chemical looping gasification process in a pilot-scale gasifier,
which can provide a better knowledge of this process for further researches and large-scale
applications.

1.2 Research Objectives
The aim of this study is to develop an investigation of chemical looping gasification of torrefied
woodchips using iron-based oxygen carriers in a bubbling fluidized bed reactor. The performance
of the chemical looping gasification in terms of gas composition, gas quality, process efficiencies,
and yields is investigated and evaluated.
The specific objectives are as follows:
I. Lab-scale experiments
 Characterization of torrefied woodchips properties.
 Determination of the kinetic parameters of biomass char gasification under steam and CO2
atmospheres using thermogravimetric analysis.
II. Pilot-scale experiments (5 kWth fluidized bed reactor)
 Evaluation of the feasibility of the gasification process using torrefied biomass as a fuel in
a bubbling fluidized bed reactor through the effects of steam-to-biomass ratio, gasification
temperature, equivalent ratio on the process performance.
 Evaluation of the feasibility of chemical looping gasification of torrefied biomass using
iron-based oxygen carriers in a bubbling fluidized bed reactor through the effects of steamto-biomass ratio, gasification temperature, oxygen carrier-to-biomass ratio, and superficial
velocity on the process performance.
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III. Process Simulation
 Development and validation of a process model for steam gasification of torrefied biomass.
The objectives are described in detail as follows.
First: Torrefied woodchips are characterized in the laboratory at the EST institute to determine
their properties, i.e. proximate and ultimate composition, particle size distribution, calorific value,
and bulk density. Biomass char produced in a muffle furnace is used to analyze the kinetics of
gasification reactions in the presence of steam and CO2 through a thermogravimetric analysis
instrument. The results are used to further analyze the reaction kinetics of gasification of biomass
char and incorporate them into process simulation.
Second: Steam gasification of torrefied woodchips is conducted in a pilot-scale reactor under
various operating parameters. The experimental study can provide a good understanding of the
gasification process and the feasibility of steam gasification of biomass in a bubbling fluidized bed
reactor. The results and evaluation of this study can provide an important figure for further study
on biomass chemical looping gasification.
Third: An experimental study of chemical looping gasification of torrefied woodchips using ironbased oxygen carriers is investigated in the bubbling fluidized bed reactor. The process
performance is used to evaluate the feasibility of the production of hydrogen-enriched product gas
from the chemical looping gasification of biomass. Furthermore, the experimental results can
provide good knowledge of the behavior of iron-based oxygen carriers in the chemical looping
gasification system.
Fourth: A comprehensive process model of steam gasification of torrefied woodchips is
developed in Aspen Plus. The model is validated by experimental results from the previous study.
Hydrodynamics and kinetics are incorporated in the model for the determination of the overall
process performance in a bubbling fluidized bed reactor.

1.3 Thesis Outline
The content of the dissertation is organized into six chapters. An overview of each chapter is
described as follows:
Chapter 2 provides an overview of biomass and biomass torrefaction as well as the theoretical
fundamentals of chemical looping gasification. Initially, a description of biomass and its
conversion technologies is given. Thereafter, this section focuses on the fundamentals of chemical
looping gasification technology based on fluidization engineering and previous studies.
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Chapter 3 presents the kinetic investigation of char gasification under various atmospheres.
Kinetic models and kinetic parameters are determined by experimental data. The kinetic
parameters are used for Aspen plus process model in Chapter 5.
Chapter 4 focuses on the experimental investigations in a pilot-scale bubbling fluidized bed
reactor. The investigations are designed to evaluate the effect of operating parameters, i.e. steamto-biomass ratio, equivalent ratio, gasification temperature, oxygen carrier-to-biomass ratio on the
process performance and hydrogen production from biomass gasification and biomass chemical
looping gasification. The experimental results are used to analyze the feasibility of each process.
Chapter 5 describes a detailed process model for biomass gasification in a bubbling fluidized bed
reactor. The simulation results are validated by experimental data obtained from Chapter 4.
Chapter 6 summarizes the main results of this thesis. The main conclusions and recommendations
for future works are highlighted in this chapter.
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2 Background and Literature Review
2.1 Biomass
2.1.1 Overview
According to European Directive (2009/28/EC) [22], biomass is defined as “the biodegradable
fraction of products, waste, and residue from biological origin from agriculture (including vegetal
and animal substances), forestry and related industries including fisheries and aquaculture, as well
as the biodegradable fraction of industrial and municipal waste”. Biomass stores solar energy in
its chemical bonds as chemical energy by combining solar energy and carbon dioxide through the
photosynthesis process. It is considered a promising renewable energy resource and a potential
alternative to fossil fuels. The use of biomass has advantages over other renewable sources such
as solar energy, wind energy, and hydropower, etc. due to its low dependence on site and climate
[23].
Vassile et al. [24] categorized types of biomass-based materials on their biology diversity, source,
and origins such as woody plant, herbaceous and agricultural plants/grasses, aquatic plants, human
and animal waste, contaminated and industrial waste biomass, and biomass mixtures. Biomass is
a complex mixture of organic and inorganic substances. The main organic constituents comprise
polymeric carbohydrates [25], whereas the inorganic material includes ash. The major organic
compounds are cellulose, hemicellulose, and lignin. Cellulose and hemicellulose are long
polymeric chains, which are the fiber of biomass. Lignin, a phenolic polymer, acts as a gluing
matrix for cellulose fibers. Examples of biomass compositions are shown in Table 2.1.
Table 2.1: Biomass constituents (wt.% on a dry basis) [15]
Biomass type

Cellulose

Hemicellulose

Lignin

Hardwood

42 – 48

27 – 38

16 – 25

Softwood

40 – 45

24 – 29

26 – 33

Straws

36 – 40

21 – 45

15 – 20

2.1.2 Biomass Properties
The inherent properties of biomass sources significantly affect the performance of conversion
technologies. The selection of the conversion process strongly depends on biomass feedstock
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properties. The main biomass characteristics are concerned in gasification regarding moisture
content (intrinsic and extrinsic), calorific value, proportions of fixed carbon and volatiles,
ash/residue content, alkali metal content, and cellulose to lignin ratio as shown in Table 2.2 [26],
explained below:
a. Moisture content: the moisture content in biomass is normally from 3 to 63 %, it can reach
even 80 % for raw wood species. Biomass sources with more than 30 % of moisture content
make it difficult to ignite and require more energy to evaporate the additional moisture,
which in turn results in decreasing the calorific value. A high moisture content fuel can
cause a temperature reduction, which is achieved in the oxidation zone, resulting in the
incomplete cracking of the hydrocarbons released from the pyrolysis zone. Furthermore, a
rise of moisture levels and the presence of CO will produce more H2 through the water gas
shift reaction and then more CH4 by methane formation reaction. However, the increase of
H2 and CH4 can reduce the calorific value of product gas due to the decrease of CO content.
b. Calorific value: the calorific value (CV) of biomass describes the energy content, or the
heat value released when the fuel is combusted with air. Two forms, the gross CV (GCV)
or higher heating value (HHV) and the net CV (NCV) or lower heating value (LHV) can
define the CV of fuel. The HHV shows the maximum amount of energy contained in the
fuel, which is the total energy content released when the material is burnt in the air,
including the latent heat contained in water vapor. The LHV is the appropriate value of
energy that can be used.
c. Proportions of fixed carbon and volatiles: the chemical energy of solid fuels is stored in
two forms, fixed carbon and volatiles. The volatile content is a portion driven off as a gas,
including moisture, by heating up to 950 °C for 7 minutes. The volatile matter content in
biomass varies between 48 and 86 %. The fixed carbon content (FC) is the mass remaining
after volatiles released, excluding the ash and moisture content. Biomass contains in the
interval of 1 - 38 % of fixed carbon. Fixed carbon and volatile matter can provide a measure
of ease, in which the fuels can be ignited and subsequently gasified or oxidized, depending
on how the fuel is utilized as an energy source.
d. Ash/residue content: solid residue is a product of the chemical breakdown of biomass fuel
by thermochemical or biochemical processes. Ash content in biomass normally varies
around 0.1 - 46 %. In air combustion, the solid residue is called ash, and it defines a
standard measurement parameter for solid and liquid fuels. High mineral content can be a
problem for the gasification process. The oxidation temperature is often higher than the
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melting point of the biomass ash, resulting in slagging problems in the hearth and
subsequent feed blockages. In the combustion process, particularly, the ash can form a slag,
a liquid phase formed at elevated temperatures, which can decrease plant throughput and
increase the operating costs.
e. Alkali metal content: a disadvantage of using biomass for thermo-chemical conversion
processes is alkali metal content (i.e. Na, K, Mg, P, and Ca). During the processes, alkali
metals may contribute to slagging, deposition, corrosion, and agglomeration. Furthermore,
the reactions of alkali metals with silica in ash produce a sticky, mobile liquid phase,
leading to blockages or fouling of airways in the furnace and boiler plant [26].
f. Cellulose to lignin ratio: this ratio is important in biochemical conversion processes. The
biodegradability of cellulose is greater than that of lignin, therefore the biomass with a
higher proportion of cellulose has greater overall conversion, whereas the high content of
lignin can produce a potentially large amount of energy. For example, a biomass feedstock
with a high content of cellulose/hemicellulose is necessary for the production of ethanol.
Table 2.2: Proximate analysis of some biomass feedstock (wt.%) [26]
Biomass

Moisture (%)

VM (%)

FC (%)

Ash (%)

LHV (MJ/kg)

Wood

20

82

17

1

18.6

Wheat straw

16

59

21

4

17.3

Barley straw

30

46

18

6

16.1

a

Intrinsic

Classification of a solid fuel based on the atomic ratio provides the understanding of the correlation
of its energy density and heating values. The ratio is based on the content of hydrogen, oxygen,
and carbon in the fuel. The Van Krevelen diagram (Figure 2.1) shows relations of atomic ratios
(H/C and O/C) on a dry ash-free basis for various fuels. In the diagram, biomass has much higher
ratios of H/C (1.2 - 1.8) and O/C (0.4 - 0.8) than those of other fuels. Biomass with high contents
of oxygen and hydrogen results in high yields of liquid and volatile thereby reducing the overall
energy conversion efficiency of the combustion process. Furthermore, higher H/C ratios in fuels
generate a greater heat of combustion, whereas higher ratios of O/C produce more CO 2 emission
per amount of energy release [26, 27].
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Figure 2.1: Van Krevelen diagram for various solid fuels [28]
Additionally, due to its high reactivity and high volatile content, biomass gasification takes place
at lower temperatures that can reduce the extent of heat loss, emissions, and material problems
associated with high temperatures. Its low content of sulfur and mercury leads to lower SOx
emissions and pollutants. Another advantage of using biomass is low ash content, thereby reducing
solid residue, handling, and processing costs overall [29]. However, there are still some challenges
for the commercialization of energy generation and chemical production from lignocellulosic
biomass. The challenges are from inherent biomass properties, such as high moisture content and
low energy density, complicated composition, and inconsistent feedstock availability, high
alkaline and alkaline earth metals contents, and low ash melting point. The high alkali content in
biomass and low ash melting point can cause slagging and fouling problems in equipment [30].
Whereas fuels with high moisture require more energy for water evaporation and steam
gasification reactions, which results in lowers the process operating temperature. The bulk density
of lignocellulosic biomass materials is relatively low (80 - 150 kg/m3 for grass biomass and 160 220 kg/m3 for woody biomass) resulting in low efficiency in transportation and storage.
One of the most critical factors of large-scale applications of biomass is supply chain management,
which plays a pivotal role in the establishment of any biomass conversion unit, it comprises
biomass harvesting, collection, pre-treatment, transportation, storage, etc. [31]. These processes
rely on complex elements including crop seasons, availability of harvesting infrastructure, loss of
biomass, various sources, etc. which can influence economic efficiency and stable operation of the
conversion unit. Additionally, most biomass materials are characterized by seasonal availability,
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which challenges continuous supply for the demand. The advantages and disadvantages of using
biomass as a fuel resource are summarized in Table 2.3.
Table 2.3: Advantages and disadvantages of biomass as a feedstock
Advantages

Disadvantages

Its renewable nature and wide availability

High moisture content

Carbon neutrality

Low density

High concentration of volatile matter

Low energy density

High reactivity during conversion

High alkaline and alkaline earth metals
contents

Low ignition temperature
Relatively low cost
Low content of pollutants
Low ash content

Low ash melting point
High volatile content
Challenges for collection, storage, logistics,
and pre-treatment requirement
Insufficient knowledge and variability of
composition, properties a d quality.

Key factors of the selection of the conversion process are the type, amount, and properties of
biomass source, the desired energy form, environmental and economic conditions, and technical
issues. Generally, biomass can be converted into three main products: heat/power generation,
transportation fuels, and chemical feedstock.
Biomass conversion methods mainly consist of thermochemical and biochemical pathways as
shown in Figure 2.2. A biochemical conversion pathway is a method using enzymes of bacteria
or other microorganisms to break down biomass into gaseous or liquid fuels, i.e. biogas or
bioethanol. Biochemical conversion technologies involve mainly anaerobic digestion and
fermentation. The advantages of those processes are low processing temperature and high
selectivity of products, but they generally need pre-processing steps, long processing time, and
lower space-time yields.
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Biomass

Thermochemical conversion

Biochemical conversion

Combustion

Pyrolysis

Gasification

Fermentation

Anaerobic
disgestion

Power
Heat
Steam

Bio-oil
Bio-char
Gas

Syngas

Ethanol

Biogas

Figure 2.2: Flow chart of biomass conversion technologies
Thermochemical conversion processes are mostly implemented for generating heat/power or
higher heating value fuels from biomass. The conversion technologies can be performed in three
main primary methods, i.e. combustion, pyrolysis, and gasification. The combustion process is to
convert the chemical energy stored in biomass into heat or power. Net energy conversion
efficiencies for biomass combustion in the power plants are in the range of 20 - 40 % [13].
Pyrolysis is a thermal decomposition of biomass to bio-oil, bio-char, and fuel gas through heating
the feedstock in the inert atmosphere. Biomass pyrolysis can convert to bio-crude with an
efficiency of up to 80 % [13]. The pyrolysis process can be classified as slow pyrolysis, which
takes place from minutes to days for the char production, and fast pyrolysis that is optimized for
the production of bio-oil with residence time ranging from seconds to minutes. Gasification
converts biomass into a combustible gas through the partial oxidation at high temperature [13].
The combustible gas mixture can be used to generate heat, power and electricity or produce higher
heating value fuels with a high overall converson efficiency.
2.1.3 Biomass Torrefaction
Torrefaction is a thermal pretreatment to upgrade solid biomass fuel. Raw biomass is heated in an
inert atmosphere at a temperature of 200 - 300 °C. Torrefaction can upgrade the biomass properties
to higher energy density, lower atomic O/C, and H/C ratios, lower moisture content, higher
hydrophobicity/water-resistivity, improved grindability and reactivity, and uniform properties of
biomass [32, 33]. Figure 2.3 shows a schematic principle of the torrefaction process [34]. A typical
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mass and energy balance of the torrefaction process is provided in the figure. Generally, a solid
product contains 70 % of the mass and 90 % of the initial energy content. Torrefaction gases
account for 30 % of the mass of raw biomass but containing only 10 % of the energy content of
the raw feedstock.
Torrefaction gases
30 %
Mass

10 %
Energy

Torrefaction
Mass: 100 %
Energy: 100 %
Raw biomass

200 - 300 oC
In inert atmosphere
15 - 90 minutes

Mass: 70 %
Energy: 90 %
Torrefied biomass

Figure 2.3: A schematic of the torrefaction process [35]
Torrefaction of biomass produces solid fuel as the primary product along with gas and liquid
products. The non-condensable gas fraction consists of primarily CO, CO2, H2, and a small amount
of CH4. The liquid product comprises condensable components, e.g. water, acetic acids, alcohols,
aldehydes, and ketones. The main product from torrefaction is the solid fraction, torrefied biomass,
which is used for bioenergy applications.
Biomass comprises three main polymeric structures, namely hemicellulose, cellulose, and lignin.
During biomass torrefaction, numerous reactions take place and different reaction pathways can
be defined. Torrefaction is classified into light, mild and severe corresponding to the operating
temperatures of approximately 200 - 235, 235 - 275, and 275 - 300 °C, respectively. In the light
torrefaction process, the moisture and low molecular weight volatiles in biomass will be released.
Among biomass constituents, hemicellulose is the most active component; thus, it is mainly
degraded from light torrefaction, resulting in a slight weight loss of biomass and a small increase
in its energy density of calorific value. With mild torrefaction, hemicellulose is decomposed
intensively, and cellulose is converted to a certain extent. In severe torrefaction, hemicellulose is
almost completely degraded, and cellulose is decomposed to a great extent. Lignin is the most
difficult to be thermally decomposed. A very low amount of lignin is degraded in the range of
torrefaction temperature. Due to the substantial decomposition of hemicellulose and cellulose in
severe torrefaction, the mass and energy yield of biomass reduces significantly although its energy
density is intensified largely. A summary of torrefaction classification is given in Table 2.4.
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Table 2.4: Torrefaction classification and its products [36]
Classification

Light

Mild

Severe

235 - 275

235 - 275

275 - 300

Hemicellulose

Mild

Mild to severe

Severe

Cellulose

Slight

Slight to mild

Mild to severe

Lignin

Slight

Slight

Slight

Brown

Brown dark

Black

Temperature [°C]
Constituents

Liquid color
Product
Gas

H2, CO, CO2, CH4, toluene, benzene and CxHy

Liquid

H2O, acetic acid, alcohols, aldehydes, and ketones

Solid

Char and ash

Torrefied biomass has significant changes in the proximate and ultimate composition of biomass,
resulting in benefits for further conversion processes. As can be seen in Table 2.5, the carbon
content on biomass increases corresponding to torrefaction temperature. Fixed carbon in torrefied
pine increases by about 27 % at the torrefaction temperature of 300 °C compared to its raw form,
while the value of wheat straw is 20.7 %. Additionally, the ratios of hydrogen-to-carbon and
oxygen-to-carbon decrease significantly with increasing torrefaction temperature, which leads to
less smoke and water-vapor formation and reduction in energy loss during conversion processes.
Because of the relative reduction in oxygen and hydrogen content in fuel, the calorific value of
torrefied biomass increases considerably to 25.4 MJ/kg from torrefied pine at 300 °C.
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Table 2.5: The properties of various types of biomass before and after torrefaction [36]
Biomass

T (°C)

Pine

- Raw
- Torrefied

Rice husk

- Raw
- Torrefied

Sawdust

- Raw
- Torrefied

Bagasse

- Raw
- Torrefied

Wheat straw - Raw
- Torrefied

225
275
300
250
300
230
250
290
250
300
250
270
290

FC
(wt.%)
13.8
15.0
23.3
40.9
10.1
22.9
42.2
15.0
19.6
24.3
36.5
14.6
25.9
42.2
17.3
15.6
26.5
38.0

VM
(wt.%)
86.0
84.8
76.4
58.7
79.5
63.6
34.1
84.5
71.8
66.3
50.7
80.1
66.8
45.9
76.4
77.0
65.1
51.8

O/C

H/C

HHV
(MJ/kg)

0.727
0.668
0.521
0.353
0.727
0.522
0.238
0.717
0.622
0.565
0.398
0.713
0.486
0.207
0.598
0.538
0.480
0.367

1.688
1.472
1.355
1.052
1.197
1.156
0.712
1.812
1.358
1.275
1.013
1.211
1.124
0.789
1.725
1.476
1.364
1.191

18.5
19.5
21.8
25.4
17.5
17.7
21.5
18.8
20.3
20.7
22.4
18.3
20.9
23.4
18.9
19.8
20.7
22.6

2.2 Gasification
2.2.1 Overview
Gasification is

one

of three thermochemical

conversion

technologies,

along with

pyrolysis/liquefaction and combustion. While conventional combustion is the most direct and
technically simplest process, the overall efficiency of heat generation from biomass combustion is
low. Gasification has many benefits compared to combustion. It can convert low-value materials
not only into power but also into feedstock for the production of chemicals. Gasification is mainly
a partial oxidation process at high temperatures, converting carbonaceous materials into gaseous
fuel composing mainly of carbon monoxide, hydrogen, carbon dioxide, and methane.
In 1798, the gasification process was proposed independently in France and England [37]. Initially,
syngas generated from gasification was used for heating and power generation in Europe with
charcoal and peat. At the beginning of the century, petroleum was applied widely as a fuel, but the
shortage in petroleum supplies during both the world wars and particularly World War II resulted
in widespread re-introduction of gasification. After World War II, the availability and low cost of
fossil fuels led to the general decline in the producer gas industry, while Sweden continued to
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develop producer gas technology and got a pace after the 1956 Suez Canal crisis. During the 1973
oil crisis, there were over 12,000 large-size gasifiers with an average capacity of 1 MW installed
in North America in 30 years. Currently, there are more than 64 gasification equipment
manufacturers in the world [38]. Today, the gasification process has been focused increasingly on
green and clean energy production technology, particularly using biomass as fuel.
Gasification technology, a partial oxidation process, is based on the dry feeding principle and thus
can convert all types of coal (hard coal, lignite, anthracite, etc.) as well as petroleum coke, char,
biomass (e.g. wood, chicken litter, sewage sludge, etc.) and wastes. The process takes place at high
temperatures ranging from 600 to 1000 °C in an oxidizing atmosphere such as air, steam, oxygen,
CO2, etc. [29].
The gasification process consists of three main steps, which can be categorized as upstream
processing, gasification, and downstream processing as shown in Figure 2.4 [29].
Pre-processing
of biomass

Size reduction
Drying
Preparation of
gasifying agents

Upstream processing

Gasification

Heating
Chemical reactions
Catalysis

Gasification

Gas clean-up
and reforming

Gas
utilization

Cleaning of tar from
syngas

Gas turbine

Reforming of syngas

Fuel cell, Chemicals

Catalysis

Combined heat and power

Gas burner

Downstream processing

Figure 2.4: Processes involved in biomass gasification
Upstream processing is to make biomass fuel suitable for gasification operations. This process
concerns properties of biomass such as particle size, moisture content, and energy density, etc.,
which affect significantly process performance. Size reducing is necessary for appropriate particle
sizes. The drying process is applied to achieve appropriate moisture content so that process
efficiency can increase. Densification is used to increase biomass mass and energy density. While
downstream processing includes syngas cleaning to remove tar and other contaminants from
product gas, reforming and conversion to fuels as well as power generation.
Biomass gasification produces both combustible and non-combustible gases. Those gases can be
used for industrial applications, fuels for transportation, heat and power generation as well as
chemical production. The product gas composition is significantly dependent on the type of
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gasifier, gasifying agent, and operational conditions. Generally, it can be classified into two main
types as syngas and product gas [39].
The product gas is generated under low gasification temperature (below 1000 °C), mainly
consisting of CO, H2, CH4, aliphatic hydrocarbons, aromatic hydrocarbons, and tars along with
CO2 and H2O. The syngas components (H2, CO) normally comprise around 50 % of energy in the
gas, while the rest of the energy is from CH4 and higher (aromatic) hydrocarbons.
The biomass feedstock is completely converted into H2 and CO (along with CO2 and H2O) under
high temperatures (above 1200 °C) or catalytic gasification. Biosyngas have chemical
compositions and properties, which are similar to syngas obtained from fossil sources. Product gas
can also convert into syngas by thermal cracking or catalytic reforming processes.
The main primary products from the gasification process are charcoal, liquid, fuel gas, and heat, it
can be used directly as a fuel in power plants for generating heat and power, or can be processed
for secondary products as electricity, biofuels, methanol, chemicals, and ammonia [15, 40]. A
general description of various applications of gasification products is summarized in Figure 2.5.
Heat and power can be generated via biomass gasification, followed by a combustion engine,
combustion turbine, steam turbine, or fuel cell. These systems can generate both heat and power
(Combined heat and power – CHP) and can reach process efficiencies of 30 to 40 %. Electrical
energy generation from biomass gasification has long been used over the world. It has recently
emerged as a renewable energy source due to climate change and depleted fossil energy.
Beenackers [41, 42] reported that the combination of generating both heat and electricity from
biomass gasification has been interested in Europe at the end of the 1990s.
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Figure 2.5: Gasification processes and their products [43, 44]
2.2.2 Gasification Chemistry
Gasification converts solid or liquid fuel at high temperatures into a mixture of gases, including
carbon monoxide, hydrogen, carbon dioxide, methane, water vapor, tar, and a small amount of
solid product (char and ash). Biomass gasification comprises the combination of a series of
complicated and competing reactions. An overall gasification reaction can be represented in
Equation (2.1) [23] as below:
Biomass → CO(g) +H2(g) +CO2(g) +CH4(g) +Tar(l) +H2O(l) + C(s) + trace species

(2.1)

Evans and Milne pointed out three major reaction regimes based on the reaction chemistry and
temperature ranges in the entire gasification process, i.e. primary, secondary and tertiary regimes
as shown in Figure 2.6 [23, 30, 45, 46].
In the primary stage of gasification, solid biomass is converted into oxygenated vapors and liquids
along with the generation of H2O and CO2 below 500 °C. It is pointed out that primary pyrolysis
vapors are monomers and fragments of monomers, which have low molecular weight [47]. During
this stage, there are no chemical reactions observed among the organic substances, and they are
significantly free of secondary gas-phase cracking products [45]. Charcoal, which retains the
morphology of the original lignocellulose, is also the main product formed during slow pyrolysis.
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Figure 2.6: Gasification and Pyrolysis reaction pathways [21]
During the secondary reaction regime, the primary vapors and liquids obtained in the previous
stage produce a mixture of gases (CO, H2, CO2, water vapor) and secondary condensed oils such
as olefins, phenols, and aromatics. The primary vapors are cracked down (secondary reaction
regimes) when heated above 500 °C, and the secondary reactions take place at temperatures
between 700 and 850 °C. Tar produced during this stage generally includes mixed oxygenates,
alkylphenols, phenolic ethers, heterocyclic ethers, and polynuclear aromatic hydrocarbons [30].
The remaining tars and gases are converted through methanation, steam reforming, water gas shift,
and cracking reactions. Between 850 to 1000 °C, tertiary reactions occur to convert secondary
products into CO, CO2, H2, H2O, polynuclear aromatics (PNA) compounds (including methyl
derivatives of aromatics such as methyl acenaphthylene, toluene, and indene), and liquid tar which
is condensed from some tertiary products, including benzene, naphthalene, acenaphthylene,
anthracene/phenanthrene and pyrene [48]. According to Huber et al. [30], temperature
significantly influences tar composition. It varies from mixed oxygenates to phenolic species to
polyaromatic compounds with increasing/rising temperature. Secondary and tertiary reaction
regimes produce soot and coke [49]. It is noted that the thermolysis of liquid and organic vapors
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forms coke, whereas homogeneous nucleation of intermediates formed at high temperatures
produces soot.
Char is formed by water loss and condensation during crosslinking reactions and retains the
structure of the original lignocellulose [50, 51]. The amount of char produced is inversely
proportional to the increase of temperature until 400 °C. The elevated temperatures during
gasification open pores in char morphology due to the release of volatiles, and lead to char melting
and fusion as well.
The ash produced during gasification is formed by the presence of inorganic components in the
biomass feedstock [52]. The main composition of ash, including fly ash, which leaves with the
product gas and bottom ash from the bottom of the reactor, is oxides of aluminum, calcium, iron,
potassium, phosphorus, magnesium, silicon, and sodium along with residual carbon. The ratios of
these oxides depend on the amount and nature of inorganic substances in the raw feedstock.
Silicon, nickel, lead, zinc, chromium, cadmium, potassium, Sulphur, manganese, and copper are
obtained in the bottom ash, while volatile halogens and alkali metals are found in the fly ash and
wet scrubber ash [52]. The melting point of ash is around 1000 °C, and the gasification temperature
must be lower than this point to avoid ash sintering and slagging [30]. Due to the problems of ash
and the decrease in process efficiency, the presence of these inorganic matters in biomass feedstock
should be fully considered.
Tar is a product of biomass gasification, which is defined as any matter in the product stream that
is condensable in the gasification or downstream processing equipment [46]. Tars may cause many
serious problems for gasifier or downstream processing steps as blockages and clogged filters. The
chemical structure and formation of tar are discussed in a report by Milne, Evans and Abatzoglou
[46]. The tar composition is a function of process temperature as shown in Figure 2.7 [53].
Mixed
oxygenates
400 oC

Phenolic
Ethers
500 oC

Alkyl
Phenolics
600 oC

Heterocyclic
Ethers
700 oC

PAH
800 oC

Larger PAH
900 oC

Figure 2.7: The transition of tar composition scheme
To reduce tars, choosing a type of gasifier and gasification operating conditions is an important
factor [53, 54]. A probable solution is the addition of solid catalysts inside the gasifier [55-57],
the catalysts, including Pd, Pt, Ru, and Ni supported on CeO2/SiO2, and dolomite could be added
into the reactor. Tomishige et al. [56] reported that Rh/CeO2/SiO2 is the most effective catalyst for
the decrease of tar levels. Furthermore, another approach is the mixing of alkali metal catalysts
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and the biomass feedstock by drying mixing or wet impregnation [58]. Some of the alkali salts
used to add to the biomass, such as K2CO3, Na2CO3, Na3H(CO3)2, Na2B4O7.10H2O, CsCO3, NaCl,
KCl, ZnCl2, AlCl3.6H2O [30]. Alkali salts not only reduce tar formation but also increase char
yields that have been reported in several fundamental studies [30, 59]. However, the utilization of
alkali metals has some disadvantages as poor carbon conversion, increasing ash content, and
difficult alkali metal recovery [60].
2.2.3 Gasification Mechanism
Overall, the gasification process is endothermic; thus, it requires energy for their occurrence,
which can come from an external heat source or auto thermal phase supplied by the oxidation of
part of the biomass. The gasification process generally consists of four main overlapping
subprocesses [15, 61] as follows:


Drying (endothermic stage)



Pyrolysis (endothermic stage)



Oxidation (exothermic stage)



Reduction (endothermic stage)

Additionally, tar decomposition can be included to account for the formation of light hydrocarbons
due to the cracking of large tar molecules [19]. The main reactions that take place in the gasifier
are summarized in Table 2.6.


Drying: it occurs at a temperature of about 100 - 150 °C to reduce the moisture content of
biomass to less than 5 wt.% [61].
Moist biomass + Heat → Dry Biomass + H2O



(2.2)

Pyrolysis: it is a thermal decomposition of the matrix carbonaceous materials at the
temperature range of 250 - 700 °C, the pyrolysis reactions take place around 600 - 700 °C
[15]; particularly, the cracking of chemical bonds occurs with the formation of lower
molecular weight components, resulting in obtaining different fractions: a solid, a
liquid/condensed and a gaseous fraction [15]. In this stage, the biomass decomposes into
solid charcoal with a fraction of 5 - 10 wt.% for fluidized bed gasifier or 20 - 25 wt.% for
fixed bed gasifier [15]. The solid fraction is defined as char including the inert materials in
biomass in the form of ashes and high carbon content. This fraction is characterized by a
high heating value. The volatile matter in the biomass is released hydrocarbon gases, which
are constituted by complex organic substances, and can be condensed at a sufficiently low
temperature to liquid tars. The liquid fraction varies according to the type of gasifiers, such
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as lower than 1 wt.% for downdraft gasifiers, 1 - 5 wt.% for bubbling bed gasifiers, and 10
- 20 wt.% for updraft gasifiers [15]. The gaseous fraction is an incondensable mixture of
gases at ambient temperature, accounting typically for 70 - 90 wt.% in the feedstock [15].
This mixture of gases consists mainly of hydrogen, carbon monoxide, carbon dioxide, and
light hydrocarbon. Several complex phenomena occur in the pyrolysis process, including
heat transfer, diffusion from biomass pore towards gas phase bulk, and reactions in series.
The reaction rates may be limited at low temperatures, while heat transfer or product
diffusion may be limited for the whole process at higher temperatures. The overall reaction
for the pyrolysis process can be described below [62]:
Biomass → H2 + CO + CH4 + H2O + Tar + Char (Endothermic reaction)


(2.3)

Oxidation: the reactions of solid carbonized biomass and under stoichiometric oxygen
take place at a temperature varying from 1100 to 1500 °C, resulting in the generation of
mainly carbon monoxide and carbon dioxide. Hydrogen contained in the biomass can be
oxidized to water. Temperature, pressure, and gasifying agent are the crucial parameters
that play an important role in the yield and the product gas composition. The heat produced
from exothermic reactions in this step is provided for endothermic reactions.



Reduction: the reduction step includes all the products from the previous stages (pyrolysis
and oxidation); the gaseous components and the char can react with each other to form the
final syngas. Several reactions in this stage take place in the temperature range of 800 1000 °C.

Furthermore, there are important secondary reactions that take place under appropriate conditions
(temperature, pressure) including the decomposition of heavy hydrocarbons and tars.
Tar → Char + Gas

Tar thermal cracking
Steam tar reforming

(2.4)

Tar + H2O(g) → CO + H2O + CH4 +
𝑦

(2.5)

𝑦

Reforming of higher hydrocarbons

CxHy → 4 CH4 + (𝑥 − 4 ) C

Steam reforming of higher hydrocarbons

CxHy + x H2O(g) → x CO + (𝑥 + 2) H2

(2.6)
𝑦

(2.7)
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Table 2.6: Gasification chemical reactions [15, 63]
Name of reaction

Chemical reaction

Char combustion
Partial oxidation
Boudouard reaction
Char reforming/water gas
Methanation
Hydrogen combustion
Water-gas shift reaction
Stream reforming of methane
Dry reforming of methane
CO oxidation
Tars reforming
Hydrocarbon reforming

C + O2 → CO2
C + ½O2 → CO
C + CO2 ↔ 2CO
C + H2O ↔ CO + H2
C + 2H2 ↔ CH4
H2 + ½O2 → H2O
CO + H2O ↔ CO2 + H2
CH4 + H2O ↔ CO + 3H2
CH4 + CO2 ↔ 2CO + 2H2
2CO + O2 → CO2
Tars + H2O ↔ CO + H2 +CO2+hydrocabons+…
Hydrocabons + H2O ↔ CO + H2 +CO2+ …

2.2.4 Gasifying Agent
Biomass gasification takes place in the atmosphere of the gasifying medium, which reacts with
carbonaceous materials and converts them into a mixture of gases. The composition of the product
gas is a function of the gasifying agent, gasifier type, and process operating conditions. Air,
oxygen, stream, stream, hydrogen, carbon dioxide, and a mixture of these components can be used
as a gasifying agent. The gasifying environment is also a key role in transforming solid char and
heavy hydrocarbons to carbon monoxide and hydrogen [63].
As shown in Table 2.7, hydrogen or pure oxygen produces a high heating value product gas but
they are more expensive. The low CV product gas is utilized as an engine fuel or in combustion,
while medium and high CV gases can be used in the production of basic chemicals, such as
methane and methanol. The overall conversion efficiency of biomass to energy through
gasification and pyrolysis process is approximately 75 - 80 %.
Table 2.7: Calorific values (CV) for product gas based on Gasifying agent [64]
Classification
Low CV
Medium CV
High CV

Calorific value
[MJ/Nm3]
4-6
12 - 18
40

Gasifying agent
Air, steam/air
Oxygen, steam
Hydrogen, hydrogenation

2.2.4.1 Air gasification
Using air as a gasifying agent is the simplest gasification process, which can oxidize excess char
produced by the pyrolysis process within the gasifier. The ratio of the actual air-fuel ratio to the
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stoichiometric air-fuel ratio is called the equivalence ratio, typically varies from 0.2 to 0.4 (usually
0.25) [43, 65]. Due to the presence of nitrogen from the air, the produced gas has a relatively low
content of primarily hydrogen and carbon monoxide. Gasification can be illustrated by a simple
reaction.
Biomass + Air → H2 + CO2 + CO + N2 + CH4 + hydrocarbons + H2O + Char

(2.8)

The heating value of the product gas varies from 3.5 to 7.8 MJ/Nm3; therefore, it is usually used
as an energy source for boiler and engine, but not for an application that requires its transportation
through pipelines [65, 66]. The study showed that at optimum operating conditions, a product gas
could be obtained 3.0 Nm3/kg biomass and a heating value of about 5.0 MJ/Nm3. The
concentration of hydrogen, carbon monoxide and methane in the produced gas were 9.27, 9.25 and
4.21 %, respectively.
2.2.4.2 Oxygen gasification
Oxygen is used as a gasifying agent in biomass gasification. Without the presence of nitrogen, the
product gas has a medium heating value (approximately 12 - 21 MJ/Nm3) [43]. The product gas
can be economically transported in pipeline network systems, and conveniently used for heat and
power generation as well as probably feedstock to produce chemicals and fuels. As a report by
Bailie (1979), at an oxygen concentration of 20 % and 100 %, the heating values of product gas
are 6 and 11.2 MJ/Nm3, respectively, while the mole fractions of methane, hydrogen, and carbon
monoxide increase from 4 to 6 %, from 13 to 19 % and from 25 to 55 %, respectively [65].
However, the main challenge of oxygen gasification is the high cost of oxygen resulting in low
economic efficiency. The technologies of oxygen production require much energy and influence
the energy efficiency of the whole process.
2.2.4.3 Steam gasification
Steam gasification is one of the thermochemical processes for hydrogen production. It is an
effective technology to produce renewable hydrogen without any carbon footprint in the
environment [67]. The yield of hydrogen in steam gasification is considerably higher than those
of fast pyrolysis followed by steam reforming of char. Due to some endothermic reactions in the
presence of steam, steam gasification usually requires heat supply from an external source if steam
is used as a sole gasifying agent. Biomass steam gasification can be described by a general reaction
as follows.
Biomass + Steam → H2 + CO + CO2 + CH4 + light and heavy hydrocarbons + Char (2.9)
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Steam can react with carbon monoxide to produce hydrogen and carbon dioxide, this reaction is
called water gas shift reaction. With increasing hydrogen content in syngas, the heating value of
the produced gas probably reaches up to18 MJ/m3.
Chen and Day (1982) studied the gasification of rice husk in a fluidized bed reactor. They obtained
the heating value of the product gas varies from 16.8 to 18.5 MJ/m3, and the concentrations of H2,
CH4, CO, and CO2 are from 3.6 - 13.1 %, from 14.4 - 13.5 %, from 52.2 - 51.1 %, and from 23 14.6 % over the temperature range, respectively.
2.2.4.4 Hydrogen gasification
The Biomass is converted to a high calorific value mixture of gases in presence of hydrogen at
high pressures. In hydrogen gasification, stringent reaction conditions must be maintained because
the most of products are normally in the gaseous phase. The challenges of this process are the
degree of control and the cost of hydrogen production. With the presence of hydrogen, char is
converted into methane through a hydrogenation gasification reaction:
C + 2H2 ↔ CH4

(2.10)

Weil et al. (1978) [68] gasified peat using preheated hydrogen at fluidized bed gasifier. An
entrained flow gasifier was operated under an isothermal or a constant heat-up condition. When
the temperature increased from 426 to 760 °C, carbon monoxide and hydrocarbon concentration
expanded from 8 to 18 %, and 41 to 63 %, respectively.
2.2.4.5 Carbon dioxide gasification
In carbon dioxide gasification, carbon dioxide reacts with carbon to produce carbon monoxide,
this reaction is endothermic, the so-called Boudouard reaction:
C(s) + CO2(g) → 2CO(g)

(2.11)

Narendra et al. [69] gasified southern pine at the temperature range of 700 - 935 °C and the CO2/C
ratio in a range of 0.5 - 1.5 (wt./wt.). The result shows that the high heating value of product gas
peaks at 850 °C (13.75 MJ/m3) correlating to the higher hydrocarbon content at that temperature,
while the highest concentrations of CO and H2 are at 934 °C.

2.3 Chemical-Looping Gasification
Chemical looping gasification is a novel concept to gasify fuels into product gas, which can be
used to generate heat and power or produce chemicals and fuels. Biomass gasification using
chemical looping technology is an innovative biomass approach due to its advantages such as highquality syngas production, lower CO2 emissions, and high hydrogen production efficiency.
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Additionally, the heat produced in the air reactor (AR) can be provided for endothermic reactions
in the fuel reactor (FR) through an oxygen carrier (OC). Moreover, the inorganic compounds in
biomass ash can act as effective catalysts for gasification reactions [16], which is a promising
benefit for biomass chemical looping gasification.
2.3.1 Process Description
Chemical looping technology is designed to avoid direct contact between air and fuel by
circulating metal/metal oxides between two reactors, namely air reactor (AR) and fuel reactor
(FR). The metals/metal oxides work as oxygen carriers (OCs) to transport oxygen from the air to
the fuel via redox reactions. Chemical looping gasification (CLG) shares the principles with
chemical looping combustion. A simplistic mechanism of biomass chemical looping gasification
is shown in Figure 2.8. Biomass is partially oxidized in the FR by sub-stoichiometric quantities
of metal oxides (MexOy) to produce a mixture of gases, mainly H2 and CO. Steam or CO2 may be
added into the FR to enhance reforming reactions and char gasification. A general description of
the overall oxidation reaction in the FR is given in Reaction (2.13). In the AR, the reduced form
of oxygen carriers (MexOy-1) in the fuel reactor is oxidized by oxygen from the air as shown in
Reaction (2.12). The key reactions in the fuel reactor are summarized in Table 2.8.
MexOy

N2, O2

Syngas (CO, H2)
Reduction
reaction

Oxidation
reaction

MexOy-1

Air

Biomass, H2O/CO2

Figure 2.8: General scheme of Biomass chemical looping gasification process
2MexOy-1 + O2 → 2MexOy

Air reactor:

𝐻2 𝑂/𝐶𝑂2

Fuel reactor: Biomass + MexOy →

CO + H2 +CO2 + CH4 + tar + MexOy-1 +…

(2.12)
(2.13)
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Table 2.8: Chemical reactions in fuel reactor [15, 63][19, 45]
No.
1
2
3
4
5
6
7
8
9
10
11
12
13

Name of reaction

Chemical reaction

Boudouard reaction
C + CO2 ↔ 2CO
Char reforming/water gas
C + H2O ↔ CO + H2
Methanation
C + 2H2 ↔ CH4
Water gas shift reaction
CO + H2O ↔ CO2 + H2
Steam reforming of methane
CH4 + H2O ↔ CO + 3H2
Dry reforming
CH4 + CO2 ↔ 2CO + 2H2
Oxygen carrier reduction
CO + MexOy → CO2 + MexOy-1
Oxygen carrier reduction
H2 + MexOy → H2O + MexOy-1
Oxygen carrier reduction
CH4 + MexOy → 2H2 + CO + MexOy-1
Oxygen carrier reduction
C + MexOy → CO + MexOy-1
Oxygen carrier reduction
C + 2MexOy → CO2 + 2MexOy-1
Tars reforming
Tars + H2O ↔ CO + H2 + CO2 + hydrocabons +…
Hydrocarbon reforming
Hydrocabons + H2O ↔ CO + H2 +CO2+ …

2.3.2 Process Classification
Sharing the basic principles with chemical looping technology, the BCLG process takes place
based on many intrinsic components such as the fuel, gasifying agents, reactor configurations, and
looping materials. These parameters can be grouped into three main categories as illustrated in
Figure 2.9.

Classifcation

Type of
System
Configuration
Type of
Looping
Materials

Type of
Oxygen
Carrier

Two-reactor
Three-reactor system
Alternating fixed or fluidized bed
BCLG
OU-BCLG
Nibased
Fe-based
Cu-based
Mn-based
Co-based
Mixed oxides and perovskites

Figure 2.9: Classification of Biomass chemical looping gasification process
2.3.3 Type of System Configuration
The biomass chemical looping gasification concept is to produce high-quality syngas for further
applications. The contact between the fuel and the oxygen carrier is a crucial factor in the chemical
looping system, especially BCLG. The selection of the reactor configuration is an important
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criterion for chemical looping processes. The essential requirements for selecting an appropriate
BCLG with a continuous operation are as follows [70, 71]:
i) There should be sufficient particle circulation between the FR and the AR. There should
be sufficient contact between the fuel/air and the solid oxygen carriers to achieve maximum
conversion.
ii) High temperature and high-pressure operation must be carried out to achieve higher overall
efficiency.
iii) There should be limited gas leakage between the FR and the AR.
As a part of a chemical looping system, a reactor configuration is one of the most important factors
that affect process performance. Two types of reactors have been proposed, which are very popular
for chemical looping applications, namely fixed-bed and fluidized bed reactors. Fixed-bed reactors
are the simplest type of reactor in chemical looping processes ranging from laboratory-scale to
pilot plant-scale and commercial-scale. In this type of reactor, the solid materials are stationary
and are alternately exposed to reducing and oxidizing conditions through periodic switching of
feed streams [72]. The major advantages of the fixed-bed reactor are that separation of gas and
solid particles are not required, which allows for better utilization of oxygen carrier. To achieve a
high process energy efficiency and continuous operation, two or more fixed bed reactors in parallel
can be installed in the system. However, this reactor configuration has not been used widely for
BCLG since it shows heat and mass transfer limitations and demands a high temperature, a
complex flow switching system. Fluidization process in which solids behave like a fluid by passing
gas or liquid upwards through the bed of particles. The fluidized bed reactor is extensively used in
chemical looping processes. Its advantages over the fixed-bed reactors are uniform temperature
distribution, more effective mixing, and higher heat and mass transfer. The behavior of a fluidized
bed strongly depends on flow gas velocity and solid properties. Among fluidization regimes,
bubbling, turbulent and fast fluidization is mainly applied in chemical looping processes.
However, one of the serious problems in the stable operation of the fluidized bed reactor is particle
segregation leading to poor fluidization. Based on the key requirements and types of reactors in
the system mentioned above, it could be proposed to be accomplished in three configurations like
a two-reactor system, three-reactor system, and alternating packed or fluidized bed reactor (shown
in Figure 2.10). Many researchers have carried out their studies in different types of reactor
systems and different types of oxygen carriers for CLG fitting biomass fuels to evaluate the
feasibility of the BCLG process.
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2.3.3.1 Two-reactor system
The two-reactor system is the most popular configuration for BCLG implementation as shown in
Figure 2.10-(a). The configuration consists of two fluidized bed reactors as the AR and FR,
respectively. In the AR, the oxygen carrier materials are oxidized by oxygen from the air. The
oxidized form of the oxygen carrier is transferred to the FR to react with biomass to produce a
gaseous mixture and the reduced form of metal oxides, then they are returned to the AR for
regeneration. Additionally, two loop-seal devices are installed between the AR and FR to prevent
gas mixing between two reactors
Depleted Air

Syngas

Depleted Air

H2, CO,
H2O, CO2
MexOy

H2

MexOy

Air
reactor

Biomass

Fuel
reactor

Air
reactor

Fuel
reactor
Steam
reactor

MexOy-1
MexOy-2

H2O

MexOy-1

Biomass

Air
(a) Two-reactor system

Air
(b) Three-reactor system

Figure 2.10: BCLG configurations for hydrogen enrich gas production
This configuration is based on the reactivity of the oxygen carrier considering that the residence
time of the oxygen carrier required for the reduction reaction is higher than for the oxidation. The
AR, a fast fluidized bed reactor, has two objectives: to give the driving force for the solid material
circulation and provide sufficient oxygen and heat for fuel conversion in the FR [73]. The reactions
and mechanisms of the two-reactor configuration are discussed in Section 2.3.1. Interconnected
fluidized bed reactors, a type of two-reactor system, comprise mainly two fluidized bed reactors.
This configuration normally consists of a high-velocity riser and a low velocity bubbling fluidized
bed as the AR and the FR, respectively being the most popular configuration among all the various
types. The gasification conversion of the biomass takes place in the FR while the oxygen carrier
is oxidized inside the AR. The loop-seals are installed to prevent gas leakage between the AR and
the FR. Additionally, cyclones are used to remove solid particles from the gas stream.
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It is noted that by this time, there have not been many studies conducted on BCLG, and the
majority of those studies have been carried out in small pilot-scale reactors and thermogravimetric
analysis. Huijun et al. [74] used a 25 kWth reactor of interconnected fluidized beds to gasify rice
straw with NiO/Al2O3 and CaO-decorated NiO/Al2O3 as an oxygen carrier. CaO was added to
produce high-quality syngas with low CO2 emission and improve the performance of the process.
The gasification system consists of a high-velocity fluidized bed and a bubbling fluidized bed as
the AR and the FR respectively. A circulating fluidized bed reactor was used as the regenerator,
and the air was supplied as the fluidizing medium. A 10 kWth interconnected fluidized bed reactor
for biomass chemical looping gasification was reported by Huseyin et al. [75] which included a
fast fluidized bed as the AR and a bubbling bed as the FR. These reactors were connected through
two cyclones and two loop-seals. During the process, Fe2O3/Al2O3 was used as an oxygen carrier.
Zeng et al. [76] designed a chemical looping pyrolysis-gasification system for syngas production
from pine sawdust. The configuration of the system mainly consists of a fast fluidized bed as the
FR and a bubbling fluidizing bed as the AR. Particularly the FR was divided into 2 zones:
pyrolysis and gasification. At a low zone where pyrolysis occurred, biomass was fed at the bottom
of the reactor, while steam was introduced into the middle of the reactor to gasify the volatile
matter from the pyrolysis zone.
2.3.3.2 Three-reactor system
The configuration proposed could generate pure hydrogen and syngas separately and
simultaneously. The three-reactor system shares similar principles with the chemical looping
reforming of methane configuration [17] as shown in Figure 2.10-(b). A simplistic mechanism of
the three-reactor system for BCLG combined with water splitting is illustrated in Figure 2.11.
Biomass is partially oxidized by the lattice oxygen of the metal oxides in the FR to produce syngas
as shown in (2.14), but the reduced oxygen carrier is oxidized by steam to regenerate lattice oxygen
and produce H2 in the steam reactor (2.15) instead of in the AR. Afterward, the oxygen carrier is
fully oxidized in the AR (2.16) before continuing the next cycle.
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Figure 2.11: Process scheme of Three-reactor system for BCLG
The reactions in this process can be illustrated as follows:
Fuel reactor:
Steam reactor:
Air reactor:

Biomass + MexOy → CO + H2 + CO2 + H2O + MexOy-2
MexOy-2 + H2O → H2 + MexOy-1
1

MexOy-1 + O2 → MexOy
2

(2.14)
(2.15)
(2.16)

Where MexOy is an oxygen carrier, MexOy-1 and MexOy-2 are the corresponding reduced form of
oxygen carriers with different reduction degrees.
Oxygen carrier material used in the process demands a sufficiently high reactivity with biomass,
good performance for water splitting to generate hydrogen, and high stability during redox cycles.
Additionally, the material should have good resistance to carbon deposition because it may cause
contamination of hydrogen produced. Some metal oxides have been considered as possible oxygen
carriers for this configuration such as Fe3O4, WO3, SnO2, Ni-ferrites, (Zn, Mn)-ferrites, Cuferrites, and Ce based oxides [17]. A study was developed in a fixed bed reactor by He et al. [77]
to combine BLCG and water/CO2 splitting using NiFe2O4 as an oxygen carrier. In this study,
experimental investigations were carried out in three steps separately. Firstly, biomass was reduced
by NiFe2O4 to generate syngas in the presence of steam/CO2. Afterward, the reduced form of the
oxygen carrier was oxidized partially by steam/CO2 to produce H2/CO, then it was fully oxidized
by air in the oxidation step. During the investigations, syngas and H2/CO were obtained separately
in different steps. The authors also proposed phase transitions corresponding to different reduction
degree of the oxygen carrier at different steps as follows:
NiFe2O4 → metallic Fe(Ni)/FeOx → Ni1.43Fe1.7O4/Ni → NiFe2O4

(2.17)
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The three-reactor configuration has been considered a promising approach since it can produce
syngas and pure hydrogen simultaneously. However, there have been very few studies on this
configuration. Some researches related to the three-reactor system have been focused on gaseous
fuels, coal, and FeO/Fe3O4/Fe2O3 materials as looing materials [78-84]. Therefore, the lacking of
understanding of the fundamentals of this process hinders it.
2.3.3.3 Packed and fluidized-bed
This configuration reactor can be applied for chemical looping gasification of biomass. A simple
configuration of this type is shown in Figure 2.12. The system comprises at least two reactors in
parallel working alternately to continuously produce syngas. Each reactor works alternately
reduction and oxidation cycles and intermittently alternated with short periods of mild fluidization
of the bed after each cycle to level off concentration and temperature profiles [71]. The main
advantages of this technology include the separation of gas and particles and the ability to work
under high pressure, whereas this technology requires high temperature and a high flow gas
switching system [85].
Syngas

N2/O2

AR/FR

AR/FR

Air
Fuel

Figure 2.12: Simple configuration of alternating packed or fluidized bed reactors
Yan et al. [86] used a fixed bed reactor to study the performance of Al2O3/BaFe2O4 as a synthesized
oxygen carrier in BCLG for hydrogen-rich syngas production. Liu et al. [87] conducted a study of
chemical looping co-gasification of pinewood and polyethylene in a fixed reactor. The effects of
operating conditions during the BCLG process were reported in the investigation. A study of CLG
of biomass char using NiO-modified iron ore as an oxygen carrier was carried out by Huang et al.
[88]. They reported the reduction of oxygen carrier by biomass char in TGA and a fixed-bed
reactor. Liu et al. [89] developed Ca2Fe2O5 with Mg/Al/Zn oxides as support materials for BCLG
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in a fixed bed reaction. This work mainly investigated the effects of Mg/Al/Zn oxides on the
reactivity of Ca2Fe2O5 and the BCLG performance. Wang et al. [90] presented experimental results
in a bubbling fluidized bed reactor for CLG of sawdust pellet with high volatile and low ash content
as fuel. It was found that higher reaction temperatures increased gas production, while the amount
of liquid and solid decreased.
2.3.4 Type of Looping Materials
In the BCLG process, oxygen carrier s are used to transfer lattice oxygen from the air to the fuel
via redox reactions to produce syngas, which can avoid the direct contact of air and fuel. Metal
oxide materials play a crucial role in the chemical looping redox processes. These metal oxide
materials can be classified as chemical looping gasification (BCLG) and oxygen uncoupling
chemical looping gasification (OU-BCLG) based on the properties of looping materials as shown
in Figure 2.9. As can be seen in Figure 2.13-(a), biomass fuel is decomposed and cracked down
at high temperatures mainly into three products of gas, tar, and char which can be simplified into
volatiles and char. The volatile matter in the biomass, which is reduced to the release of
hydrocarbon gases, is constituted by complex organic substances and can be condensed at a
sufficiently low temperature to liquid tars. The gaseous fraction is an incondensable mixture of
gases at ambient temperature and accounts typically for 70 - 90 wt.% of the feedstock [91, 92].
This mixture of gases consists mainly of hydrogen, carbon monoxide, carbon dioxide, and light
hydrocarbon. Afterward, these products react with oxygen carrier particles. Two main types of
reactions occur simultaneously in the fuel reactor: homogeneous and heterogeneous. There are two
reaction pathways proposed based on the oxygen carrier and biomass in the fuel reactor: direct
reduction of oxygen carrier by biomass and reduction of oxygen carrier by gaseous biomass
gasification products [16]. The first pathway consists of two main reaction types, reactions of
volatile matter released from biomass with the oxygen carrier, and direct solid-solid reactions.
Since solid-solid reactions are very limited due to low contact efficiency, they are considerably
neglected in comparison to heterogeneous reactions. Due to a relatively high fraction of volatile
matter in biomass, it is preferred that a higher proportion of biomass fuel can directly react with
oxygen carrier in a chemical looping gasification system.
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Figure 2.13: Main reactions in the fuel reactor: (a) BCLG and (b) OU-BCLG
The second pathway is an indirect reaction between biomass and oxygen carrier. Firstly, Biomass
is gasified with H2O/CO2 to produce mainly H2/CO, then gaseous products can readily react with
oxygen carrier.
The general reactions occur in the fuel reactor:
Biomass → Volatiles + Char (mainly C) + H2O

(2.18)

Volatiles + MexOy → CO2 + H2O + MexOy-1

(2.19)

Char + CO2 → 2CO

(2.20)

Char + H2O → H2 + CO

(2.21)

CO + MexOy → CO2 + MexOy-1

(2.22)

H2 + MexOy → H2O + MexOy-1

(2.23)
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The other concept proposed is oxygen uncoupling biomass chemical looping gasification (OUBCLG). The system is based on the use of oxygen carrier, which can release gaseous oxygen in
the fuel reactor to oxidize the fuel as shown in Figure 2.13-(b).
2MexOy ⇌ 2MexOy-1 + O2

(2.24)

Char + O2 → CO + CO2

(2.25)

Volatiles + O2 → CO + CO2 + H2

(2.26)

In the OU-BCLG process, the oxygen carrier releases oxygen according to reaction (2.24), and the
biomass fuel can be decomposed simultaneously into volatiles and char as shown in reaction
(2.18). Afterward, the devolatilization products are oxidized to CO, CO2, and H2O according to
reactions (2.25) and (2.26). The remaining char is gasified by CO2 and H2O to produce CO and
H2. Moreover, H2O, CO2, or their mixture, which also acts as gasifying agents to accelerate
biomass gasification, should fluidize the fuel reactor in both concepts.
There are a limited number of oxygen carrier materials, which have the property of releasing
oxygen and can meet the requirement for multiple cycles of oxygen uncoupling processes. They
must be reversible in the reactions of releasing and oxidizing oxygen. In comparison with oxygen
carrier for the normal BCLG process, the metal oxides used in OU-BCLG have a suitable
equilibrium partial pressure of gas-phase oxygen at a temperature range of 800 - 1200 °C. Thus,
there are three metal oxide system could be used in the OU-BCLG system such as CuO/Cu2O,
Mn2O3/Mn3O4, and Co3O4/CoO. Their reversible reactions are as follows [85]:
4CuO ⇌ 2Cu2O + O2

∆H850 = 263.2 kJ/mol O2

(2.27)

6Mn2O3 ⇌ 4Mn3O4 + O2

∆H850 = 193.9 kJ/mol O2

(2.28)

2Co3O4 ⇌ 6CoO + O2

∆H850 = 408.2 kJ/mol O2

(2.29)

Unlike the chemical looping combustion process, the BCLG concept is to produce useful
combustible gas (CO and H2, syngas); therefore, the partial oxidation of biomass can be achieved
by using oxygen carrier materials suitable for OU-BCLG. Due to the very high reactivity of oxygen
uncoupling materials, less metal oxide material used is needed in the system which could reduce
the reactor size and associated costs. OU-BCLG is a new concept and a few studies related to OUCLG have been performed with biomass.
2.3.5 Type of Oxygen Carrier
Oxygen carrier plays a key role as the chemical intermediate to indirectly transfer pure oxygen
from the air to the fuels through reduction-oxidation (redox) reactions in the chemical looping
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processes. In chemical looping gasification, an oxygen carrier is used to not only provide the
oxygen needed for gasification to extremely improve the quality of syngas but also work as a
thermal carrier which increases heat balance between the two reactors [76]. Furthermore, some
metal oxide oxygen carriers may have a catalytic effect on biomass tar cracking [93-95]. Thus, the
selection of an appropriate oxygen carrier is one of the most important criteria for good
performance of the chemical looping process. The preferable properties of an oxygen carrier for
system performance should be as follows [71, 85, 96-98]:
i)

Sufficient oxygen transport capacity.

ii) Favorable thermodynamics and reactivity regarding the solid fuel for the reduction
reactions.
iii) Selectivity towards CO and H2.
iv) Propensity to convert methane.
v)

High reactivity in the oxidation reactions.

vi) Capability of converting biomass to gaseous products.
vii) Resistance to attrition to minimize losses of elutriated solid.
viii) Minimal carbon deposition.
ix) Good fluidization characteristics (no presence of agglomeration) and high melting points.
x)

Reasonable cyclability/circulation for using over several redox reactions.

xi) Low cost and long lifetime.
xii) Environmentally friendly properties.
xiii) High mechanical strength and resistance to frictional stresses.
Various transition metal oxides and metal sulfates such as Ni, Cu, Co, Mn, Fe have been proposed
as possible oxygen carriers for chemical looping processes. The oxygen carriers are categorized in
the literature as synthetic materials and natural minerals [96]. Synthetic oxygen carriers generally
comprise single metal oxides as well as their blend with inert support (Al2O3, SiO2, MgAl2O4,
TiO2, ZrO2, etc.) [85]. The low-cost natural minerals are used as oxygen carriers including iron
ore, ilmenite, manganese ore, and waste materials from the steel industry and alumina production
[96]. Synthetic oxygen carriers are widely researched, while natural minerals are potentially
developed due to their low cost. Normally, the selection of oxygen carriers is based on the fuel
(natural gas, coal, biomass, etc.) as well as the desired chemical process (combustion, gasification,
etc.).
In the chemical looping systems, the lattice oxygen in metal oxides can oxidize partially or fully
carbonaceous fuels; therefore, the reduction behavior of the metal oxides significantly affects the
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performance of chemical looping gasification systems. A modified Ellingham diagram is shown
in Figure 2.14-(a), which depicts the standard Gibbs free energies of reactions as a function of
temperature according to the following reaction:
aMexOy + O2 ⇌ aMexO(y+2/a)

(2.30)

The diagram shows the change of the Gibbs free energy with temperature variation, which can be
used to evaluate the redox potentials of common oxygen carrier materials. According to the
thermodynamic analysis, metal oxides can be mainly categorized in three zones according to their
potential to oxidize the fuel or desired applications. Three reaction lines bind the three zones as
follows (see Figure 2.14-(b)):
Reaction line 1:

2CO + O2 → 2CO2

(2.31)

Reaction line 2:

2H2 + O2 → 2H2O

(2.32)

Reaction line 3:

2C + O2 → 2CO

(2.33)

Zone A: metal oxides, located in the area above lines 1 and 2, have strong oxidizing properties
and can convert completely or near completely the fuel to yield 95 % of CO2 [99]. Metal oxides
in this zone consist of CuO, Co3O4, Fe2O3, Cu2O, NiO, CoO, and Fe3O4.
Zone B: the region is bounded in between lines 1 and 3, the materials in this region can partially
oxidize the fuel to produce CO or H2 and an excessive quantity of oxygen carrier does not yield
full oxidation. Thus, metal oxides in zone B are theoretically ideal for chemical-looping
gasification applications with 90 % of syngas yield [99].
Zone C: the materials in this zone below line 3 cannot be used as oxygen carriers due to their low
oxidizing ability; thus they are considered inert for chemical looping applications.
Ellingham diagrams allow effective evaluation of redox pairs thermodynamically, which can
provide theoretical indications for the oxygen carrier’s selection. An oxygen carrier performs in a
chemical looping system depending on a combination of reaction kinetics, a ratio of oxygen carrier
to fuel, contact time, and process design.
To select oxygen carriers for chemical-looping gasification applications, there are two approaches
to achieve partial oxidation of fuels. Firstly, metal oxides in zone B are used to mainly produce
CO and H2, which cannot be completely oxidized due to thermodynamic restrictions. The other
approach is to use under stoichiometric quantities of materials in zone A.
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Figure 2.14: Modified Ellingham diagram for oxygen carrier material: (a) Standard Gibbs free
energy changes of some oxidation reactions and (b) reaction zones for syngas production
applications [16]
According to the basis of desired characteristics, various types of oxygen carriers have been
investigated for chemical looping processes. They can be classified as follows:
i)

Ni-based oxygen carriers.

ii) Cu-based oxygen carriers.
iii) Fe-based oxygen carriers.
iv) Mn-based oxygen carriers.
v)

Co-based oxygen carriers.

vi) Perovskite-type complex metal oxides
vii) Other oxygen carriers.
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Several kinds of research have been conducted to compare a large number of oxygen carriers.
These results show the general reactivity of the commonly used metal oxides follows orders [16,
17, 100]:
NiO > CuO > Mn3O4 > Fe2O3

(2.34)

One of an important characteristic of an oxygen carrier is oxygen transport capacity, RO, which is
defined as the usable oxygen in the oxygen carrier during one redox cycle, defined by
𝑅𝑂 =

𝑚𝑜𝑥 −𝑚𝑟𝑒𝑑
𝑚𝑜𝑥

(2.35)

Where mox and mred represent the weight of fully oxidized and reduced oxygen carrier in the redox
cycle, respectively. The oxygen transport capacity, RO, determines the fuel conversion and the
amount of solid circulation rate.
Figure 2.15 presents the RO values of different redox couples of oxygen carriers. It can be seen
that CaSO4, Co3O4, NiO, and CuO have higher RO values, whereas reduction of Fe2O3 to Fe3O4
produces only around 3 wt.% of oxygen, the lowest one in the list. The support materials are
commonly used to improve the oxygen carrier’s performance. The interaction of the metal oxide
and the support material can influence the RO value of oxygen carriers. By using Al2O3 supported
Fe-based oxygen carriers, more Fe2O3 can be reduced to FeO in form of FeAl2O4 with RO of 0.045,
allowing it to almost completely combust to CO2 and H2O in a chemical looping system.
Compared to other oxygen carriers, the Nikel-based oxygen carrier shows better reactivity of the
reduction and oxidation reactions in the chemical looping process. With high oxygen transport
capacity, very high chemical reactivity, and almost complete conversion of hydrocarbons as well
as working at high temperatures in the range of 900 - 1100 °C, NiO shows its potentials for
chemical looping process applications. However, disadvantages include accumulative chemical
and thermal stress, and mechanical degradation with high cycle number [101] along with low
reaction rate, high cost, and sulfur deactivation are challenges for their commercial applications.
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Figure 2.15: Oxygen transport capacity, RO [85]
Copper-based oxygen carriers show good properties in the chemical-looping process, such as high
reactivity, oxygen transport capacity, cyclical and mechanical stability. Reactions of CuO and the
gasification products are exothermic thus could promote biomass reforming. However, its main
challenges of this type are sintering and de-fluidization because of the low melting point of metallic
Cu. The oxygen transport capacity of Fe-based oxygen carriers is relatively low, and it cannot be
reduced further than Fe3O4 because of the thermodynamic limitation [74]. Thus, to improve the
reaction rate and characteristics of metal oxides, alkali, and alkaline compounds are added to the
oxygen carrier. Yu et al. [102] investigated that the addition of alkali metals to Fe2O3 can improve
the reaction rate of solid fuel, and Gu et al. [103] reported that K2CO3-added iron ore showed
stable catalysis properties for coal chemical looping combustion, whereas calcium oxide exhibited
not only catalytic activity but also the ability to capture CO2 and sulfur compounds [104]. The
known benefits of iron oxide are low price, non-toxicity, chemical stability, low sintering
temperature needed, and low degree de-fluidization problems, the Fe-based materials are
promising oxygen carriers in chemical looping processes.
Perovskite-type complex metal oxides have a general formula ABO3, where A is a lanthanide ion
and/or alkaline earth metal and B is a transition metal ion [105]. Many studies pointed out that two
different oxygen species being in the perovskite oxides, such surface absorbed oxygen and bulk
lattice oxygen which play a different role in chemical looping processes. The surface absorbed
oxygen combusts completely methane, whereas the other is responsible for partial oxidation of
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methane to H2 and CO. Reactivity of the perovskite materials is a function of the mixedconductivity of the support. Many types of research found that the materials released between 3.44
and 8.23 wt.% of oxygen at 600 °C [105]. Oxygen transport within iron oxide particles can play
an important role at the final stage of the reduction, whereas higher Ni2+ shows a greater reduction
ability. The advantages of the materials are excellent regeneration ability and less agglomeration
at temperatures above 100 °C as well as high thermal stability, good mechanical properties, and
high selectivity to synthesis gas.
Many kinds of research have been carried out by mixing different active metal oxides or mixing
different oxygen carriers composed of single metal oxides. The major aims of using mixed oxides
are desired as follows [85]:
i)

Increase the reactivity and/or stability of particles

ii) Improve the conversion of the fuel gas
iii) Improve the mechanical strength and resistance to attrition of particles
iv) Improve carbon dioxide adsorption.
v)

Improve tar decomposition.

vi) Decrease the carbon deposition
vii) Decrease the preparation cost of the oxygen carrier
viii) Decrease the use of toxic metals
Many studies have been carried out to evaluate the performance of many metal oxides as oxygen
carriers for hydrogen production. It was found that the Fe-based oxygen carrier shows the most
attractive application prospect for the chemical looping applications, particularly for hydrogen
production due to its high-temperature stability, low cost, environmentally friendly effects [17,
19]. Composite materials of iron oxide and perovskite have been proposed as a potential oxygen
carrier material for hydrogen production because of their excellent oxygen transport properties and
stability under cycling. Thus, these materials work effectively for catalytic oxidation reactions
including hydrogenation, CO oxidation, and catalytic combustion [17]. According to Dueso et al.
[106], several oxygen carrier materials composed of LSF731 and iron oxide showed higher
performances in oxygen capacity and stability as well as hydrogen production compared to iron
oxide. The characteristics of common types of oxygen carriers are summarized in Table 2.9 [16,
17, 71, 85, 105].

Background and Literature Review

42

Table 2.9: Overview of common types of oxygen carriers in chemical looping processes
Type of
OC

Support
materials

Ni-based

Al2O3, MgAl2O3,
ZrO2, Bentonite,
TiO2, MgO, SiO2

Very high reactivity and
selectivity, strong catalytic
properties for hydrocarbon
conversion, high oxygen
transport capacity, high
stability, low agglomeration

Sulfur deactivation, high
cost, health and safety
issues

Fe-based

Al2O3, MgAl2O4,
TiO2, SiO2, YSZ,
CeO2, ZrO2

Environmentally friendly and
non-toxicity, low cost, high
mechanical strength, high
chemical stability

Relatively low reactivity,
low oxygen transport
capacity, agglomeration
issue, low solid
circulation rate.

Al2O3, CuAl2O4,
TiO2, SiO2, CeO2,
ZrO2, Bentonite,
MgO, MgAl2O4

High reactivity and oxygen
transport capacity, low cost
and toxicity, high chemical
and mechanical stability,
environmentally friendly. No
demand for external heat

Agglomeration and defluidization due to the low
melting point of Cu.

Al2O3, MgAl2O4,

Low cost and non-toxicity,
environmentally friendly

Sulfur deactivation,
relatively low oxygen
transport capacity,
agglomeration, low
reactivity with fuels

High oxygen transport
capacity, high reactivity with
CH4 and CO

High cost and
environmental impact and
health issue, low
reactivity with fuels

Cu-based

Mn-based TiO2, SiO2, ZrO2,

Advantage

bentonite

Co-based

YSZ, Al2O3,
CoAl2O4, TiO2,
SiO2, ZrO2,
bentonite

Disadvantage

2.4 Effect of Process Parameters
Operating conditions play a key role that influences significantly the process performance,
especially the amount of hydrogen in the product gas. The effects of the key process parameters
in BCLG are described and analyzed in this section.
2.4.1 Biomass Characteristics
Biomass is a complex mixture of organic and inorganic substances. Vassile et al. [24] categorized
types of biomass-based materials on their biology diversity, source, and origins such as woody
plant, herbaceous and agricultural plants/grasses, aquatic plants, human and animal waste,
contaminated and industrial waste biomass, and biomass mixtures. Florin and Harris [107]
characterized biomass as follows:
(i)

The chemical constituents: cellulose, hemicellulose, and lignin.

(ii)

Elemental composition.
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(iii)

Inherent mineral content.

(iv)

Proximate analysis: moisture, volatile, fixed carbon, and ash contents.

(v)

Physical properties: particle size, shape, and density.

All these parameters have been investigated their effects on the product gas composition, yield,
and process performance. The properties of different types of biomass are shown in Table 2.2 and
Table 2.10.
Table 2.10: Biomass constituents (wt.% on a dry basis) [15]
Biomass type

Cellulose

Hemicellulose

Lignin

Hardwood
Softwood
Straws

42 – 48
40 – 45
36 – 40

27 – 38
24 – 29
21 – 45

16 – 25
26 – 33
15 – 20

Many studies have been carried out on various types of biomass for gasification and BCLG.
Generally, the higher contents of cellulose and lignin produce more gaseous products resulting in
the increasing potential of hydrogen recovery from biomass. The hydrogen production from
biomass gasification is attributed to the intrinsic properties, moisture content, and alkali content
[108]. Additionally, biomass with high contents of oxygen and hydrogen results in highly liquid
and volatile yields thereby reducing the overall energy conversion efficiency of the combustion
process. Furthermore, higher H/C ratios in fuels generate a greater heat of combustion, whereas
higher ratios of O/C produce more CO2 emission per amount of energy release [26, 27]. A
simplified summary of biomass pyrolysis is illustrated in Figure 2.16 [109]. Some studies [110113] found that biomass with the proportions of cellulose and hemicellulose are directly related to
higher CO and CO2 concentrations, while higher lignin content leads to a higher char yield and
CH4 concentration during the pyrolysis process. Consequently, those intermediate products can
vary in the final composition of the product gas. Chang et al. [114] carried out an experimental
study on biomass gasification for hydrogen production in a fluidized bed reactor. They gasified
three different types of biomass (α-Cellulose, bagasse, and mushroom waste) at different
temperatures (600 - 1000 °C), steam-to-biomass ratios, and equivalence ratios. The results showed
that the highest hydrogen production was obtained in the case of using α-Cellulose, which has
higher contents of carbon and hydrogen than those of the other species. Raut et al. [115] studied
the influence of torrefaction pretreatment on biomass gasification performance at various
temperatures (700 - 850 °C) and the steam-to-biomass ratio (0.6). In the study, biomass feedstock
was Poplar wood and its torrefied products. The hydrogen content increased corresponding to the
increment of torrefaction degrees.
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Figure 2.16: The simplified summary of biomass pyrolysis [109]
Biomass particle size influences significantly the performance of biomass gasification and
hydrogen production. Biomass with smaller particles provides a larger surface area per unit mass
resulting in improving heat and mass transfer, which promotes the gasification reactions
(Boudouard reaction, water gas reaction) to produce significantly H2 and CO. Several studies have
been carried out to evaluate the effect of biomass particle size on gasification reactions. Lv et al.
[116] found that CH4, CO, and C2H4 were produced more in the case of the smaller particles while
less CO2 was formed, and larger particles showed greater heat transfer resistance which led to
incomplete pyrolysis and a higher amount of unreacted char. Hernández et al. [117] reported that
the smaller particle size of the fuel improves mass and heat transfer due to higher external surface
area/volume resulting in more porous owing to a higher amount of volatile release. Therefore, the
reactivity of the remaining char increases leading to an increase in the gasification reactions. Di
Blasi [118] in his work demonstrated that the smaller particles with a large surface area produce
more light gases as well as less unreacted char and tar. Thus, the particle size of biomass has a
significant impact on the product gas yield.
2.4.2 Gasification Temperature
Temperature is one of the most significant factors in gasification since the gasification process is
a thermochemical conversion process that uses heat to convert the fuel into product gas. Generally,
most of the biomass gasification reactions are endothermic reactions, an increase in temperature
promotes them. Additionally, higher temperatures increase the heating rate among the particles
resulting in effective destruction of the particles and proceeds for complete gasification reactions
[63]. Consequently, more yield of gaseous products are generated, and the amount of unreacted
char reduces.
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Many researchers have studied the relationship between gasification temperature and the process
performance as well as hydrogen production. According to Figure 2.17, hydrogen fraction slightly
reduces in most cases, while Zeng [76] and He [77] show a small rise in hydrogen content in the
product gas. An experimental study of Lv et al. [116] on biomass air-steam gasification in a
temperature range between 700 and 900 °C. They reported that hydrogen concentration nearly
doubled while gas yield and carbon conversion efficiency increased approximately 75 % and 15 %,
respectively. Raut et al. [115] showed that hydrogen concentration and gas yield increased
considerably with the increment of temperature. The possible explanation supporting this trend
can be referred to Le Chatelier’s principle. Increasing temperature favors the reactants in
exothermic reactions and the products in endothermic reactions. As a result, the endothermic
reactions in gasification would be strengthened with an increase in temperature leading to an
increase in the content of H2 and CO as well as more solid char is consumed to produce gaseous
products. Furthermore, higher temperature also promotes cracking heavier hydrocarbon and tars.
However, there is a small difference in BCLG. Generally, gas yield and carbon conversion
efficiency also show an upward trend with the increase in temperature, while there is a decrease
in hydrogen content. Yan et al. [86] reported that the total gas yield increased significantly with
the gasification temperature. Additionally, the concentration of CO and CH4 increased, while there
was a slight decrease in the yield of H2 and CO2. Zeng et al. [76] investigated that H2 content
increased to the maximum value of 49.47 vol.% at 820 °C, then slightly dropped to approximately
47 vol.% at 880 °C. They also found that CGE increased with increasing temperature, and reached
a peak at 820 °C. Ge et al. [119] carried out a study on BCLG in a 25 kWth reactor using natural
hematite as an oxygen carrier. The temperature range in the study was between 800 and 900 °C.
The results showed that hydrogen concentration reached the maximum value at 860 °C, then it
decreased considerably to 30.77 vol.% at 900 °C. Gas yield showed a similar trend with hydrogen
content, while carbon conversion efficiency increased with elevated temperatures. He et al. [77]
observed the temperature effect on the performance of BCLG at the range of 700 - 900 °C with
NiFe2O4 as an oxygen carrier. The content of CO and H2 increased slightly with increasing
temperature, whereas CO2 and CH4 concentrations decreased. Carbon conversion efficiency and
syngas yield increased from approximately 26 % and 0.32 Nm3/kgbiomass from 700 to 850 °C. These
variations of gas concentrations and total gas yield are related to a series of competing reactions
in the gasifier. Under high temperatures, biomass pyrolysis, heavier hydrocarbon, and tars are
promoted increasing gas yield and gas concentrations. High temperatures also thermodynamically
favor the reactants in exothermic reactions and the products in endothermic reactions. At elevated
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temperatures, the oxygen carrier consumes combustible gases resulting in a reduction in the
content and yield of H2.
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Figure 2.17: Effect of temperature on hydrogen concentration
2.4.3 Steam-to-Biomass Ratio
Steam-to-biomass ratio (SBR) refers to the amount of steam the mass of biomass fed into the
gasifier. SBR is a key parameter affecting strongly hydrogen production and the process
efficiencies as well as total gas yield. High SBRs result in a lower amount of unreacted char and
greater both the yield and concentration of H2 in the product gas. Many researchers have reported
that increasing SBR leads to a rise in hydrogen production and carbon conversion efficiency as
well as a low amount of tar produced. Figure 2.18 shows the effect of SBR on hydrogen
concentration in the product gas from biomass gasification and BLCG.
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Figure 2.18: Effect of SBR on hydrogen concentration
In the presence of high steam content in the gasifier, there is an increase in both the yield and
content of H2. Apart from the increase in hydrogen production, carbon conversion efficiency has
been improved corresponding to higher SBR. It should be noted that CO content decreases with
higher SBRs. These tendencies are probably attributed to water gas shift reaction, char gasification
reaction, and steam reforming reaction. However, the undesired rise in CO2 content has been
reported which could be problematic in hydrogen-enriched gas production. This fact can be
evidenced from study results [76, 77, 86, 116, 119, 120].
Along with the enhancement of hydrogen production, the higher amount of steam used in the
gasifier results in a reduction in tar production, which is one of the most serious issues in biomass
gasification. It is likely due to the tar cracking reaction with the presence of steam. Reed [121]
found that steam could strengthen the participation of tar in steam gasification which leads to the
decrease in tar content at higher SBR. Consequently, hydrogen and total gas yields can enhance as
products of tar cracking reaction (tar reforming reaction).
2.4.4 Oxygen Carrier-to-Biomass Ratio
In the CLG process, metal/metal oxide provides lattice oxygen as a gasifying agent for solid fuel
gasification. The amount of oxygen carrier used is a crucial factor in the BCLG process. Oxygen
carrier-to-biomass ratio (OBR) refers the mass ratio of the amount of oxygen carrier per biomass
fed into the gasifier. OBR strongly influences the composition of the product gas, gas yields, and
the performance of the BCLG process. Many studies have been carried out to evaluate the effect
of oxygen carrier (in both type and quantity used) on the performance of BCLG, especially syngas
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production [21, 122-124]. It is noted that an increase in the amount of oxygen carrier used leads
to further char gasification; therefore, high OBRs are beneficial for carbon conversion efficiency.
However, it was found that a rise in OBR cause low content and yield of H2 and CO in the product
gas. It is due to the higher quantity of oxygen carriers that would promote the oxidation reactions
of combustible gases including H2 and CO. On the other hand, the high content of oxygen carrier
could result in a higher gasification temperature, which can enhance the gasification and improve
the quality of the product gas to some extent.
Ge et al. [119] reported that a high amount of oxygen carrier could keep gasification temperature
stable under the experimental conditions. Additionally, carbon conversion efficiency increased
corresponding to the increase in the hematite mass percentage from 40 to 60 wt.%. However, H2
and CO concentrations declined significantly by around 9 % and 5 %, respectively, resulting in
the reduction in the syngas yield from 0.74 to 0.52 Nm3/kgbiomass. Yan et al. [86] carried out an
experimental study on BCLG using BaFe2O4/Al2O3 as an oxygen carrier. They found that CO
reduced with the increase of OBR for 30AF, whereas it increased for 30ABF at OBR of 0.6, then
dropped down at higher OBRs. Huang et al. [125] used iron ore as an oxygen carrier to oxidize
biomass char in a fixed bed reactor. They evaluated the effect of iron ore excess number, Ω, which
refers to the ratio of oxygen provided by oxygen carrier to the oxygen required for the complete
oxidation of the fuel, on the performance of char gasification. They found that carbon conversion
efficiency increased by approximately 23 %, but H2 and CO contents reduced by 7 vol.% and
10 vol.%, respectively when Ω increased from 0.46 to 1.17. Huijun et al. [74] showed an increase
in carbon conversion efficiency while large amounts of H2 and CO could be consumed with the
rise in NiO content resulting in a significant decrease in syngas yield. An interesting result was
found in a study on chemical looping co-gasification of biomass and polyethylene [87]. It was
noted that there was an opposite variation of the contents of H2 and CO with the increment of
OBR. The concentration of H2 increased from 34.78 to 38.15 vol.%, whereas CO and CH4 contents
declined with increasing OBR from 0 to 1.0. Additionally, more syngas yield also was generated
with the elevated OBR. It can be considered that syngas production could be promoted by the
presence of oxygen carrier.
Chemical looping gasification of biomass is a novel technology. Through the analysis of the
experimental results, researchers have provided insight and assisted in understanding the behavior
of oxygen carriers in the BCLG process. It could improve the effectiveness and feasibility of the
BCLG process for further applications.
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2.5 Fundamentals of Fluidized Beds
Fluidization is a process in which solid particles are transformed into a fluid-like state by the
upwards flow of a gaseous or a liquid stream through a bed of solid particles. Winkler has
developed fluidized beds for coal gasification in the early 1920s. Nowadays, Fluidization is widely
used in large-scale commercial implementations. Its applications can be classified into two
categories:


Physical applications, such as transportation, heating, mixing of solid particles,
absorption, etc.



Chemical applications, such as reactions of solids and gases.

The fluidized bed is one of the best-known contacting methods utilized in industrial applications.
Fluidized bed systems are described by the following advantages [126]:


Continuous automatically controlled operations can be achieved through the liquid-like
flow of particles.



Near isothermal conditions throughout the reactor due to the rapid mixing of solids.



The whole volume of well-mixed solids prevents the rapid changes in temperature due
to highly exothermic reactions.



Large-scale operations are possible.



High heat and mass transfer rates between solids particles and gas.

However, the fluidized bed also have some disadvantages as follows,


Nonuniform residence times of solid particles in the reactor due to the rapid mixing of
solid particles.



Erosion of pipes and reactors from abrasion by solid particles.



Risk of agglomeration and sintering of fine particles at high operating temperatures.

2.5.1 Particle Characterization
The behavior of solid particles in fluidized bed systems is a function of the particle’s properties,
i.e. particle size and density. Figure 2.19 shows the diagram of the Geldart classification of
particles for air at ambient conditions and superficial velocity less than about 10umf. This diagram
shows the type of fluidization for any solid of known density ρs and mean particle diameter dp.
This graph can be used to predict other properties such as bubble size, bubble velocity and the
existence of slugs, etc. Geldart categorized solid particles into four powder groups based on their
properties as follows:
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Figure 2.19: The Geldart classification of solid particles at ambient conditions [126]


Group A is defined as ‘aeratable’ particles which are small mean particle size (dp < 30 µm)
and/or low particle density (<~1.4 g/cm3). These solids are easy to fluidize with smooth
fluidization at low gas velocities and small bubbles at higher gas velocities.



Group B, sandlike, the solid particle size is in the range of 40 to 500 µm and mass density
between 1.4 and 4 g/cm3. When the minimum fluidization velocity is exceeded, the excess
gas forms the bubbles. Bubbles in this group can grow to a large size.



Group C solids are cohesive or very fine powder. Their diameters are usually smaller than
30µm, resulting in extremely difficult fluidization due to relatively strong interparticle
forces.



Group D materials are called ‘spoutable’, which are either very large (> ~ 600µm) or dense
particles. These particles are difficult to fluidize in a deep bed. Their behavior is erratic,
large exploding bubbles or severe channeling or spouting behavior can appear if the gas
distribution is very uneven.

2.5.2 Fluidization Regime
When a fluid flows through a bed of solid particles, the fluidized bed behaves differently at various
gas velocities, properties of gas and solid, resulting in different phenomena of solid behavior as
shown in Figure 2.20. The phenomenon of fluidization starts when the drag force of the fluid flow
equals or exceeds the weight force of the solid particles.
At low velocities, the fluid merely passes through the void space between stationary solid particles.
A few vibrate occurs, but the bed height is still unchanged. This is a fixed bed, Figure 2.20-(a).

Background and Literature Review

51

In the fixed bed region, the pressure drop, Δpb, is approximately proportional to the flow rate as
shown in Figure 2.21. In the fixed bed regime, the bed height, L, is almost constant, while the
pressure drop, ∆p, increases according to the correlation of Ergun by the equation as follows.
∆𝑝𝑏
𝐿

𝑔𝑐 = 150

(1−𝜀𝑚 )2
3
𝜀𝑚

𝜇𝑢0
(∅𝑠 𝑑𝑝

)2

+ 1.75

(1−𝜀𝑚 ) 𝜌𝑔 𝑢02
3
𝜀𝑚

∅𝑠 𝑑𝑝

(2.36)

The pressure drop can reach a maximum value, Δpbmax, slightly higher than the static pressure of
the bed.
Once the fluid velocity increases to minimum fluidization velocity, the drag force of the fluid
equals the weight force of the solid particles, the solid particles start to lift and barely fluidize,
resulting in a slight increase in the voidage of the bed. This is referred to as a bed at minimum
fluidization regime as illustrated in Figure 2.20-(b). The minimum fluidization velocity for very
small particles can be derived by the equation below [126]:
𝑢𝑚𝑓 =

2 (𝜌 −𝜌 )𝑔 𝜀 3 ∅2
𝑑𝑝
𝑠
𝑔
𝑚𝑓 𝑠

150𝜇

1−𝜀𝑚𝑓

(2.37)

Where 𝜙s is the particle porosity.
With the increasing superficial velocity, the bed voidage increases from εm to εmf, resulting in a
decline in the pressure drop to the static pressure of the bed. At the superficial velocities beyond
the minimum fluidization, the pressure drop is nearly unchanged. The pressure drop of the
fluidized bed in this regime is derived as follows:
∆𝑝𝑏
𝐿

= (1 − 𝜀𝑓 )(𝜌𝑠 − 𝜌𝑔 )𝑔

(2.38)

Once the fluid velocity increases further above umf, the bed will expand. The increasing velocity
causes instabilities, in which the particles separate from each other and start to jostle each other
and move around restlessly. The bubbles are formed and the bubble size increases when they move
upwards through the bed. The bubbling fluidization (Figure 2.20-(c)) is called ‘aggregative
fluidization’, and the bed is divided into two phases, namely bubble phase and emulsion phase.
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(c)

(d)
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(f)

Figure 2.20: A schematic of different fluidization regimes [126]

Figure 2.21: Variation of pressure drop with superficial velocity [126]
In a deep bed of small diameter, the bubble size may be large enough to spread across the vessel.
With the coarse solid particles, the portion of solid particles above the bubble is pushed upward.
Solid particles drop down from the slug, which finally falls apart. This unstable oscillatory motion
is called slugging or spouting (Figure 2.20-(d)). Once the fluid velocity exceeds the terminal
velocity of the solid particles. The terminal velocity of particles is defined as the velocity in freefall conditions at which the particles are not further accelerated. In this regime, the upper surface
of the bed will disappear, while entrainment is appreciable. A turbulent motion of the solid clusters
becomes noticeable. This regime is called turbulent fluidization as shown in Figure 2.20-(e). If
the superficial velocity continues to increase, solid particles are carried out of the bed along with
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the fluid. This regime is described as a lean-phase fluidized bed with pneumatic transport of solid
particles (shown in Figure 2.20-(f)).

2.6 Section Summary
Biomass has been widely known as a renewable energy source that is promising to replace fossil
fuels in the energy market. The abundance and carbon neutrality are two of the most important
characteristics of biomass to be a pivotal role in meeting the energy demand and reducing CO2
emissions. Due to the limitation of raw biomass materials, pre-treatment methods are required to
improve the biomass properties and to meet the requirements of industrial applications.
Torrefaction is a thermal pre-treatment technology which is a great potential for improving the
properties of biomass.
Energy conversion technologies based on the utilization of biomass have emerged currently due
to their potential to mitigate global CO2 emissions. Among conversion methods, gasification
pathways are considered at the forefront of biomass-to-energy conversions since they can convert
efficiently and sustainably biomass into a combustible which can generate heat, power, produce
hydrogen and chemicals.
To minimize the disadvantages of the gasification process, the chemical looping gasification
concept has been proposed to produce hydrogen-enriched syngas from biomass. The process is the
cyclic process based on reduction-oxidation reactions of looping materials to produce heat, power,
fuels, and chemicals. The biomass-based chemical looping gasification process can be an efficient
and sustainable approach to convert biomass materials into valuable products.
Among various types of reactors available, fluidized bed gasifiers have benefits over other types
of reactors for biomass gasification. Fluidized bed gasifiers offer more flexibility, uniform
temperature distribution, and better mixing of solids in the reactor. Hence, fluidized bed gasifiers
are more suitable for biomass gasification processes.
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3 Reaction Kinetics of Torrefied Biomass Char

The gasification process is a series of complex and competing reactions including volatiles
pyrolysis, combustion, volatiles gasification, and biomass char gasification. Among these subprocesses, char gasification is the rate-limiting step due to its low gasification rate [127].
Experimental study on the reaction behavior of biomass char in the presence of reactive agents
during gasification and their kinetic parameters can provide a fundamental for a good
understanding of the reaction mechanism as well as for proper design and optimization of the
gasifier. Furthermore, the kinetic parameters of biomass char gasification can be used for the
numerical simulation of biomass gasification. A majority of kinetic study of biomass char
gasification was carried out through thermogravimetric analysis (TGA) [127-131]. Many studies
were performed under isothermal conditions. Compared with isothermal gasification of biomass
investigations, the non-isothermal approach is more convenient due to fewer experiments required,
short time, and more data [129, 132]. Additionally, since the real gasification temperature often
varies during the process, non-isothermal conditions can be closer to the real situation.
This chapter provides material preparation and the methodology of the kinetic study of biomass
char gasification under steam and carbon dioxide atmospheres in a TGA instrument including the
effect of H2 and CO. Kinetic parameters of torrefied woodchips char are derived from various
conversion models and kinetic models.

3.1 Methodology
3.1.1 Kinetic Models
Generally, in the solid-gas reactions, the chemical reaction rate strongly depends on external mass
transport from the gas phase to the outer particle surface, inner particle diffusion that is a function
of temperature and particle properties. Kinetic analysis of the decomposition of solid materials is
usually described in a general expression for the chemical reaction rate as follows [133]:
𝑑𝑋
𝑑𝑡

= 𝑘(𝑇, 𝑝𝑔 )𝑓(𝑋)

(3.1)

Where k is the apparent reaction rate constant, t is the reaction time, X is the extent of conversion,
T is the absolute temperature in K, and partial pressures of the gasifying agents and gas-phase
products, pg. f(X) is the reaction model.
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A simple description of the rate constant, a function of temperature, is the Arrhenius equation:
𝐸𝑎

𝑘𝐴𝑟𝑟 (𝑇, 𝑝𝑔 ) = 𝑝𝑔 𝑘0 𝑒 −𝑅𝑇

(3.2)

The kinetic parameters of biomass char gasification for this model are the pre-exponential factor
k0 and the activation energy Ea. R is the gas constant.
Another kinetic model is derived from the Langmuir-Hinshelwood (L-H) reaction model, which
is the most common kinetic expression to explain the kinetics of the heterogeneous reactions. The
rate constants for char gasification with steam and carbon dioxide are expressed when applying
the Langmuir-Hinshelwood model [134] as follows, respectively.
𝐸𝑎1

𝑘𝐿−𝐻,𝐻2 𝑂 (𝑇, 𝑝𝑔 ) =

−
𝑝𝐻2 𝑂 𝑘1 𝑒 𝑅𝑇
𝐸𝑎2

𝐸𝑎3

−
−
1+𝑝𝐻2 𝑘2 𝑒 𝑅𝑇 +𝑝𝐻2 𝑂 𝑘3 𝑒 𝑅𝑇

(3.3)

𝐸𝑎1

𝑘𝐿−𝐻,𝐶𝑂2 (𝑇, 𝑝𝑔 ) =

−
𝑝𝐶𝑂2 𝑘1 𝑒 𝑅𝑇
𝐸𝑎2

𝐸𝑎3

−
−
1+𝑝𝐶𝑂 𝑘2 𝑒 𝑅𝑇 +𝑝𝐶𝑂2 𝑘3 𝑒 𝑅𝑇

(3.4)

Here, k1, k2, and k3 are the three pre-exponential factors, and Ea1, Ea2, and Ea3 are the three
activation energies. These parameters are determined separately for steam and CO2 gasification.
All the existing reaction models can be categorized into two groups such as theoretical and semiempirical models. Four conversion models proposed for char gasification are investigated in this
study concerning their applicability for the biomass char sample: the volumetric model (VM), the
grain model/ shrinking core model, the random pore model (RPM), and the Johnson model (JM).
The first three conversion models are the most common theoretical kinetic models in gasification
kinetics [129, 135].
The volumetric model does not consider the structure variations of char during gasification. It
assumes that a homogeneous reaction takes place throughout the char bed and the gasifying agents
react with char at all active sites, which are uniformly distributed on both the outside and inside
the particle surface, resulting in a linear decrease in the reaction surface area with the conversion
[129, 136]. The overall reaction rate is given by:
𝑑𝑋
𝑑𝑡

= 𝑘𝑉𝑀 (𝑇, 𝑝𝑔 ) (1 − 𝑋)

(3.5)

The grain model/shrinking core model considers that the gaseous agents react on the surface of the
non-porous grains or in pore surfaces within the solid particles. It assumes that the reactions
initially take place at the outside surface of char and gradually moves inside of solid particles.
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There is a shrinking core of non-converted solid at the intermediate conversion. The reaction rate
can be expressed as:
𝑑𝑋
𝑑𝑡

= 𝑘𝐺𝑀 (𝑇, 𝑝𝑔 ) (1 − 𝑋)2/3

(3.6)

The random pore model was developed by Bhatia and Perlmutter for arbitrary pore size
distribution, which considers the overlapping of pore surfaces during the reaction, resulting in the
decrease in the surface area available for the reaction [137]. When the reaction is the controlling
step, the gasification rate can be described as:
𝑑𝑋
𝑑𝑡

= 𝑘𝑅𝑃𝑀 (𝑇, 𝑝𝑔 ) (1 − 𝑋) √1 − 𝜓𝑙𝑛(1 − 𝑋)

(3.7)

Where 𝜓 is a parameter related to the pore structure of the unreacted solid.
The Johnson model is a semi-empirical approach which is developed by Johnson [138]. The
general rate equation for this model is given as.
𝑑𝑋
𝑑𝑡

= 𝑘𝐽𝑀 (𝑇, 𝑝𝑔 ) (1 − 𝑋)2/3 𝑒 𝛼𝑋

2

(3.8)
2

Here, the term (1 – X)2/3 is proportional to the effective surface area, and 𝑒 𝛼𝑋 is the relative
reactivity of the effective surface area which reduces with elevated conversion values.
3.1.2 Torrefied Woodchip Char Preparation
The raw biomass used in this study is torrefied woodchip which was heated at 250 °C in the
nitrogen atmosphere [35]. The chars for TGA investigations were prepared by decomposing the
raw torrefied woodchips in a muffle furnace at 900 °C for 7 minutes according to DIN 5120. The
char samples were analyzed in elementary composition. The ultimate analysis of the chars is shown
in Table 3.1.
Table 3.1: Ultimate analysis of the torrefied woodchips char

Torrefied woodchips char
*

C

H

O*

N

S

91.25

0.83

7.18

0.74

0

Calculated by difference

3.1.3 Experimental Setup
The investigations of char gasification were performed in a TGA (Netzsch STA 449 F3 Jupiter) at
atmospheric pressure. Two dry gaseous reactants and steam could be injected into the reactor. The
flow rate of gases was controlled by mass flow controllers (MFCs).
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Plate-shaped crucibles with a diameter of 17 mm were used to carry the char samples in the reactor.
On the plate crucibles, 13 ± 3 mg of the char samples were well-distributed for ideal mass transport.
The sample temperature was monitored with a thermocouple in the sample carrier. The systematic
errors of the mass measurement were minimized by a correction run for every gas content with an
empty sample carrier. Afterward, the correction measurements were subtracted from the actual
measurements.
Initially, the char samples were heated in the TGA to about 1000 °C with 20 K/min in the nitrogen
atmosphere to ensure complete drying and decomposition of the samples. Afterward, the samples
were cooled down to 500 °C and kept stabilization at this temperature for 30 minutes. During this
period, the gaseous reactants were injected into the reactor to ensure good mixing and distribution
in the reactor. Then, non-isothermal gasification experiments were conducted with a heating rate
of 20 K/min up to 1000 °C. Afterward, the operating conditions remained for 30 minutes for
complete conversion of carbon.
The kinetic investigations were performed for steam gasification and CO2 gasification with 20, 25,
35, and 50 vol.% of steam and 20, 25, 33, and 50 vol.% of CO2. For each experimental
configuration, H2 or CO could either be added or not be added to evaluate the effect of these gases
on the results. Three separate tests were conducted for each experimental configuration to test the
reproducibility of the results. The matrix of the experimental configurations is shown in Table 3.2
and Table 3.3. Nitrogen was added to yield a total gas flow of 100 mL/min.
Table 3.2: Experimental configurations for steam gasification
No.

Flow rate H2O
(mL/min)

Flow rate H2
(mL/min)

Flow rate N2
(mL/min)

1
2
3
4
5
6
7
8

20
20
25
25
35
35
50
50

0
32
0
30
0
26
0
20

80
48
75
45
65
39
50
30
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Table 3.3: Experimental configurations for CO2 gasification
No.

Flow rate CO2
(mL/min)

Flow rate CO
(mL/min)

Flow rate N2
(mL/min)

1
2
3
4
5
6
7
8

20
20
25
25
33
33
50
50

0
24
0
22.5
0
20
0
15

80
56
75
52.5
67
47
50
35

3.1.4 Data Evaluation
In the TGA instrument, weight and temperature are recorded with a sampling rate of 300 Hz for
each measurement. The char conversion is calculated according to the following equation.
𝑋(𝑚) =

𝑚0 −𝑚𝑡

(3.9)

𝑚0 −𝑚𝑎𝑠ℎ

The char conversion during gasification varies over temperature and time. To mitigate the
measurement noise, a first-order Savitzky-Golay-Filter is applied to smooth the signal [139].
The kinetic parameters, i.e. Ea, k0, and 𝜓 can be calculated from experimental data through the
nonlinear least-squares method and the parameters of the models were calculated by minimizing
the objective function OF as follows.
𝑑𝑋

𝑂𝐹 = ∑𝑁
𝑖=1 (( 𝑑𝑡 )
𝑑𝑋

𝑒𝑥𝑝,𝑖
𝑑𝑋

Where ( 𝑑𝑡 )

𝑒𝑥𝑝,𝑖

2

𝑑𝑋

− ( 𝑑𝑡 )

is from experimental data, ( 𝑑𝑡 )

𝑐𝑎𝑙,𝑖

𝑐𝑎𝑙,𝑖

)

(3.10)

is the value calculated by the model, and N

is the number of data points.

3.2 Results and Discussion
3.2.1 Influence of Gasifying Agents on the Gasification Reactivity
The experimental investigations were carried out in the TGA with the configurations listed in
Table 3.2 and Table 3.3. Temperature increases from 500 to 1000 °C with a heating rate of
20 K/min, then stabilizes for 30 minutes. Figure 3.1 shows the mass change curves of the char
sample during gasification at various concentrations of the reactants.
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Figure 3.1: Mass weight profiles for CO2 gasification (a) and steam gasification (b)
As can be seen in Figure 3.1, the mass of the char sample starts decreasing significantly at
approximately 830 °C due to gasification reactions, and the weight loss is complete with 70 85 wt.% of the total mass. Additionally, the gasification process mainly takes place during the
falling rate period, and the mass loss rate of the char in steam gasification is higher than that in
CO2 gasification. Generally, the mass-loss rate of the char sample increases with the higher
concentrations of the gasifying agents.
Figure 3.2 and Figure 3.3 show conversion (a) and conversion rate curves (b) for CO2 gasification
and steam gasification of the torrefied biomass char at various concentrations of the gasifying
agents, respectively. The conversion rate diagram is used to determine the temperature of the
maximum mass loss rate during the gasification process.
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Figure 3.2: Conversion (a) and conversion rate (b) curves for CO2 gasification
It can be observed in Figure 3.2-(a) that there is a shift in the conversion caused by various
concentrations of the reactants. The peaks of the conversion rate for four fractions of gasifying
agents are indicated in Figure 3.2-(b). These peaks are due to the gasification reactions in the
range of temperature. It is noted that the peaks of the curve with the higher concentration of CO2
and steam have greater heights and at lower temperatures. The maximum values of the conversion
rate for CO2 gasification are 0.13 [min-1] at 1005 °C for 20 vol.% of CO2 and 0.137 [min-1] at
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932 °C for 50 vol.% of CO2. While those values for steam gasification attain 0.135 [min-1] at
972 °C for 20 vol.% of steam and 0.157 min-1 at 920 °C for 50 vol.% of steam.
The gasification reactivity of char can be evaluated by the maximum mass loss rate as well as its
corresponding temperature [140]. The low mass-loss rate and high corresponding temperature can
result in poor gasification reactivity of char. Hence, the elevated fraction of gasifying agents in the
reactor can promote char gasification. Additionally, steam gasification of char presents better
reactivity than that for CO2 gasification.

Figure 3.3: Conversion (a) and conversion rate (b) curves for steam gasification
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3.2.2 Determination of Kinetic Parameters
The gasification reactivity of char is influenced strongly by raw biomass’s properties. Since
biomass contains a large amount of volatile matter and moisture, the decomposition of raw
biomass can release a large amount of gaseous and liquid products, resulting in changing the char
structure. All the reaction curves presented in the figures above have one common character that
they are one single peak rate curve. Therefore, the gasification process of char can be categorized
into three stages [129]. Firstly, the sample mass increases slightly due to the adsorption of gas by
char. Afterward, gasification reactions of char take place and the mass loss occurs. In the third
stage, the gasification process is done and the solid residue is ash. Gasification mainly takes place
in the second stage, and its reaction characteristics can represent the gasification properties of
biomass char; thus, this kinetic study of biomass char gasification mainly focuses on the second
stage.
Figure 3.2 and Figure 3.3 show the relations of conversion rate and conversion under various
concentrations of reactants. As can be seen in these figures, during gasification reaction,
conversion rate firstly increases with the elevated conversion. After reaching the peak, the rate
would decrease. This trend could be attributed to that increasing temperature would promote the
conversion rate at the early stage of the process. When the gasification process reaches a certain
degree, the specific surface area and active points would decrease, resulting in the reduction in the
conversion rate, although temperature further increases [141].
Kinetic models aforementioned in Section 3.1.1 were used to investigate gasification kinetics of
the torrefied biomass char. To determine the kinetic parameters, the objective function (3.10) was
minimized for the Arrhenius equation and the Langmuir-Hinshelwood model (L-H model) in
combination with four kinetic models (VM, GM, RPM, and JM) for steam gasification and CO2
gasification.
The coefficients of determination, R2, for all the cases are shown in Table 3.4. The coefficient of
determination is a key output of regression analysis, which is used to evaluate the goodness of fit
of the model predictions compared to experimental data. It can be found that the L-H model
generally shows considerably better results with the greater coefficient of determinations for all
conversion models. Among the conversion models, the Johnson model shows the best fitting to
experimental data for both steam gasification and CO2 gasification in this study.
Table 3.5 and Table 3.6 present the kinetic parameters for the L-H model with the volumetric
conversion model and Johnson conversion model, respectively. The parameter b is the mass
influence in the models.
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Table 3.4: Coefficient of determination R2 for all model combinations
Gasifying agent

Steam

Carbon dioxide

Conversion model

VM

GM

RPM

JM

VM

GM

RPM

JM

R2 for Arrhenius model [%]
R2 for L–H model [%]

72.9
90.6

72.8
93.3

73.6
89.2

73.5
93.4

71.2
85.7

70.5
89.7

71.0
86.9

70.9
91.4

Table 3.5: Kinetic parameters for the L-H model combined with the volumetric conversion
model
Kinetic parameter
Unit
Steam gasification
CO2 gasification

k1

k2

k3

kPa-1 min-1

Ea1

kPa-1

1.02x1011
9.62 x1010

1.56 x1010
2.24 x10-10

60.34
3.63

Ea2

Ea3

b
μg-1

kJ/mol
281.9
284.4

-203.5
-195.6

61.7
40.1

0.003
-0.0077

Table 3.6: Kinetic parameters for the L-H model combined with the Johnson conversion model
Kinetic parameter

k1

Unit

kPa-1 min-1

Steam gasification
CO2 gasification

8.92x1016
1.62x107

k2

k3

Ea1

kPa-1
8.7x10-5
1.22x10-26

2.77x1012
275.89

Ea2

Ea3

kJ/mol
399.1
205.4

-79.2
393. 4

α
-

281.1
74.9

0.326
1.888

b
μg-1
0.934
0.008

It is noteworthy that the rate constants for steam gasification are significantly higher than those for
CO2 gasification in both cases. Additionally, the activation energy, Ea2, is negative for both steam
gasification and CO2 gasification for the volumetric model and steam gasification for the Johnson
model. Negative activation energies have been found in the previous literature [142, 143]. It is
likely attributed that the L-H model does not clarify the gasification reaction mechanism
completely. Furthermore, a probable reason in the case of steam gasification is due to the hydrogen
inhibition through the irreversible adsorption of hydrogen on the active char sites [144].
It should be noted that the effect of ash acting as a catalyst could be one of the reasons. Generally,
a coefficient of determination of greater than 86 % for the L-H model is capable of further practical
implementation.

3.3 Conclusion and Remark
The gasification properties and kinetics of torrefied biomass char were investigated under steam
and CO2 atmospheres using a TGA instrument. The approach in this study for determining
gasification kinetics of biomass char using thermogravimetric analysis mainly consists of the
following steps: determination of mass influence, non-isothermal measurement of different
mixtures of gasifying agents, evaluation of measurement error, fitting experimental data to the
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models, and assessment of model accuracy. The biomass char was produced from the raw torrefied
woodchips according to DIN 5120 method. The non-isothermal investigations were carried out at
various concentrations of gasifying agents including the inhibition effects of CO and H2.
Two kinetic models (Arrhenius and Langmuir-Hinshelwood) combined with four conversion
models (the volumetric model, the grain model, the random pore model, and the Johnson model)
were analyzed to determine kinetic parameters during the gasification process. It is found that the
Johnson model combined with the Langmuir-Hinshelwood kinetic model is the best fitting to
experimental data for the char gasification with more than 91 % of the coefficient of determination
for both steam and CO2. The kinetic parameters obtained from the L-H model could be used to
predict the multi-component gasification reaction rate for the typical environment of fluidized bed
gasifiers.
Finally, increasing concentrations of gasifying agents (steam, CO2) in the reactor can promote char
gasification. Additionally, the reactivity of steam is higher than that of CO2 for char gasification.

Fluidized Bed Test Rig

65

4 Fluidized Bed Test Rig

This chapter presents the experimental investigations of steam gasification and chemical looping
gasification in a bubbling fluidized bed reactor. The feedstock used as fuel in this study is torrefied
woodchips, which were treated at 250 °C for 30 minutes in an N2 atmosphere. The analysis of the
experimental results can assess the feasibility of the processes and provide good knowledge of the
phenomena occurring during biomass gasification in a bubbling fluidized bed reactor.

4.1 Material Preparation
4.1.1 Torrefied Woodchips
Woodchips were torrefied at 250 °C for 30 minutes in the N2 atmosphere to produce fuel for the
experimental study. The torrefaction experimental setup has been presented in detail in a
dissertation [35]. Torrefied woodchips obtained from the previous study were ground to sufficient
size for gasification as shown in Figure 4.1. The properties of torrefied woodchips are described
in the following sections.

Figure 4.1: Torrefied woodchips before (left) and after (right) grinding
4.1.1.1 Mean particle size and size distribution
Mean particle size is a key parameter in a fluidized bed system, which strongly influences the
fluidization regime and gas-solid contact efficiency as well as gasification reaction rate as
discussed in Section 2.5. In practical calculation, the particles are assumed to have a uniform size
distribution through their mean diameter. Additionally, they are mostly nonspherical particles.
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Therefore, sphericity is used to calculate the equivalent spherical diameter for nonsphericity as
follows [126].
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑜𝑓 𝑠𝑝ℎ𝑒𝑟𝑒

∅𝑠 = (𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒)

(4.1)
𝑜𝑓 𝑠𝑎𝑚𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

With 𝜙s = 1 for spheres and 0 < 𝜙s < 1 for all other particle shapes.
Mean diameter of the particles is calculated according to the equation:
𝑑𝑝 =

1

(4.2)

𝑥
)
𝑑𝑝
𝑖

∑(

Where x and dp are the mass fraction and particle size, respectively.
The particle diameter of torrefied woodchips was determined by a sieve analysis according to DIN
66165-1 and DIN 66165-2 standard methods. It ranges from 25 to 1000 μm with a mean diameter
of approximately 296 μm. The particle size distribution of the biomass is shown in Figure 4.2.
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Figure 4.2: Particle size distribution of torrefied woodchips
4.1.1.2 Proximate and ultimate analyses
The biomass composition analysis was performed in the laboratory. Proximate analysis is to
measure the contents of moisture, volatile matter, fixed carbon, and ash in the fuel according to
DIN norms 18122, 18123, and 18134 standard test methods, respectively. These values are to
evaluate the quality of the biomass feedstock before further conversion. The result shows that
biomass has low moisture and ash contents with 5.28 wt.% and 1.15 wt.%, while the proportions
of volatile matter and fixed carbon are 70.75 wt.% and 22.82 wt.%, respectively.
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The elementary composition of biomass was determined through an elemental analyzer (Elementar
vario MACRO cube, measurement error < 0.1 wt.%). The solid sample is converted into the gas
phase by complete combustion in a pure oxygen atmosphere. The gaseous compounds obtained
are analyzed to quantitatively measure the elemental composition of the sample such as carbon,
hydrogen, oxygen, nitrogen, sulfur, and chlorine. The characteristics of biomass feedstock are
summarized in Table 4.1.
Table 4.1: Main properties of torrefied woodchips

Proximate analysis [wt.%]

Ultimate analysis [wt.%, daf]

Properties

Value

Moisture
Volatile matter
Fixed carbon
Ash

5.28
70.75
22.82
1.15

C
H
O
N
S

54.46
5.99
39.31
0.24
0.00254

Calculated by difference

20.97
19.26
161.71
296.65

As received
As received
As received
Mass-weighted average
diameter

HHV [MJ/kg]
LHV [MJ/kg]
Bulk density [kg/m3]
Mean particle diameter [μm]

Note
As received

4.1.1.3 Calorific value
The heating value indicates the energy contained in the fuel. The heating value is classified into
higher heating value (HHV) and lower heating value (LHV) based on the stage of water released
after the reaction. The calorific value of the torrefied biomass sample was determined under
isoperibolic mode by using a C200 calorimeter from IKA WERKE. The sample is combusted
completely in an oxygen atmosphere at approximately 30 bar. The increase in water temperature
is measured. The calorific value of the sample mass can be calculated according to the DIN norms
51900 standard test method with known inputs, i.e. sample mass, water quantity, etc. The heating
values of torrefied woodchips are given in Table 4.1.
4.1.2 Silica Sand
Silica sand was used as bed material in a bubbling fluidized bed gasifier due to its good mechanical
and chemically inert properties in biomass gasification. In the fluidized bed reactor, bed material
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is to create some fundamentals for syngas production from biomass gasification. F34 quartz sand
selected from Quarzwerke company has a particle size in the range of 125 to 355 μm and its density
of 2650 kg/m3. The particle size distribution of silica sand is illustrated in Figure 4.3. According
to The Geldart classification and sand’s particle size and density, silica sand can be classified as
group B or “Sand-like”.
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Figure 4.3: Particle size distribution of silica sand
4.1.3 Iron-based Oxygen Carriers
Ilmenite and iron ore are two types of iron-based oxygen carriers, mainly comprising various kinds
of iron oxides as the active phases and some impurities (SiO2, Al2O3, CaO, TiO2, and dolomite)
which can act as the natural support material to improve the mechanical properties [145]. The
availability of adequate oxygen carriers is the cornerstone of the whole development of chemical
looping technology. The low cost and environmentally friendly are the most important benefits of
iron-based oxygen carriers. The cost of iron-based oxygen carriers can be much cheaper than that
of other transition metals, e.g. Ni, Cu, Co, and Mn based oxygen carriers [146]. It is noted that
iron-based metals can be utilized directly as oxygen carrier after simple treatment. Additionally,
iron has been known to be a safe material and environmentally friendly.
Ilmenite, a type of iron-based oxygen carriers, is the iron-titanium oxide mineral with its
composition of FeTiO3 (FeO.TiO2). The iron oxides and titanium oxide in ilmenite can act as the
active component and support material of oxygen carrier, respectively. Ilmenite is considered as
an oxygen carrier in chemical-looping conversions due to better stability and reactivity [147-153].
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In this study, ilmenite was oxidized in the air atmosphere for approximately two hours at 850 °C
in a bubbling fluidized bed reactor before using for chemical looping gasification of biomass. Iron
ore has been extensively utilized as an oxygen carrier in chemical looping processes [146]. Pineau
et al. [154] proposed that two stages could exist in the reduction of hematite to wustite, such as
Fe2O3 to Fe3O4 and Fe3O4 to FeO. It is noted that the hematite is mainly reduced from Fe2O3 to
Fe3O4 for the solid fuel conversion (e.g. coal, biomass, etc.) in a fluidized bed reactor due to
thermodynamic limitation [146]. In this experimental study, the iron ore was crushed, dried, and
calcinated at 950 °C as preparation.
Ilmenite and iron ore are shown in Figure 4.4. The physical properties and chemical composition
of two oxygen carriers are described in Table 4.2.

Figure 4.4: Oxidized form of Ilmenite (left) and iron ore (right)
Table 4.2: Characteristics of two oxygen carriers

a

Oxygen carrier

Calcinated ilmenite

Iron ore

Supplier, country

Titania AS, Norway

Promindsa, Spain

Mass weight mean diameter
[µm] a

98

183

Bulk density [kg m-3]

2533

1823

Main composition, [wt.%]

TiO2, 44
Total Fe, 35
MgO,4
SiO2, 3.2
Accessory minerals, ≤ 2

α-Fe2O3, 80 ± 1.5
Ca(Mg,Fe)(CO3)2 ≤ 11
KAl2[(Si3Al)O10](OH)2, ≤ 10
α-SiO2, ≤ 4
Accessory minerals, ≤ 1

received
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The particle diameter of ilmenite and iron ore was determined by a sieve analysis according to
DIN 66165-1 and DIN 66165-2 standard methods. Their mean diameters are approximately 98
and 183 μm for ilmenite and iron ore, respectively.

4.2 Bubbling Fluidized Bed Reactor
The fluidized bed reactor is placed at the Institute for Energy Systems and Technology (EST) of
the Technical University of Darmstadt. The reactor was first designed in 2011 by Kosmalla to
study gas-solid reactions. Afterward, the reactor has been modified to carry out various studies at
the Institute.
The pilot-scale reactor is developed as a mobile unit to investigate parameter studies on
gasification, combustion, calcination, etc. Its configuration mainly consists of nine functional
subsystems, shown in Figure 4.5.
1. Fuel dosage system
2. Reactor
3. Heating elements
4. Gas distribution system
5. Post gasification zone
6. Jet pump
7. Steam generator
8. Gas analysis unit
9. Process control system
The main components of the reactor are further described as follows.

Fluidized Bed Test Rig

71

Figure 4.5: Configuration of the fluidized bed reactor. 1 – screw conveyor for feeding fuel; 2 –
reactor; 3 – electrical heater; 4 – pre-heating section; 5 – gas distribution system; 6 – post
gasification zone
4.2.1 Fuel Dosage System
The fuel dosage system transports the fuel from a hopper into the reactor. It comprises a steel
hopper containing fuel and a screw conveyor driven by an electric motor. The fuel dosage system
is mounted on top of a load cell and protected from the outside environment by a cylindrical
container. During gasification, 0.05 Nm3/h of nitrogen is purged into the container for safety. Fuel
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is transported directly into the reactor at a height of 90 mm above the bottom through the screw
feeder.
4.2.2 Reactor
The fluidization of solid materials and gas-solid reactions take place in the reactor. The reactor
comprises a circular column with an internal diameter of 54.5 mm and a height of 550 mm, and a
porous plate as a gas distributor at the bottom. The reactor is externally heated by two electrical
heating elements. The upper heating element has a bigger diameter and higher heating capacity.
Along the reactor, temperature and pressure are measured at the positions of 90mm, 350 mm, and
550 mm. Additionally, the reactor is wrapped in layers of ceramic wool as thermal isolation to
minimize heat loss.
4.2.3 Gas Distribution System
The gas distribution system includes a set of pipes for each gas used. The pipes are connected to
transport various gases to the system such as nitrogen, carbon dioxide, air, oxygen, methane. Steam
is generated from water at 480 °C before injecting into the system. Each type of gas is controlled
by a mass flow controller (MFC) to ensure the desired quantity used. A check valve is implemented
in every pipe of gas to prevent the backflow of the gases. Before injecting into the reactor, the
mixture of gases is heated up to 300 °C through a pre-heating section.
4.2.4 Post Gasification Zone
This part is located at the exit of the reactor zone to improve gasification or combustion of the
gases from the reactor. This part is connected to the reactor main column and bends upwards in
the direction of the gas flow. Pressurized air and/or steam can be injected into this zone. Partial
combustion caused by the air can increase the temperature in this area. Steam can improve the
gasification reaction and decompose tars.
4.2.5 Exhaust System
The exhaust system is to remove the product gas from the reactor. In this system, steam is
condensed and captured by a condensate trap in a large steel cylinder. Afterward, non-condensable
gases are spewed out from the reactor system by a gas jet pump. The jet pump also works to create
sub-atmospheric pressures (up to 100 mbar) inside the reactor to prevent gas leakage during the
gasification process.
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4.2.6 Gas Analysis Unit
The continuous measuring and recording of gas compositions of the process streams are crucial
for the process evaluation. A portion of the product gas extracted from the top of the reactor
transports to a gas analysis unit (GAU) through a heated pneumatic hose to prevent condensation
of steam and tars. The product gas is cooled down, and then the condensate is separated before
entering the GAU. The dry product gas flows into two different gas analyzers to measure the
volume fraction of hydrogen, carbon monoxide, carbon dioxide, methane, methane, sulfur dioxide,
and nitrogen oxides, etc.
ABB URAS 206 analyzers measure the dry volumetric fraction for the components CO, CO2, and
CH4. The measurement is based on the non-dispersive infrared method. The content of CO2 is
detected by paramagnetics in an ABB MAGNOS 206, while H2 is determined by thermal
conductivity in an ABB Caldos 27. A detailed description of the gas analysis unit is presented in
Table 4.3.
Table 4.3: Methods for continuous measurement of the gas composition
Species

Method

Range

Unit

Rel. error in %

CO2

Infrared

0 - 100

vol.%

< 0.5

CO

Infrared

0 - 20

vol.%

< 0.5

CH4

Infrared

0-5

vol.%

< 0.5

H2
O2

Paramagnetic
Paramagnetic

0 - 20
0 - 25

vol.%
vol.%

< 0.5
< 0.5

4.2.7 Process Control System
The control of experimental investigations is carried out through the process control system. The
operating parameters, i.e. temperature, gas flow rates, the screw conveyer RPM, etc. during
gasification are monitored and controlled through the central processing unit (CPU) of the PLC.

4.3 Data Evaluation
The gasification performance is evaluated through some key variables, e.g. the calorific value of
the product gas, the volume fraction and yield of syngas and hydrogen, and process efficiency, etc.
The outlet volume concentrations of gas species obtained from the gas analysis unit were
calculated to ratios of H2/CO and CO/CO2 by the following equations [155]:
𝐻2
𝐶𝑂

𝐶𝐻2

=𝐶

𝐶𝑂

(4.3)
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𝐶𝑂
𝐶𝑂2

𝐶

= 𝐶 𝐶𝑂

(4.4)

𝐶𝑂2

Where Ci denotes the volume concentration of component i recorded by the gas analysis unit.
Since N2 is an inert tracer gas, the volume flow rate of other components [Nm3/h] can be
calculated:
𝐹𝑖,𝑜𝑢𝑡 = 𝐶𝑖 ×

𝐹𝑁2,𝑖𝑛

(4.5)

𝐶𝑁2

The lower heating value (LHV) of syngas [MJ/Nm3], one of the key parameters to evaluate syngas
quality, is calculated:
𝐿𝐻𝑉𝑠𝑦𝑛𝑔𝑎𝑠 = (30.18 × 𝐶𝐶𝑂 + 25.76 × 𝐶𝐻2 + 85.78 × 𝐶𝐶𝐻4 ) ×

4.2
1000

(4.6)

The cold gas efficiency (CGE) [%] is defined as the ratio of the low heating value of product gas
to the low calorific value of the corresponding used biomass, as shown by the following equation:
𝐶𝐺𝐸 =

𝐿𝐻𝑉𝑠𝑦𝑛𝑔𝑎𝑠 × 𝑉𝑠𝑦𝑛𝑔𝑎𝑠
𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠

× 100

(4.7)

Here, the LHVsyngas represents the lower heating value of the syngas in MJ/Nm3, the symbol Vsyngas
is the syngas yields Nm3/kg biomass feedstock, the LHVbiomass is the lower heating value of the
biomass feedstock in MJ/kg.
The carbon conversion efficiency (CCE) [%], a key performance figure of biomass gasification, is
defined as the ratio of the converted carbon to the carbon of biomass fed to the reactor.
𝐶𝐶𝐸 =

(𝑁𝐶𝑂,𝑜𝑢𝑡 +𝑁𝐶𝑂2 ,𝑜𝑢𝑡 +𝑁𝐶𝐻4 ,𝑜𝑢𝑡 )⨉12
𝑚𝐶 × %𝐶

⨉ 100

(4.8)

Where the outlet molar flow rate of gas species Ni, out in kmol/h, the mass flow rate of biomass mc
in kg/h, and the carbon content in biomass feedstock %C.
The gas yield (YGas, Nm3/kgbiomass) refers to the total gas volume (H2, CO, CO2, CH4) obtained per
mass of biomass fed to the reactor:
𝑌𝐺𝑎𝑠 =

𝑉𝐻2 ,𝑜𝑢𝑡 +𝑉𝐶𝑂,𝑜𝑢𝑡 +𝑉𝐶𝑂2 ,𝑜𝑢𝑡 +𝑉𝐶𝐻4 ,𝑜𝑢𝑡
𝑚𝐵𝑖𝑜𝑚𝑎𝑠𝑠

(4.9)

4.4 Steam Gasification
This section presents the experimental investigations of steam gasification of biomass in a pilotscale fluidized bed reactor. The experimental study was conducted under isothermal and negative
gauge pressure conditions using steam and steam/oxygen as gasifying agents and sand as bed
material in a pilot-scale bubbling fluidized bed gasifier. The performance of gasification of
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torrefied woodchips is evaluated through various operating parameters, i.e. gasification
temperature, steam-to-biomass ratio, and equivalence ratio.
4.4.1 Experimental Setup
Experimental investigations of gasification are to evaluate the performance of gasification of
torrefied woodchips using two gasifying agents, i.e. steam and steam/air. Three key operating
parameters, i.e. gasification temperature, steam-to-biomass ratio, and equivalence ratio are to
investigate their influence on the process performance and hydrogen production from biomass
gasification. Three gasification temperatures (800, 850, and 900 °C), the ratio of steam-to-biomass
(SBR) between 0.7 and 1.6, and equivalence ratio (ER) ranging from 0.07 to 0.22 were investigated
in this study. In the gasification study, silica sand was used as a bed material and the reactor
operated at a negative gauge pressure (approximately 90 mbar). The operating setups for the
experimental investigations are summarized in Table 4.4 and Table 4.5. Where uf represents the
superficial velocity [m/s] and umf the minimum fluidization velocity [m/s].
Table 4.4: Matrix of experimental investigations for steam gasification
Run

1

2

3

4

5

6

7

8

9

T [°C]

850

850

850

850

850

850

850

800

900

P [mbar]

-95

-90

-90

-90

-90

-90

-95

-90

-90

Sand [g]

800

800

800

800

800

800

800

800

800

Fuel [g/min]

0.88

0.88

0.88

0.88

0.88

0.88

0.88

0.88

0.88

Steam [g/min]

0

0.62

0.77

0.92

1.08

1.24

1.39

1.08

1.08

SBR

0

0.7

0.9

1.1

1.2

1.4

1.6

1.2

1.2

N2 [Nm3/h]

0.25

0.20

0.19

0.18

0.17

0.16

0.15

0.17

0.17

uf/umf

8.57

8.23

8.24

8.25

8.29

8.33

8.35

7.92

8.65
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Table 4.5: Matrix of experimental investigations for steam/air gasification
Run

1

2

3

4

5

6

7

T [°C]

850

850

850

850

850

800

900

P [mbar]

-90

-90

-90

-90

-95

-95

-90

Sand [g]

800

800

800

800

800

800

800

Fuel [g/min]

0.88

0.88

0.88

0.88

0.88

0.88

0.88

Steam [g/min]

1.08

1.08

1.08

1.08

1.08

1.08

1.08

O2 [Nm3/h]

0.0042

0.0063

0.0084

0.011

0.013

0.0042

0.0042

N2 [Nm3/h]

0.25

0.2

0.19

0.18

0.17

0.17

0.17

Steam/Air ratio [-]

4.03

2.69

2.02

1.61

1.34

4.03

4.03

ER

0.07

0.11

0.15

0.18

0.22

0.07

0.07

uf/umf

8.57

8.23

8.24

8.25

8.29

7.92

8.65

4.4.2 Experimental Procedure
The experimental study is carried out in the pilot-scale fluidized bed reactor shown in Figure 4.5.
The torrefied woodchips are placed in a hopper in which the agitation and screw feeder is set to
the desired feed rate. Meanwhile, 0.05 Nm3/h of nitrogen is purged to create an inert atmosphere
inside the hopper. 800 g of sand filled up in the reactor is fluidized on a stream of nitrogen during
the heating period up to the desired experiment temperature. Before heating the reactor, negative
gauge pressure inside the reactor is generated by turning the jet pump on. Since the desired
temperature reaches, water is heated to 480 °C to generate steam, and nitrogen is added to yield a
total gas flow of 0.25 Nm3/h. The mixture of steam (or steam/air) and nitrogen is heated to 300 °C
at the pre-heating section before injecting into the reactor. When the temperature and pressure in
the reactor reach stable, the fuel is fed continuously at 0.88 g/min of biomass flow rate. The steamto-biomass mass ratio or equivalence ratio could be varied by changing the mass flow rate of steam
or air while the biomass flow rate is fixed. Since stable gas compositions have reached 30 minutes,
all data are recorded and reported in this study.
4.4.3 Experimental Results and Discussion
4.4.3.1 O/C and H/C Ratios
The properties of solid fuel are strongly influenced by the ratios of O/C and H/C as discussed in
the previous section. These ratios provide an understanding of the correlation of its energy density
and heating values. Since the high fractions of oxygen and hydrogen result in high yields of liquid
and volatile matters in biomass fuels, the overall energy conversion efficiency of the combustion
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process is lower than that of fossil fuels. The higher ratios of oxygen and hydrogen to carbon result
in a decrease in the energy value of fuel since the energy contained in carbon-carbon bonds is
higher than the energy in carbon-oxygen and carbon-hydrogen. Figure 4.6 shows the Van
Krevelen diagram for various biomass fuels. The ratios of O/C and H/C of torrefied woodchips
are 0.54 and 1.32, respectively. These values are lower than those of their raw woodchips with
0.62 of the O/C and 1.6 of the H/C [35]. Consequently, the lower heating value of torrefied
woodchips increased up to 19.26 MJ/kg from 18 MJ/kg of the raw biomass. In comparison with
other torrefied biomass sources, Berrueco et al. [156] used Norwegian spruce and Norwegian
forest as raw biomass sources in their study. The raw biomass materials were torrefied at 225 °C
(lightly torrefied) and 275 °C (significantly torrefied). As a consequence, the O/C and H/C ratios
are 0.68 and 1.49 for VW and 0.59 and 1.39 for GROT at the lightly torrefied temperature, while
those values are 0.58 and 1.34 for VW and 0.45 and 1.16 for GROT at the torrefaction temperature
of 275 °C, respectively. This phenomenon can be explained that raw biomass materials release an
amount of moisture and volatile components during the torrefaction process, which contains large
fractions of hydrogen and oxygen resulting in solids with low portions of these elements. High
torrefaction temperature promotes the thermal degradation reactions of organic biomass, releasing
a higher amount of volatile components from biomass.

Figure 4.6: Van Krevelen diagram for various types of biomass
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4.4.3.2 Operating Parameter Profiles
The experimental investigations of biomass gasification were carried out with silica sand as bed
material in a bubbling fluidized bed reactor. During gasification, a mixture of gases flowed up
through a porous plate at the bottom and fluidized the solid particles in the reactor. At a sufficient
flow rate, bubbles are formed and rise upward. A circulation of solid particles in the bubbling
fluidized bed reactor creates a uniform temperature, high mass transfer between solid and gas
phases. The transfer rate of the reactants and products inside and outside the bubble affects the
gasification performance. The bubbling fluidized bed reactor promotes high reaction rates due to
very good mixing characteristics.
Gasification temperature and pressure are two key parameters in a fluidized bed reactor that
directly influence the process performance of gasification. Pressure differences at certain process
locations present the hydrodynamics and fluidization regime in the reactor. Operating temperature
strongly affects the kinetics of gasification reactions, resulting in variation of fraction and yields
of gas components. A typical profile of input and output values at steady conditions is illustrated
in Figure 4.7.
Figure 4.7 shows the profiles of dry gas concentration (top), pressure (middle), and gasification
temperature (bottom) during steady stage gasification in the bubbling bed reactor for SBR of 1.4
and 850 °C. It can be seen that there are differences in the profiles of pressure and temperature at
the positions along the reactor. The pressure value at 90 mm is higher than that at 350 and 550 mm,
while the temperature at 550 mm is gradually higher than that at the position of 90 and 350 mm.
These differences are due to the hydrodynamics of the bed material. At superficial velocities in
experimental investigations, the bed material distributed mostly between the bottom and around
the position of 350 mm, resulting in the homogeneous temperature and pressure drop at this area.
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Figure 4.7: Gas composition and operating parameters during steady operation (SBR of 1.4 and
850 °C)
The analyses of temperature uniformity and pressure drop across the bed in the reactor during
stable operation are shown in Table 4.6 and Table 4.7 for the steam gasification and steam/oxygen
gasification of torrefied woodchips, respectively. It is noted that the pressure differences and the
temperature deviation are described as follows:


∆p12 is the pressure difference between pressure before entering the bottom and at the
reactor height of 90 mm.



∆p1, ∆p2, and ∆p3 are the pressure drop in zone 1 (from the porous plate to the position of
90 mm), zone 2 (between the positions of 90 mm and 350 mm), and zone 3 (between the
positions of 350 mm and 550 mm), respectively.



∆pb and ∆pc are the pressure drop across the bed measured from the experimental data and
calculated from the equation (2.36).
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∆T2 and ∆T3 are the temperature difference in zone 2 and zone 3.



∆T4 is the temperature difference between the height of 90 mm and 550 mm.

Table 4.6: Analysis of operating parameters in the steam gasification of torrefied biomass
Run

1

2

3

4

5

6

7

8

9

850

850

850

850

850

850

850

800

900

0

0.7

0.9

1.1

1.2

1.4

1.6

1.2

1.2

32.6
4.9
23.1
0.03
28
33.64

34.1
6.4
21.7
0.17
28.3
33.64

33
5.3
22.95
0.16
28.4
33.64

33.8
6.1
24
0.24
30.3
33.64

33.6
5.9
24.1
0.25
30.3
33.64

33.7
6.0
23.8
0.14
29.9
33.64

32.1
4.4
23.6
0.15
28.2
33.64

31.9
4.2
22.8
0.12
26.6
33.64

34.8
7.1
21.9
0.14
29.2
33.64

∆T2 [°C]

6.7

15

30.1

4.4

6.1

0.9

2.5

12

10.5

∆T3 [°C]

6

6

9

6.8

9

7.8

11.3

9.1

9.1

∆T4 [°C]

12.7

20.9

39.1

6.8

3.5

6.9

8.8

20

19.5

T [°C]
SBR
∆p12 [mbar]
∆p1 [mbar]
∆p2 [mbar]
∆p3 [mbar]
∆pb [mbar]
∆pc [mbar]

Table 4.7: Analysis of operating parameters in steam/air gasification of torrefied biomass
Run

1

2

3

4

5

6

7

T [°C]

850

850

850

850

850

800

900

ER
∆p12 [mbar]
∆p1 [mbar]
∆p2 [mbar]

0.07
34.8
7.1
22.7

0.11
34.4
6.7
23.6

0.15
30.8
3.1
27.5

0.18
32.3
4.6
24.3

0.22
30.5
2.8
26.3

0.07
32.8
5.1
22.3

0.07
34.8
7.1
22.4

∆p3 [mbar]
∆pb [mbar]
∆pc [mbar]

0.05
29.8
33.64

0.08
30.4
33.64

0.85
29.7
33.64

0.33
29.2
33.64

1.19
30.3
33.64

0.19
27.7
33.64

0.14
29.6
33.64

∆T2 [°C]

2.4

1.3

4.2

0.9

4.8

9.2

11

∆T3 [°C]

8.1

4.9

2.7

11.2

5.1

7.5

8.8

∆T4 [°C]

10.5

3.6

1.6

10.3

0.4

16.7

19.8

Table 4.6 and Table 4.7 indicate the pressure drop across the bed in various zones that the largest
value of pressure drop is in zone 2, while lower values are in zone 1. It is likely attributed that
solid material concentrates mostly in zone 2 while a small number of solid particles distributes at
nearly the bottom area at the experimental conditions (uf/umf range between 7.92 and 8.65). The
pressure drop is in good agreement with the experimental data (the deviation ranges from 3.2 to
5.9 mbar).
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The reaction temperature increases corresponding to the reactor height. As a result, the temperature
at the height of 550 mm is higher than that at 350 mm and 90 mm. Excluding run 2 and run 3 from
steam gasification, the temperature deviations in different zones could be neglected. Furthermore,
∆T2 is considerably lower than ∆T3 in most cases. It could be due to that solid particle distributed
is fluidized well in zone 2, resulting in good heat transfer among solids and gases. Consequently,
the gasification temperature in the experimental investigations is well homogeneous in the
bubbling fluidized bed reactor.
4.4.3.3 Effect of Gasification Temperature
Gasification temperature is a crucial parameter for biomass gasification. It strongly influences
reaction kinetics, resulting in significant variation in the performance of biomass gasification, e.g.
the fractions and yields of components in the product gas, process efficiencies, and hydrogen
production, etc.
The experimental study was conducted under three temperatures between 800 °C and 900 °C with
50 °C increments at SBR of 1.2 and ER of 0.07 for steam gasification and steam/air gasification,
respectively. The investigation results of steam gasification and steam/air gasification of torrefied
woodchips are described in Table 4.8 and Table 4.9, respectively.
Table 4.8: Experimental results of steam gasification
Run

1

2

3

4

5

6

7

8

9

T [°C]

850

850

850

850

850

850

850

800

900

SBR

0

0.7

0.9

1.1

1.2

1.4

1.6

1.2

1.2

Gas yield
[Nm3/kgbiomass]

0.8

1.14

1.31

1.39

1.51

1.52

1.56

1.03

1.56

Syngas yield
[Nm3/kgbiomass]

0.7

0.88

1.02

1.08

1.17

1.16

1.17

0.78

1.22

H2/CO

0.67

1.61

1.77

1.94

2.02

2.16

2.3

1.64

1.99

CO/CO2

4.41

1.31

1.25

1.16

1.12

1.0

0.88

1.16

1.19

CGE [%]

46.44

48.13 54.76 57.33 61.56 59.93 58.98 42.57 64.02

CCE [%]

47.76

61.04 67.89 69.95 75.01 74.91 77.07 56.18 76.38

LHV [MJ/Nm3]

12.8

10.52 10.37

10.2

10.13

9.99

9.73

10.52 10.13
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Table 4.9: Experimental results of steam/air gasification
Run

1

2

3

4

5

6

7

8

T [°C]

850

850

850

850

850

850

800

900

SBR

1.2

1.2

1.2

1.2

1.2

1.2

1.2

1.2

ER

0

0.07

0.11

0.15

0.18

0.22

0.07

0.07

Gas yield [Nm3/kgbiomass]

1.51

1.49

1.38

1.49

1.42

1.57

1.05

1.55

Syngas yield [Nm3/kgbiomass]

1.17

1.12

1.0

1.08

1.01

1.12

0.75

1.16

H2/CO

2.02

1.9

1.99

1.69

1.6

1.61

1.66

1.94

CO/CO2

1.12

1.01

0.87

0.96

0.87

0.92

0.89

1.01

CGE [%]

61.56 57.58

49.36

54.60

49.65

54.61

37.87

58.84

CCE [%]

75.01 77.89

72.81

82.96

83.57

89.2

59.81

79.96

10.13

9.49

9.72

9.46

9.4

9.75

9.73

LHV [MJ/Nm3]

9.92

Figure 4.8 and Figure 4.9 show the effect of gasification temperatures on the volume fractions of
gas components on a dry and N2 free basis at various from steam gasification and steam/air
gasification, respectively. It can be found that the concentration of hydrogen increases with
increasing temperature, while other fractions decrease slightly for both investigations. Once the
gasification temperature rises from 800 °C to 900 °C, the volume concentration of H2 increases
significantly in the first temperature increment from 42.92 to 48.41 vol.% and 40.67 to
45.77 vol.% from the steam gasification and steam/air gasification, respectively. While the rate of
increase slows down in the second term, the H2 fractions at 900 °C are about 49.02 vol.% and
46.56 vol.% from the steam gasification and steam/air gasification, respectively.
A slight downward trend is observed in the other components, CO, CO2, and CH4. It is noted that
the molar ratio of CO/CO2 from steam gasification remained around 1.1, while this ratio is smaller
in the presence of oxygen with increasing gasification temperature. The H2/CO molar ratio
increases corresponding to elevated gasification temperature. As can be observed that the H2
production rate is greater than the amount of CO formed at high temperatures, and the presence of
oxygen in steam gasification promotes oxidation reactions for CO2 production.
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Figure 4.8: Effect of temperature on gas composition from steam gasification
Additionally, the variation of gasification temperature strongly influences other parameters, i.e.
the gas yield, the syngas yield, LHV, and the process efficiencies. According to Table 4.8 and
Table 4.9, the gas yields and the syngas yield increase considerably with increasing gasification
temperature. These values enhance from 1.03 and 0.78 to 1.56 Nm3/kgbiomass and 1.22 Nm3/kgbiomass
from steam gasification, and 1.05 and 0.75 to 1.55 Nm3/kgbiomass and 1.16 Nm3/kgbiomass from
steam/air gasification, respectively. This upward trend in the gas yield and the syngas yield is
mostly attributed to the reaction kinetics of the char gasification and the decomposition reaction
of the heavier hydrocarbons because the endothermic reactions are favorable at elevated
temperatures. As expected, both CGE and CCE are improved with an increase in temperature,
reaching 64.02 % and 58.84 % at 900 °C for CGE and 76.38 % and 79.96 % at 900 °C for CCE
from the steam gasification and the steam/air gasification experiments, respectively.
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Figure 4.9: Effect of gasification temperature on gas composition from steam/air gasification
On the other hand, LHV of the product gas shows a downward tendency with elevating
temperature. Generally, LHV decreases slightly with an increase in gasification temperature in
both gasification tests. It can be found that LHV reaches its maximum value of 10.52 MJ/Nm3 at
800 °C from steam gasification, while this value from steam/air gasification is approximately
9.92 MJ/Nm3 at 850 °C.
The above-mentioned trends in the influence of operating temperature on the performance of two
gasification processes can be attributed to a series of complex reactions including exothermic and
endothermic reactions in biomass gasification [63, 157]. Based on Le Chatelier’s principle,
increasing temperature favors the reactants in exothermic reactions and the products in
endothermic reactions. Consequently, the endothermic reactions in gasification processes
(Boudouard reaction, water-gas reaction, and steam reforming reaction) are strengthened with an
increase in temperature, leading to an increase in H2 and CO fractions and a reduction in CO2 and
CH4 contents. However, the high concentrations of CO and steam in the reactor could promote the
water-gas shift reaction, resulting in a decrease in CO content. These reactions take place
simultaneously in the reactor; therefore, a significant upward trend in the H2 fraction and a gradual
decline in the fraction of other components are observed at high temperatures. An increase in
syngas yield and cold gas efficiency of the gasification process results from the higher mass flow
rate of hydrogen produced.
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With increasing temperature, higher reaction rates of char gasification and the decomposition
reaction of heavier hydrocarbons can improve char conversion and cracking reactions of heavier
hydrocarbons into product gas, resulting in an increase in gas yields and the low residual solid
leftover after gasification. Therefore, an increase in operating temperature improves the torrefied
biomass conversion into the mixture of gases and hydrogen production from torrefied biomass.
Additionally, the combustible gases including H2, CO, CH4 are oxidized to CO2 and H2O in the
presence of oxygen, which results in low volume fractions of H2 and CO in the product gas.
4.4.3.4 Effect of Steam-to-Biomass Ratio
Steam-to-biomass ratio (SBR) is the ratio of the mass amount of steam used per mass of biomass
fed into the gasifier [157]. Along with the temperature, the SBR is a key factor in biomass
gasification, which affects strongly the performance of the gasification process, especially
hydrogen production. Experimental investigations were carried out at 850 °C. The SBR ranges
from 0 to 1.6 by varying the mass flow rate of steam while the mass flow rate of biomass was kept
at 0.88 g/min. The key results are shown in Table 4.8.
H2

CO

CO2

CH4

50

Gas composition [vol.%]

40

30

20

10

0
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
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Figure 4.10: Effect of SBR on gas composition from steam gasification
Figure 4.10 shows gas composition is a function of the steam-to-biomass ratio. It can be seen that
an upward trend in the contents of H2 and CO2 is found in the range of SBR, while the CO and
CH4 decrease. The fractions of H2 and CO vary significantly in the SBR range of 0 to 1.2,
increasing by about 18 vol.% and decreasing by 25 vol.%, respectively. However, these rates slow
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down in further SBRs. The content of H2 rises slightly, reaching 48.41 vol.% at the SBR of 1.2,
and to a peak of 48.94 vol.% at the SBR of 1.6, whereas the fraction of CO falls to the minimum
value of about 21.33 vol.% at the SBR of 1.6. There is a slight rise, over the SBR range from 0.7
to 1.6, in the CO2 content, to a maximum value of about 24 vol.%, and a small decrease in the CH4
content with the lowest point at the SBR of 1.6. These trends are likely attributed to a series of
gasification reactions with high steam concentrations in the gasifier. In the presence of steam,
carbon solid is converted into H2 and CO through the water-gas reaction. Additionally, the higher
content of steam in the reactor can promote the water-gas shift reaction, resulting in an increment
in CO2 concentration and a reduction in the fraction of CO. It is noteworthy that the SBR in the
range of 0 - 1.6 shows an inconsiderable impact on the CH4 production during the steam
gasification of the torrefied woodchips.
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0.02

0
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Steam-to-biomass ratio
Figure 4.11: Effect of SBR on volume flow rate from steam gasification
The effect of the SBR on volume flow rates from gasification of torrefied woodchips is illustrated
in Figure 4.11. The elevated SBR causes an increase in the flow rates, including the yields of
hydrogen and syngas. There is an upward trend in the yields of syngas, H2, CO2, and CH4 over the
SBR investigated. However, the CO yield declines from 0.0197 to 0.0175 Nm3/h. Despite the
decrease in the yield of CO, the syngas yield obtained rises considerably in the SBR range due to
a higher increasing rate of hydrogen. The results also indicated that the yield of CH4 remains nearly
stable in the SBR range of 0 - 1.6. The greater SBRs enhance the char conversion and favor the tar
cracking reactions, resulting in a high total gas yield.
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The influence of the SBR on the other output performance from the steam gasification of the
torrefied biomass can be found in Table 4.8. The ratio of H2/CO increases steadily with an increase
in the SBR, reaching a peak of 2.3 at the SBR of 1.6, while the CO/CO2 ratio shows a downward
trend, decreasing from the peak of 4.41 to the minimum of 0.88. Therefore, the high steam content
in gasification enhances the production of H2 and CO2. However, the undesired increase in CO2
content could result in inevitable problems in hydrogen-enriched syngas production from
conventional biomass steam gasification due to the water-gas shift reaction.
Generally, the increasing steam content in the gasifier enhances carbon conversion efficiency. This
tendency is likely attributed to char gasification reactions (Water-gas reaction and Boudouard
reaction). Additionally, the LHV of the product gas declines with an increasing amount of steam
due to the falls in CO and CH4 contents in the product gas. Furthermore, the CGE rises significantly
over the SBR range of 0 to 1.2 with a maximum value of 61.56 % before slightly reducing to
58.98 % at the SBR of 1.6. It can be explained that the high content of steam in the reactor
promotes the rise in the fraction of hydrogen and the syngas yield. However, these values remain
mostly at the further SBR of 1.2, while the CO2 content in the product gas still increases, leading
to a slight decrease in the CGE. An increase in SBR enhances hydrogen production, but it also
requires more energy consumption for steam generation resulting in low process efficiency. Hence,
the SBR of 1.2 could be proposed as an optimal SBR in this study.
It is noteworthy that torrefied woodchips contain a large portion of volatile matter with
70.75 wt.%. Volatile components mainly consist of combustible species, e.g. CO, H2, CH4, tars,
and other light hydrocarbons, etc. At high temperatures, biomass with high volatile content could
release a high amount of gaseous products, which can react much faster with gasifying agents than
solid fuels to generate the product gas. During pyrolysis (SBR of 0), torrefied woodchips produce
a mixture of gases with 45.79 vol.% of CO, 31,14 vol.% of H2, and 9.72 vol.% of CH4, while only
10.61 vol.% of CO2 formed. Variation in the composition of gaseous species corresponding to the
changes of SBR is a crucial factor to evaluate the feasibility of biomass gasification in a bubbling
fluidized bed reactor. The homogeneous gas-phase reactions are much more advantageous over
the gas-solid reactions; therefore, the high contents of CO and CH4 could promote the water gas
shift and the steam reforming reactions with an increase in the SBR, resulting in more an amount
of CO and CH4 consumed, whereas H2 and CO2 formed. Additionally, the low O/C ratio in
torrefied woodchips could reduce the inherent supply of oxidizing agents from the fuel itself.
Furthermore, high temperatures could promote tar decomposition releasing from volatile matter
through steam reforming and cracking reactions adding more energy value to the product gas.
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4.4.3.5 Effect of Equivalence Ratio
Equivalence ratio (ER) refers to a fraction of the actual air-to-biomass ratio to stoichiometric air
needed for complete conversion. This ratio is one of the key parameters when air or oxygen is
partially added as a gasifying agent in biomass gasification. To evaluate the effect of the
equivalence ratio on steam gasification of biomass, several experiments were carried out at the
equivalence ratio ranging between 0 and 0.22 by varying the flow rate of air injecting into the
gasifier. These investigations operated at the SBR of 1.2 and 850 °C. The results of this study are
presented in Table 4.9.
Figure 4.12 and Figure 4.13 show significant influences on the process compared to steam
gasification of torrefied woodchips. In the presence of oxygen, the content of hydrogen in the
product gas declines considerably to 40.96 vol.% at the ER of 0.22. On the other hand, a noticeable
increase in the CO2 content is found with nearly 4 vol.% of increment over the ER range.
Additionally, the fractions and yields of CO and CH4 are almost steady in the ER range of 0 - 0.22.
The yields of these species showed a similar trend to their components. The flow rate of hydrogen
drops down, while the CO2 yield increases steadily, reaching a peak of 0.0229 Nm3/h at the ER of
0.22. According to Table 4.9, the carbon conversion efficiency rises sharply by 14.19 % in the ER
range. It is significantly greater than that from the steam gasification with 89.2 % and 75.01 %,
respectively. It is likely attributed that carbon in biomass is converted significantly in the gasifier
through combustion reactions with a high proportion of oxygen. However, the decline in fractions
of combustible components in the product gas results in a decrease in LHV from 10.13 to
9.4 MJ/Nm3 when the ER increases to 0.22. In the presence of oxygen, the combustible gases
including H2 and CO are oxidized to CO2 and H2O, resulting in a reduction in both content and
yield of hydrogen, whereas carbon conversion efficiency increases considerably.
Through this analysis, it can be observed that the contents of H2 and CO in the product gas are
inverse functions of ER. Increasing ER results in lower hydrogen and syngas production with an
increase in CO2 amount. It also reduces the calorific content of the product gas. On the other hand,
a high ER could promote the cracking reaction of tars and carbon combustion because of higher
oxygen availability.
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Figure 4.12: Effect of Equivalence ratio on gas composition from steam/air gasification
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Figure 4.13: Effect of Equivalence ratio on volume flow rates from steam/air gasification
4.4.3.6 Comprehensive Assessment of the Process Performance
This section provides an assessment of the performance of steam gasification of torrefied
woodchips through the variations of operating parameters. The assessment focuses on some key
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process performances in terms of hydrogen and syngas production, process efficiencies, and gas
yields from biomass gasification. These results can give a better knowledge of biomass
gasification, then its feasibility for further applications.
As discussed in the previous sections, hydrogen production is significantly influenced by operating
parameters. The fraction and yield of hydrogen increase strongly with an increase in gasification
temperature and SBR, while it is found to decrease with elevated ER. Maximum values of
hydrogen content and yield obtained with 49.02 vol.% and 0.76 Nm3/kg biomass are observed at
900 °C, whereas hydrogen production declines considerably in the presence of oxygen, but they
are good values ranging from 40 to 46 vol.% for hydrogen fraction from steam/air gasification.
A comparison between the study’s results and literature is conducted for biomass gasification to
evaluate the feasibility of steam gasification of torrefied biomass for hydrogen production. A
summary of the results is presented in Table 4.10 and Table 4.11.
Various types of biomass and their torrefied products gasified by steam and steam/air in a bubbling
fluidized bed reactor are taken into consideration. The fluidized bed gasifier operated in the
gasification temperature range of 650 - 935 °C, and the SBR used in the literature varies between
0.6 and 2, while the ER ranges from 0.15 to 0.31. Those operating parameters are in good
agreement with the present studies. Generally, it can be observed that hydrogen production
increases because of the increment of the gasification temperature and SBR.
As can be seen in Table 4.10 for steam gasification of biomass, the results of different studies
could be compared due to the same type of biomass sample. All of the biomass types used were
from wood sources. Pinewood gives the highest proportion of hydrogen with 56 to 60 vol.%, but
it is the lowest yield among the results. Raut et al. [115] obtained the highest yield and among the
best fractions for hydrogen at the lowest SBR. Additionally, this study shows one of the best values
of hydrogen production from steam gasification among the results in Table 4.10. Furthermore, the
present study produced high calorific values and H2/CO ratios of the product gas with 9.73 12.8 MJ/Nm3 and 0.66 - 2.29 among the best values in the comparison, respectively.
Table 4.11 reports the results from the steam/air gasification in a fluidized bed gasifier among
various studies. Kulkarni et al. [158] carried out with only air as a gasifying agent in their studies.
These studies were selected to compare with the effect of steam in biomass gasification for
hydrogen production. All experimental investigations were conducted in the temperature range of
850 - 935 °C. Silica sand was used in three studies; the others used magnesite as bed material. The
present study gives the highest figure in terms of hydrogen production with 45.77 to 40.96 vol.%
and 0.68 to 0.64 Nm3/kgbiomass as well as LHV of the product gas with 9.40 - 9.92 MJ/Nm3 among

Fluidized Bed Test Rig

91

the results in Table 4.11. It could be that steam added more hydrogen atoms in the system as well
as oxidizes other components to produce hydrogen molecules. Thus, the presence of steam favors
hydrogen production in the air gasification of biomass. It is noteworthy that the hydrogen content
obtained from torrefied biomass types is found better than that from their raw biomass sources
during gasification. Torrefied biomass generated 2.17 to 6.02 vol.% of hydrogen content higher
than that of untreated biomass in two comparisons.
The differences between the results mentioned above could be mainly due to feedstock properties
and operating conditions. Among biomass sources, it can be seen that volatile matter contents in
fuels used in Raut’s studies are much higher than that in the present study, over 80 wt.% compared
to 70.75 wt.%. As discussed above, the volatile matter could release a high amount of gaseous
species such as CO, H2, CH4, and tars, which could react with steam to produce hydrogen.
Therefore, it could improve the fraction of hydrogen in the product gas. Additionally, the ratios of
C and H relative to O in biomass feedstock in the present study are higher than those in the
literature. The higher oxygen content in the feedstock could cause an increase in actual ER in the
system, while the higher carbon and hydrogen content might lead to a higher proportion of CO
and H2 in the product gas.
Another reason that could be considered is biomass constituents. Every type of biomass source has
various fractions of cellulose, hemicellulose, and lignin, which show a significant effect on the
devolatilization products. Some studies [110-113] found that the fractions of cellulose and
hemicellulose are proportional to the concentrations of CO and CO2, while higher lignin content
results in a higher char yield and CH4 concentration during the pyrolysis process. Consequently,
those intermediate products can vary in the final composition of the product gas.
The process efficiencies are found high values at different operating conditions in the present
studies. Carbon conversion efficiency and cold gas efficiency are two key parameters in the
evaluation of gasification performance. Carbon conversion efficiency refers to the proportion of
total carbon in biomass feedstock converted into gaseous products, while cold gas efficiency
represents the fraction of the amount of energy obtained in the syngas to the calorific value of
corresponding biomass feedstock. The present study obtained high process efficiencies at different
operating conditions compared to the literature. Carbon conversion efficiencies reach maximum
values around 80 %, while cold gas efficiencies are approximately 64 % and 59 % for steam and
steam/air gasification.
Through data assessment of the performance of gasification of torrefied woodchips using steam or
steam/air as a gasifying agent, it can be found that the presence of steam enhances hydrogen
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production from biomass gasification and the process efficiencies. In the practical process, steam
provides hydrogen atoms for hydrogen production, while necessary heat is generated in the
presence of oxygen through combustion reactions to remain the gasification process. Therefore, a
combination of steam and oxygen is feasible for hydrogen production from biomass gasification.
Hence, the gasification of torrefied woodchips using steam and steam/air as gasifying agents show
high performance in terms of process efficiencies and hydrogen-enriched product gas production
which are capable of many further applications to generate high-value products, e.g. chemicals,
transportation fuels, energy, etc.
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Table 4.10: Comparison of steam gasification with references
Researcher

Biomass sample

Gasification
temperature (°C)

SBR

Bed material

H2 fraction
(vol.%)

H2 yield
(Nm3/kgbiomass)

H2/CO

LHV
(MJ/Nm3)

The present study

Torr. woodchips

800 - 900

0-1.6

Silica sand

31.14-49.02

0.25-0.76

0.66-2.29

12.80-9.73

Weerachanchai et
al. [159]

Larch wood

650

-

Silica sand

21.84

0.09

0.49

15.75 a

Song et al. [160]

Pine wood

820

0.8-2

Silicon sand

56-60

0.39-0.553

2.8-4.2

-

Raut et al. [115]

Poplar wood (PW)

700 - 850

0.6

Silica sand

37.48-43.91

0.36-1.07

1.46-1.51

12.78-12.54

Raut et al. [115]

Torr. PW at 250 oC

700 - 850

0.6

Silica sand

40.67-47.91

0.26-0.9

1.7-1.78

12.63-12.09

Raut et al. [115]

Torr. PW at 275 oC

700 - 850

0.6

Silica sand

42.96-49.93

0.21-0.77

1.88-1.98

12.54-11.9

a

recalculated
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Table 4.11: Comparison of steam/air gasification with references

Biomass sample

Gasification
temperature
(°C)

ER

H2 fraction
(vol.%)

H2 yield
(Nm3/kgbiomass)

H2/CO

LHV
(MJ/Nm3)

Torrefied woodchips

850

0.07 - 0.22

45.77 - 40.96

0.68 - 0.64

1.9 - 1.6

9.92 - 9.40

Kulkarni et al. [158]

Raw pine

935

0.25

16.15 a

-

0.4

5.24

Kulkarni et al. [158]

Torrefied pine

935

0.2 - 0.3

21.87 - 18.15a

-

0.65 - 0.52

4.64 - 4.43

Marcello et al. [161]

Wood residues

850

0.31

35

0.46

3.1

6.8

Marcello et al. [161]

Torrefied wood residues

850

0.30

38

0.57

2.5

6.9

Tsalidis et al. [162]

Softwood

850

0.3

33.5

0.54

2.4

6.8

Tsalidis et al. [162]

Torrefied softwood at 260 °C

850

0.31

32

0.51

2.3

6.5

Tsalidis et al. [162]

Hardwood

850

0.31

34.5

0.59

2.4

7.0

Tsalidis et al. [162]
recalculated

Torrefied hardwood at 250 °C

850

0.3

36.67

0.51

2.8

6.8

Researcher
The present study

a
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4.5 Chemical-Looping Gasification
This section describes the experimental study on chemical looping gasification of torrefied
woodchips in a pilot-scale bubbling fluidized bed reactor. All experimental tests used iron-based
oxygen carriers, i.e. ilmenite and iron ore, in the presence of steam for hydrogen production. A
series of experimental results performed is to analyze the effects of various operating parameters,
i.e. gasification temperature, steam-to-biomass ratio, oxygen carrier-to-biomass ratio, and
superficial velocity, on the process performance as well as hydrogen production. Furthermore, the
performance of each type of iron-based oxygen carriers is assessed through the experimental
results to provide an understanding of the behavior of iron-based oxygen carriers in a chemical
looping gasification system.
The variations of operating parameters in the bubbling fluidized bed reactor influence strongly the
process performance through a series of complex and competing reactions in the presence of steam
or CO2. These main reactions are described as follows [16, 157, 163]:
𝐻𝑒𝑎𝑡

Biomass →

H2 + CO + CO2 + CH4 + light and heavy hydrocarbon + Tar + Char

(4.10)

Homogeneous reactions:
Water-gas shift reaction:

CO + H2O → CO2 + H2

(4.11)

Steam reforming of methane

CH4 + H2O → CO + H2

(4.12)

Boudouard reaction

C + CO2 → 2CO

(4.13)

Water-gas reaction

C + H2O → CO + H2

(4.14)

Oxygen carrier reduction

CO + MexOy → CO2 + MexOy-1

(4.15)

Oxygen carrier reduction

H2 + MexOy → H2O + MexOy-1

(4.16)

Oxygen carrier reduction

CH4 + MexOy → 2H2 + CO + MexOy-1

(4.17)

Heterogeneous reactions:

4.5.1 Experimental Setup
The study is to evaluate the process performance of biomass chemical looping gasification in the
pilot-scale bubbling fluidized bed reactor in a steam atmosphere through the effect of various
operating parameters. Four crucial operating conditions, i.e. gasification temperature, steam-to-
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biomass ratio, oxygen carrier-to-biomass ratio and superficial velocity, are investigated. Four
temperatures (750, 800, 850 and 900 °C), four ratios of steam-to-biomass ranging from 0.9 to 1.4,
six ratios of oxygen carrier-to-biomass between 0 and 6, and three superficial velocities were
performed in the experimental investigations for each type of oxygen carrier. Additionally, the
experimental results are also used to analyze the behavior and performance of oxygen carrier in
the process. Ilmenite and iron ore, two types of iron-based oxygen carriers, were used as oxygen
carriers in this study.
During the investigation, 800 g of the reduced form of oxygen carrier was used as bed material
and the reactor was operated at a negative gauge pressure (approximately 80 mbar). The pilotscale fluidized bed reactor is described in Section 4.2.
4.5.2 Experimental Procedure
Experiments were carried out in the pilot-scale reactor illustrated in Figure 4.5. The torrefied
woodchips and the oxidized form of oxygen carrier are mixed at the defined ratio and filled in a
hopper, in which the agitation and screw feeder is set to the desired feed rate. Meanwhile, the
hopper is purged with 0.05 Nm3/h of nitrogen to create an inert environment. Before starting the
experimental investigation, a negative gauge pressure inside the reactor is created by turning the
jet pump on. The reactor is filled up with 800 g of sand (for OBR of 0) or with the reduced form
of oxygen carrier as bed material and fluidized on a nitrogen stream during the heating period up
to the desired temperature. Since the desired temperature is reached, water is heated to 480 °C for
steam generation, and nitrogen is added to yield a total gas flow of 0.25 Nm3/h. The mixture of
steam and nitrogen is heated to 300 °C at the pre-heating section before injecting into the reactor
through the porous plate. When the temperature and pressure in the reactor reach a stable condition,
the mixture of feedstock is fed continuously at 1 g/min of biomass mass flow rate. The steam-tobiomass mass ratio can be varied by changing the mass flow rate of steam while the mass flow
rate of biomass is fixed. Once stable gas compositions have been achieved for 30 minutes, all data
are recorded. The reported volume fractions of the gas composition are the average values on a
dry and nitrogen-free basis.
In all experimental investigations, torrefied woodchips are gasified in the presence of steam as a
gasifying, and ilmenite and iron ore as oxygen carriers. It is noted that the oxygen carrier-tobiomass ratio of zero is also conducted at 850 °C with sand as bed material. The experimental
investigations are carried out to evaluate the influence of operating parameters, i.e. operating
temperature, steam-to-biomass ratio (SBR), oxygen carrier-to-biomass ratio (OBR), and
superficial velocity on the process performance and hydrogen production. Furthermore, the
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performance and behavior of oxygen carriers are also assessed during the chemical looping
gasification of biomass in the bubbling fluidized bed reactor. The experimental setups for biomass
chemical looping gasification are shown in Table 4.12. The raw data obtained from the
experimental investigations are analyzed through the equations described in Section 4.3.
4.5.3 Experimental Results and Discussion
The experimental investigations were performed in a pilot-scale bubbling fluidized bed reactor, as
shown in Figure 4.5. This study is to assess the feasibility of chemical looping gasification of
biomass in a fluidized bed reactor through investigating the effect of the key operating parameters
on the process performance of chemical looping gasification using torrefied woodchips as fuel and
ilmenite and iron ore as oxygen carrier. The operating parameters are investigated such as
gasification temperature, steam-to-biomass ratio, oxygen carrier-to-biomass ratio, and superficial
velocity. Furthermore, the performance and behavior of two types of iron-based oxygen carriers
are also evaluated during the chemical looping gasification of biomass.
4.5.3.1 Operating Parameter Profile
The experimental investigations of biomass chemical looping gasification were carried out with a
reduced form of oxygen carrier as bed material in a bubbling fluidized bed reactor. During the
investigations, a mixture of gases flowed up through a porous plate and fluidized the solid particles
in the reactor. Bubbles rise upward along the reactor at a sufficient gas velocity. Solid particles
fluidized in the reactor play a key role in improving heat transfer among phases.
Figure 4.14 shows the typical profiles of gas compositions and operating parameters during the
biomass chemical looping gasification process in a pilot-scale bubbling fluidized bed reactor from
the experiment of iron ore, OBR of 3, SBR of 1.08, and 850 °C. It can be seen that the variation
of dry gas compositions is presented at the top of the figure; most gas contents reached steady
conditions after 20 minutes of feeding and remained until complete investigation.
Two key operating parameters in the process are pressure and gasification temperature presenting
in the middle and bottom of the figure, respectively. It is noted that pressure at 90 mm increases
corresponding to an increase in experimental time, while pressures at other positions remain stable,
showing increasing pressure drop across the bed. Additionally, throughout the whole period, the
temperature differences among different zone reduce. The temperature difference between 350
and 550 mm can be neglected, while its deviation of 90 mm and 350 mm decreases to
approximately 20 °C. These trends are likely attributed to an increase in the accumulated mass of
the bed in the reactor during the experiment. The increasing mass of the bed could enhance the
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pressure drop across the bed and improve heat transfer among zones in the reactor. It should be
noted that the bed surface could be lower than the position of 350 mm due to no pressure difference
found between 350 and 550 mm.

Figure 4.14: Gas content and operating parameters during biomass chemical looping
gasification process in a bubbling fluidized bed reactor (iron ore, OBR of 3, SBR of 1.08,
850 °C)
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Table 4.12: Matrix of experimental investigation for biomass chemical looping gasification
Run

1

2

3

4

5

6

7

8

9

10

11

12

13

14

T [°C]

850

850

850

850

850

850

750

800

900

850

850

850

850

850

P [mbar]

-80

-80

-80

-80

-80

-80

-80

-80

-80

-80

-80

-80

-80

-80

Bed material [g]

800

800

800

800

800

800

800

800

800

800

800

800

800

800

Biomass [g/min]

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1.08

1.08

1.08

1.08

1.08

1.08

1.08

1.08

1.08

0.9

1.26

1.4

1.08

1.08

0

2

3

4

5

6

3

3

3

3

3

3

3

3

0.17

0.17

0.17

0.17

0.17

0.17

0.17

0.17

0.17

0.18

0.16

0.15

0.12

0.22

Steam [g/min]
OBR
N2 [Nm3/h]
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4.5.3.2 Effect of Gasification Temperature
The operating temperature is a crucial factor of the biomass chemical looping gasification process.
In this investigation, the reactor was operated at four gasification temperatures ranging from 750
to 900 °C with 50 °C increments. The oxygen carrier-to-biomass and steam-to-biomass ratios were
fixed at 3 and 1, respectively. The study was performed in the pilot-scale bubbling fluidized bed
reactor using ilmenite and iron ore as oxygen carriers. The experimental results are summarized
in Table 4.13 for iron ore and ilmenite, respectively. In addition, Figure 4.15 and Figure 4.16
show the variations of the gas fractions (dry and N2 free) and other key process performances as a
function of gasification temperature.
Figure 4.15 and Figure 4.16 present that the fraction of H2 in the product gas from both BCLG
for ilmenite and iron ore decreases slightly, while an upward trend in CO content is observed in
both cases corresponding to increasing temperature in the reactor. It can be found that high
gasification temperatures promote the generation of syngas yield and gas yield, reaching a peak of
1.023 Nm3/kgbiomass and 1.536 Nm3/kgbiomass from tests using iron ore and 1.098 Nm3/kgbiomass and
1.559 Nm3/kgbiomass in the case of ilmenite at 900 °C, respectively. It is also noteworthy that the
operating temperature has little influence on the CH4 production for both two oxygen carriers. The
CH4 fraction increases slightly by 0.88 vol.% in the temperature range for the BCLG using iron
ore, while this figure from ilmenite investigations falls by about 1.76 vol.% with increasing
temperature. Additionally, the elevated operating temperature considerably improves both cold
gas efficiency and carbon conversion efficiency. It is found that carbon conversion efficiency
significantly rises by approximately 17 and 25 % in cases of iron ore and ilmenite, respectively.
While there is a lower increase in cold gas efficiency with approximately 7.5 and 15 % over the
temperature range.
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Figure 4.15: Effect of temperature for ilmenite on the gas composition (a), ratios and process
efficiencies (b)
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Figure 4.16: Effect of temperature for iron ore on the gas composition (a), ratios and process
efficiencies (b)
The trends observed in variations of the performance of the BCLG using iron ore and ilmenite as
oxygen carrier at different operating temperatures can be likely attributed to a series of complex
and completing reactions including exothermic and endothermic reactions as well as solid-gas and
gas-gas reactions in the BCLG [63, 157]. It can be observed that the fraction of CO in the product
gas increases, whereas there is a slight reduction in the contents of H2 and CO2 with increasing
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temperature. This can be explained according to Le Chatelier’s principle. Therefore, the
endothermic reactions (4.12 to 4.14) are strengthened at high temperatures, resulting in the
enriched H2 and CO contents and the low fraction of CO2 in the product gas. Furthermore,
combustible components can be oxidized by oxygen carrier particles through reactions (4.15 to
4.17) to produce CO2 and H2O. However, since the reactivity of oxygen carriers with H2 is stronger
compared to that of CO and CH4, it causes more amount of H2 consumed than that of other
components. As a result, the hydrogen content reduces relatively compared to other components.
Additionally, the elevated temperature can promote the decomposition reactions of heavier
hydrocarbons into the product gas. Consequently, there is a significant increase in the yields of gas
species and the decreasing residual solid leftover at high temperatures.
The gasification temperature shows a significant influence on the BCLG performance in both types
of iron-based oxygen carriers, i.e. iron ore and ilmenite. The high temperatures significantly
enhance gas yields as well as process efficiencies. Additionally, the quality of the product gas
improves at high temperatures since the proportion of syngas species slightly increases in the
product gas. The performance of two oxygen carriers in BCLG is also analyzed to evaluate their
behavior in BCLG at various temperatures. It can be observed that ilmenite performs a great result
at high temperatures, whereas a better performance is found at lower temperatures for iron ore.
However, the behavior of iron ore and ilmenite at different temperatures in the study is still
uncertain because of the lack of knowledge of the reaction mechanism in biomass chemical
looping gasification, further studies on their reaction mechanism at various temperatures would be
necessary.
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Table 4.13: Experimental results of BCLG using iron ore as oxygen carrier
Run

1

2

3

4

5

6

7

8

9

10

11

12

13

14

T [°C]

850

850

850

850

850

850

750

800

900

850

850

850

850

850

OBR

0

2

3

4

5

6

3

3

3

3

3

3

3

3

SBR

1.08

1.08

1.08

1.08

1.08

1.08

1.08

1.08

1.08

0.9

1.26

1.4

1.08

1.08

uf [m/s]

0.132

0.132

0.132

0.132

0.132

0.132

0.12

0.127

0.138

0.132

0.132

0.132

0.106

0.158

H2/CO

1.93

1.88

1.7

1.72

1.67

1.62

2.5

2.11

1.62

1.65

1.91

2.15

1.9

1.73

H2/CO2

2.25

1.23

1.12

1.06

0.85

0.79

1.36

1.35

1.21

1.08

1.2

1.4

1.17

1.19

VH2 [Nm3/h]

0.0356 0.0329

0.0311

0.0323

0.0283

0.0271

0.0368

0.035

0.035

0.031

0.0346

0.0396

0.032

0.0339

VCO [Nm3/h]

0.0184 0.0175

0.0183

0.0188

0.0169

0.0168

0.0147

0.0166

0.0216

0.0188

0.0181

0.0185

0.0169

0.02

VCO2 [Nm3/h]

0.0158 0.0267

0.0277

0.0305

0.0333

0.0344

0.0271

0.026

0.029

0.0287

0.0287

0.0283

0.0275 0.0285

VCH4 [Nm3/h]

0.0048 0.0042

0.0042

0.0041

0.0041

0.0046

0.0033

0.0039

0.0047

0.0042

0.0042

0.0046

0.004

Vsyngas [Nm3/kgbio] 0.9802 0.9091

0.893

0.9205

0.822

0.8079

0.9125

0.9236

1.0228

0.9

0.9483

1.0437

0.8833 0.9585

Vgas [Nm3/kgbio]

1.2736 1.3811

1.3783

1.4444

1.4013

1.4146

1.3915

1.3831

1.5358

1.3963

1.4547

1.5393

1.3648 1.4642

LHV [MJ/Nm3]

10.36

8.78

8.69

8.49

7.96

7.9

8.41

8.76

8.93

8.65

8.66

8.95

8.63

8.68

CCE [%]

63.95

79.35

82.28

87.48

89.19

91.42

73.18

76.05

90.79

84.78

83.69

84.17

79.33

85.48

CGE [%]

52.71

41.43

40.31

40.52

33.98

33.16

39.85

42.03

47.43

40.44

42.63

48.51

39.59

43.17

uf/umb*

2.41

1.68

1.68

1.68

1.68

1.68

1.53

1.60

1.75

1.68

1.68

1.68

1.34

2.01

*

uf is superficial velocity, umb is minimum bubbling velocity

0.0041
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Table 4.14: Experimental results of the BCLG using ilmenite as oxygen carrier

Run

*

1

2

3

4

5

6

7

8

9

10

11

12

13

14

T [°C]

850

850

850

850

850

850

750

800

900

850

850

850

850

850

OBR

0

2

3

4

5

6

3

3

3

3

3

3

3

3

SBR

1.08

1.08

1.08

1.08

1.08

1.08

1.08

1.08

1.08

0.9

1.26

1.4

1.08

1.08

uf [m/s]

0.132

0.132

0.132

0.132

0.132

0.132

0.12

0.127

0.138

0.132

0.132

0.132

0.106

0.158

H2/CO

1.93

2.1

1.99

1.79

1.73

1.78

2.25

1.83

1.65

1.77

2.04

2.2

1.96

1.78

H2/CO2

2.25

1.66

1.32

1.12

0.93

0.85

1.37

1.2

1.43

1.34

1.47

1.53

1.30

1.32

VH2 [Nm3/h]

0.0356 0.0395

0.0357

0.0322

0.0285

0.0276

0.0291 0.0279 0.0378

0.0339

0.0408

VCO [Nm3/h]

0.0184 0.0188

0.0179

0.018

0.0165

0.0155

0.013

0.023

0.0192

0.02

VCO2 [Nm3/h]

0.0158 0.0238

0.027

0.0288

0.0307

0.0323

0.0212 0.0242 0.0265

0.0254

0.0277

0.0283 0.0263 0.0272

VCH4 [Nm3/h]

0.0048 0.0047

0.0047

0.0044

0.0043

0.0044

0.0049 0.0049 0.0051

0.0047

0.0052

0.0054 0.0049

Vsyngas [Nm3/kgbio]

0.9802 1.0507

0.9705

0.9103

0.8215

0.7905

0.785

0.8329 1.0979

0.9646

1.1011

1.138

Vgas [Nm3/kgbio]

1.2736 1.4788

1.4522

1.4217

1.3637

1.3617

1.1522 1.2676 1.5587

1.4063

1.5931

1.6425 1.3974

LHV [MJ/Nm3]

10.36

9.41

8.97

8.61

8.22

7.98

9.53

9.15

9.45

9.26

9.25

9.26

9.17

9.19

CCE [%]

63.95

77.54

81.22

83.99

84.32

85.52

64.23

72.55

89.44

80.87

86.78

87.52

79.82

85.7

CGE [%]

52.71

51.36

45.21

40.7

35.06

32.76

38.86

38.57

53.84

46.38

52.85

54.68

44.97

48.51

uf/umb*

2.41

3.53

3.53

3.53

3.53

3.53

3.21

3.37

3.68

3.53

3.53

3.53

2.82

4.23

uf is superficial velocity, umb is minimum bubbling velocity

0.0159

0.0432 0.0343 0.0359
0.0196 0.0175

0.02
0.005

0.9447 1.0168
1.492
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4.5.3.3 Effect of Steam-to-Biomass Ratio
The steam-to-biomass mass ratio (SBR) is defined as the amount of steam per mass of biomass
fed into the reactor [157]. Along with the gasification temperature, SBR is a crucial operating
parameter influencing strongly the BCLG performance, particularly hydrogen production [164].
In the chemical looping gasification of solid fuels, steam is used as a gasifying agent; steam
provides not only hydrogen for hydrogen-enriched gas production but also molecular oxygen for
char conversion. In this experimental work, the SBR ranges between 0.9 and 1.4 by changing the
mass flow rate of steam used, while keeping the biomass-feeding rate constant at 1 g/min. the
reactor operated at 850 °C and OBR of 3.
The results from BCLG using ilmenite are presented in Figure 4.17 and Table 4.14. Generally,
the presence of steam in the gasifier influences significantly syngas production in terms of the
proportion and yields in the product gas. The fraction of hydrogen rises by approximately
3.6 vol.%, while its yield at SBR of 1.4 is 27.32 % higher than that at SBR of 0.9. Additionally,
the relative increase of hydrogen in the product gas can be found through the rapid increase in the
ratios of H2/CO and H2/CO2 with about 2.2 and 1.53 at SBR of 1.4, respectively. It could be due
to the decline in the fractions of CO and CO2 in the product gas, despite their yields produced a
slight rise. Moreover, a high amount of steam used also promotes the yields of syngas and product
gas. It can be found that the yields of syngas and product gas generated are getting approximately
17.9 % and 16.8 % increase in the range of SBR investigated, respectively. Consequently, the
carbon conversion efficiency and the cold gas efficiency improve continuously, reaching
maximum values of 87.82 % and 54.68 % at SBR of 1.4, respectively. However, the LHV is at
around 9.2 MJ/Nm3 over the range of SBR.
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Figure 4.17: Effect of steam-to-biomass ratio for ilmenite on the gas composition (a), ratios and
hydrogen yield (b)
Figure 4.18 and Table 4.13 present the experimental results obtained from BCLG using iron ore
as an oxygen carrier. It can be seen that the proportion of hydrogen is trending upward from
37.08 to 42.89 vol.% in the range of SBR, while the content of CO and CO2 slightly drop by about
2.46 vol.% and 3.63 vol.%, respectively. In addition, a gradual increase in carbon conversion
efficiency is observed, reaching 84.17 % at SBR of 1.4. It is noted that the presence of hydrogen
in the reactor enhances the ratios of H2/CO2 and H2/CO (the rates of increase accelerate, being
about 1.4 for H2/CO2 and 2.15 for H2/CO at SBR of 1.4). This trend shows that the H2 content
increases relatively compared to the other components in the product gas corresponding to the
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accelerated concentration of steam in the gasifier. The yields of syngas and product gas produced
enhance significantly with around 15.9 % and 10.2 % at SBR of 1.4 higher compared to those at
SBR of 0.9. These upward trends are likely attributed to the significant rise in the yields of H2 and
CH4 despite a slight reduction in the yields of CO and CO2. Furthermore, the rise in the fractions
of H2 and CH4 leads to an increase in lower heating value and the cold gas efficiency, reaching
their peaks of 8.95 MJ/Nm3 and 48.51 % at SBR of 1.4, respectively.
Those variations mentioned above regarding the fraction of steam in the gasifier could be due to a
series of reactions in the biomass gasification process. The reactions (4.11, 4.12, 4.14) with the
increasing content of steam in the reactor toward the right side according to Le Chatelier’s
Principle, resulting in a considerable increase in hydrogen production and a relative decrease in
the contents of other gas components. Additionally, the water-gas shift reaction is strengthened by
the high content of steam in the gasifier that would be accompanied by a decline in the CO fraction.
It is observed that there is little change in the CH4 production in the SBR range of 0.9 - 1.4 since
its content is very smaller than other components and it mainly derives from the devolatilization
of torrefied woodchips. The char gasification reactions and the steam reforming reactions of
heavier hydrocarbon are promoted by the increasing content of steam in the gasifier, increasing
the efficiencies and the gas yield. Thus, the steam fraction in the gasifier strongly influences the
BCLG process in terms of hydrogen production, syngas quality, and char conversion. On the other
hand, the adding of excess amount steam may cause a decrease in the temperature of BCLG since
the steam absorbs a lot of heat, resulting in a reduction in BCLG performance.
It is noteworthy that the experimental results of BCLG using ilmenite show better performance in
terms of hydrogen production, gas yield, LHV, and process efficiencies compared to those results
from BCLG using iron ore. Interestingly, carbon conversion efficiency obtained from iron ore tests
is higher at low SBRs, while ilmenite gives better performance at higher contents of steam.
Additionally, the investigations of ilmenite also present a higher rate of increase in gas yield with
16.82 % in the SBR range compared to that using iron ore with 10.24 %. Hence, it could be
summarized that the content of steam in the gasifier strongly influences the performance of the
BCLG process, particularly with ilmenite.
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Figure 4.18: Effect of steam-to-biomass ratio for iron ore on the gas composition (a), ratios and
hydrogen yield (b)
4.5.3.4 Effect of Oxygen Carrier-to-Biomass Ratio
Oxygen carrier is one of the most important factors in chemical looping conversion processes. It
works as the chemical intermediate to indirectly transfer pure not only oxygen but also heat from
the air reactor to the fuel reactor via oxidation-reduction (redox) reactions in the chemical looping
process. Among types of oxygen carriers, iron-based oxygen carriers are considered an attractive
selection due to their inherent characteristics of low cost and environmentally friendly as well as
relative good reactivity and abundant sources.
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This study presents the performances of two types of iron-based oxygen carriers, i.e. ilmenite and
iron ore in the biomass chemical looping gasification process. The mass ratio of oxygen carrierto-biomass (OBR) refers to a ratio of the mass of oxygen carrier used to the mass of biomass fed
in the reactor. Different ratios of oxygen carrier-to-biomass are investigated ranging from 0 to 6
to analyze the influence of oxygen carriers on the BCLG performance. The OBR varies by
changing the mass of oxygen carrier used while the mass of torrefied woodchips is kept at 1 g/min
in all the experimental investigations. In these experiments, SBR and temperature were fixed at
1.0 and 850 °C, respectively.
The experimental results from BCLG using iron ore are presented in Table 4.13 and Figure 4.20.
According to Figure 4.20, the OBR significantly affects the gas composition in the product gas.
A considerable downward trend in the contents of the combustible component is observed with
the increasing OBR, while the content and yield of CO2 rise by 19.88 vol.% and 0.0186 Nm3/h,
respectively. On the contrary, these values of H2 decline significantly to 31.97 vol.% and
0.0271 Nm3/h at OBR of 6, respectively, while a slight reduction in CO fraction is observed with
a 4.33 vol.% decline over the OBR range. The content of CH4 is relatively lower at around 5 6 vol.%. These trends result in a decrease in the ratios of H2/CO and H2/CO2 as well as syngas
production and LHV. Syngas yield falls from 0.98 to 0.81 Nm3/kgbiomass, while LHV drops from
10.36 to 7.9 MJ/Nm3. As a result, cold gas efficiency (CGE) decreases by 19.55 % over the OBR
range. However, an increase of the OBR results in a rise in carbon conversion efficiency and gas
yield, reaching maximum values of approximately 91.42 % and 1.4146 Nm3/kgbiomass at the highest
ratio, respectively.
The same trends are observed in the effect of the OBR on syngas production from BCLG using
ilmenite. As can be seen in Figure 4.19 and Table 4.14, the fraction of H2 decreases significantly
by 12.83 vol.%, while a sharp increase in CO2 is observed, reaching a peak of 39.55 vol.% at an
OBR of 6. As a result, a downward trend in syngas yield and gas yield is found corresponding to
an increase of OBR due to a gradual decrease in yields of CO and CH4. The experimental results
also show an increase in carbon conversion efficiency over the range OBR. At the OBR of 0 (no
oxygen carrier used), the carbon conversion efficiency is about 63.95 %, and this figure rises
gradually, reaching 83.99 % at the OBR of 4, to a maximum value of 85.52 % at OBR of 6. While
cold gas efficiency falls significantly by approximately 20 % in the same OBR range.

Fluidized Bed Test Rig

111

Figure 4.19: Effect of oxygen carrier-to-biomass ratio for ilmenite on the gas composition (a),
ratios and process efficiencies (b)
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Figure 4.20: Effect of oxygen carrier-to-biomass ratio for iron ore on the gas composition (a),
ratios and process efficiencies (b)
The experimental results present that the presence of oxygen carrier used strongly influences the
BCLG performance, especially the hydrogen production. Both BCLG investigations using the two
oxygen carriers show a considerable decrease in the yield and content of hydrogen as well as a
significant increase in those values of CO2 with increasing OBR. This can be likely attributed to
the higher amount of oxygen carrier used that can provide more oxygen for oxidation reactions
(4.15 to 4.17) in the gasifier, resulting in more combustible gas components consumed and more
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CO2 and H2O generated. Furthermore, increasing the content of CO2 and H2O in the gasifier can
promote char gasification reactions (4.13 and 4.14) and reforming reactions, which improve
biomass conversion or carbon conversion efficiency.
It can be observed that the decreasing rate of the H2 fraction is higher than that of CO and CH4.
These figures are approximately 12.83 vol.%, 5.14 vol.%, and 0.93 vol.% from ilmenite
investigations and 14.62 vol.%, 4.33 vol.%, and 0.89 vol.% from the tests with iron ore
corresponding to H2, CO, and CH4, respectively. This could be due to the different reactivity of
Fe2O3 with various fuels. Generally, the reactivity of Fe2O3 with those gaseous fuels has the
following order: H2 > CO > CH4 [146]. Therefore, Fe2O3 oxidizes a higher amount of H2 than the
others do. Although the theoretical oxygen transport capacity of iron ore is lower than that of
ilmenite (~3.3 % and ~4 %), carbon conversion efficiencies from BCLG experiments with iron
ore are higher than those with ilmenite, while a greater hydrogen production is produced from the
investigations with ilmenite in terms of both content and yield. This could be due to the calcination
temperature of oxygen carriers. Ilmenite has been pre-oxidized at 850 °C in a pilot-scale bubbling
fluidized bed reactor, whereas the calcination temperature of iron ore is 950 °C. A detailed analysis
of the performance of two oxygen carriers will be presented in the next section.
4.5.3.5 Effect of Superficial Gas Velocity
Superficial gas velocity is one of the most crucial parameters in a fluidized bed reactor. The
velocity could define the fluidization regime and strongly influence the hydrodynamics of bed
material in a bubbling fluidized bed reactor. Therefore, it could be a key factor for BCLG in a
bubbling fluidized bed. As discussed in the previous section, the gas velocity has a strong effect
on the gas-solid contact, heat, and mass transfer as well as the overall performance of BCLG in a
bubbling fluidized bed. A study is to analyze the influence of the superficial gas velocity on BCLG
at three input total gas flow rates, i.e. 0.2, 0.25, and 0.3 Nm3/h corresponding to the initial gas
velocity of 0.106, 0.132, and 0.158 m/s, respectively. The other operating parameters were
implemented at 850 °C, SBR of 1.08, and OBR of 3.
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Figure 4.22: Effect of superficial gas velocity for iron ore on the gas composition (a), the
product gas yield and CCE (b)
The experimental results are shown in Figure 4.21 and Table 4.14 for ilmenite, Figure 4.22 and
Table 4.13 for iron ore. It is noteworthy that the same trends are observed from the investigation
results of two oxygen carriers. There are small variations in the gas contents. These variations
could be neglected compared to other operating parameters in the previous sections. However,
carbon conversion efficiency rises from about 79 to 85 % in the range of 0.106 to 0.158 m/s, while
cold gas efficiency improves by about 3.5 % in the same velocity range. Furthermore, all yields of
gas species produced increase with increasing gas velocities, resulting in approximately 0.07 and
0.09 Nm3/kgbiomass increase of the yields of syngas and the product gas. Therefore, the superficial
velocity shows a small influence on the proportion of species in the product gas, but it enhances
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carbon conversion of biomass gasification and the yield of gas. Additionally, ilmenite shows better
performance in terms of hydrogen production and gas yield in every gas velocity compared to the
results from experiments with iron ore.
Those trends above can be well explained through the influence of superficial velocity on the
hydrodynamics of bed material in the BCLG. During this study, only the gas velocity varied, while
other parameters were fixed. Therefore, there is a minimizing factor, which can affect chemical
equilibrium in the BCLG process. As a result, the variation in the gas contents in the product gas
can be neglected. As presented above, an increase in gas velocity could improve the gas-solid
mixing, the heat and mass transfer in a fluidized bed, the temperature distribution along the reactor,
and the solid fuel conversion [165]. Char gasification reactions are strengthened at high gas
velocities, resulting in a slight increase in the CO content and gas yields, and a corresponding
small decrease in the CO2 content is observed. However, the bed material can transit into slugging,
turbulent, or fast fluidization regimes when the gas velocity is too high. Therefore, the assessment
of the effect of gas velocity in a bubbling bed reactor on the performance of the BLCG is important
to select sufficient gas velocities for stable operations while achieving the desired results.
4.5.3.6 Comprehensive Assessment of the Performance of Two Oxygen Carriers
This section is to evaluate the performance of two oxygen carriers in the BCLG process through
their results in the previous sections. Generally, it can be seen that ilmenite performs better than
iron ore in terms of hydrogen production with a higher content of H2 obtained from 0.98 to
4.84 vol.%, while there is more CO2 produced in the product gas from the investigations of iron
ore with about 1 - 5.48 vol.% for all operating parameters (OBR, SBR, gasification temperature,
and superficial velocity). Furthermore, carbon conversion efficiency for iron ore is 1.06 - 8.94 %
higher than that for ilmenite, excluding the case of SBR. Thus, it may be concluded that the
reactivity of the iron ore is higher than that of the ilmenite in this study on chemical looping
gasification of biomass in the pilot-scale bubbling fluidized bed reactor. According to the
literature, iron ore as an oxygen carrier has a theoretical oxygen transport capacity (OTC) of
approximately 3.3 %, which is lower than that of the ilmenite with around 4 % [166]. However,
the study’s results present here the opposite trend. It may be due to the calcination temperature of
the ilmenite, which strongly affects its reactivity. It is noted that ilmenite was oxidized in the air
at 850 °C, while iron ore was calcinated at 950 °C in this study. Iron ore mainly comprises Fe2O3
as the active component with around 80 wt.%. In a fluidized bed reactor, Fe2O3 is mainly reduced
to Fe3O4 by solid fuels due to thermodynamic limitations [146]. Ilmenite mainly consists of iron
oxides and titanium oxide as the active components. The raw ilmenite mostly contains Fe2+, which
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can be oxidized into Fe3+ after the calcination process to form a composite of Fe2O3/TiO2. Some
previous studies indicated that the calcination temperature could be a crucial factor of the ilmenite
transformation. The calcination of ilmenite below 800 °C could promote the formation of Fe2O3
and TiO2, while ilmenite could be transformed to pseudobrookite Fe2TiO5 above 900 °C. In the
range between 770 and 900 °C, the Fe2Ti3O9 phase was found after the oxidation process [146,
167]. Yamaguchi et al. [168] showed that pseudo-brookite (Fe2TiO5) performed lower reduction
kinetics, but it performed a higher oxygen transfer capacity compared to other ilmenite phases.
The results from these studies also showed that the highest redox activity is obtained for the
ilmenite calcinated at 1000 °C. Furthermore, the reactivity and redox performance of ilmenite is
also influenced during the calcination because of its crystalline properties and its surface area.
Consequently, the calcination temperature strongly influences the performance of ilmenite and
iron ore in the process of biomass chemical looping gasification. The influence of oxygen carrier
on the BCLG on the hydrogen fraction in the product gas is the greatest deviation with 12.83 14.62 vol.%, while the lowest difference in the fraction of CH4 with around 0.9 vol.% in the OBR
range in the cases of two oxygen carriers. The reactivity of iron-based oxygen carriers with H2 is
higher than that with CO. On the other hand, CH4 performs the lowest reactivity with these types
of oxygen carrier. This order show a good agreement with the literature data [146, 169].
4.5.3.7 Feasibility Assessment of Biomass Chemical-Looping Gasification
Chemical looping gasification is a promising approach to produce valuable products from
biomass-based sources. However, due to the complexity of biomass characteristics and behavior
of oxygen carriers in the BCLG, the understanding of the fundamentals of biomass-based chemical
looping gasification conversion is still limited. As a result, it could hinder the large-scale
applications of the biomass-based chemical looping gasification process. The feasible evaluation
of the performance of BCLG using various types of biomass sources and oxygen carriers has been
intensively investigated. Key information of the representative studies of BCLG in fluidized bed
reactors is summarized in Table 4.15.
Table 4.15 presents different studies of BCLG using various types of biomass and oxygen carriers.
It can be found that the operating temperature of these studies varies between 650 and 940 °C and
SBR ranges from 0 to 2. Generally, the hydrogen content is obtained ranging from 5 to nearly
50 vol.%, while the process efficiencies reach maximum values of about 99 % and 92.9 % for
carbon conversion efficiency and cold gas efficiency, respectively. The highest fraction of
hydrogen was obtained from Zeng et al. [76] with approximately 49.5 vol.%, while the lowest
figure was found in the range of 5 - 10 vol.% since Huseyin et al.[75] carried out their study
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without using steam as a gasifying agent. It is noted that very high carbon conversion efficiencies
are found in the study of Condori et al., reaching values nearly 100 % at 940 °C. These figures in
the studies are very high compared to other fuels and system configurations. Additionally, the
present study shows very good results in terms of hydrogen production and process efficiencies
among the figures in the table. Hydrogen content reaches around 44 vol.% and carbon conversion
efficiency obtains the maximum values of approximately 90 % for both types of oxygen carriers.
They are among the best results obtained from biomass chemical looping gasification.
Furthermore, iron ore and ilmenite also show a good performance in various studies.
The relatively high content of volatile components, low ash content, and impurities of biomass
would be one of the advantages and could improve the operation of a chemical looping gasification
process compared to coal as fuel. The results above could demonstrate that the BCLG process
would be capable of hydrogen-enriched syngas production from biomass reaching zero CO2
emissions to the atmosphere. Therefore, biomass-based chemical looping gasification process
shows remarkable potential as a sustainable and efficient pathway to generate valuable products
from biomass resources, coupled with the efficient mitigation of CO2 emissions to the atmosphere.
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Table 4.15: Summary of the key information of biomass chemical looping gasification

Research ref.

Reactor type

Fuel

Temp [°C]

Oxygen
carrier

SBR

H2 [ vol.%]

CCE [%]

CGE [%]

The present study

BFB

Torrefied
woodchips

750 - 900

Ilmenite
Iron ore

0 - 1.4

37.7 - 43.9
37.1 - 44.2

64.2 - 89.4
73.2 - 90.8

38.6 - 54.7
39.6 - 48.5

Huijun et al. [74]

25 kWth inter-FB

Rice straw

650 - 850

NiO/Al2O3

0.4 - 2

21 - 38

40 - 76

-

Huseyin et al.[75]

10 kWth inter-FB

Sawdust

750 - 900

Fe2O3/Al2O3

0

5 - 10

90

78

Zeng et al. [76]

Fluidized bed

Pine sawdust

700 - 880

Iron ore

0-2

34.9 - 49.5

-

61.9

Ge et al. [170]

25 kWth FB

Rice husk

800 - 900

Iron ore

0.6 - 1.4

30.8 - 44.2

53.4 - 89.2

-

Wei et al. [171]

10 kWth BFB

Sawdust

760 - 910

Fe - Ni

0

19 - 27.5

71 - 97

61.7 - 84.5

Condori et al. [21]

1.5 kWth BFB

Pine wood

820 - 940

Ilmenite

0.05 - 0.9

18.4 - 39.9

88.4 - 98.9

54 - 92.9
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4.6 Conclusion and Remarks
In this experimental section, two experimental investigations were performed in the pilot-scale
bubbling fluidized bed reactor at the EST institute – TU Darmstadt. The first experimental study
investigated steam gasification of biomass, and the second experimental work studied chemical
looping gasification of biomass using iron-based oxygen carriers. Torrefied woodchips were used
as biomass fuel in these studies. The detailed conclusions obtained from the experimental work
are presented as follows.
4.6.1 Steam Gasification
Steam gasification is one of the most promising pathways for renewable hydrogen production from
biomass with a minimum carbon footprint in the environment. The experiments were carried out
in the course of two gasifying agents, steam and steam/air at an isothermal condition. Temperature
differences among zones in the reactor are insignificant. Solid particles were fluidized mainly in
zone 2 (between 90 mm and 350 mm of the reactor height) corresponding to the uf/umf ranging
from 7.92 to 8.65.
Torrefaction as a pretreatment method of biomass performs as a promising technology since it
helps to decrease the moisture content and the O/C and H/C ratios in biomass feedstock. The results
show the better performance of torrefied biomass sources from steam gasification of biomass with
high hydrogen content compared to their raw materials.
An increasing gasification temperature improves significantly hydrogen production due to the
shifting of the endothermic reactions towards the product sides, and the strengthening of reaction
rates, resulting in high gas yields and hydrogen production as well as process efficiencies. The
hydrogen content increases by around 6 vol.%, while the carbon conversion efficiency rises by
approximately 20.2 % when gasification temperature increases to 900 °C.
Steam-to-biomass ratio (SBR) performs a crucial factor in biomass gasification, especially
hydrogen production. The fraction and yield of hydrogen in the product gas are proportional to
SBR, reaching a peak of about 49 vol.% at SBR of 1.6. It is due to higher steam content in the
reactor that could promote strongly char gasification, steam reforming, and water-gas shift
reactions. However, increasing an undesirable rise in CO2 concentration and yield is found when
steam content increases, leading to a decrease in syngas quality. From the results in this study, an
SBR of 1.2 could be selected as an optimal ratio of SBR in the experimental conditions.
The equivalence ratio (ER) strongly influences the composition of the product gas. A reduction of
hydrogen production is observed as a result of increasing ER since the oxidation reactions are
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promoted, resulting in more combustible gases consumed. The assessment of the steam/air
gasification could provide an important figure of the steam gasification with the presence of
oxygen for further studies on the chemical looping gasification of the torrefied biomass.
The study presents an insight into the feasibility of hydrogen production from steam gasification
of biomass. This process offers an appropriate technology to convert efficiently and sustainably
biomass materials into valuable products. Additionally, the analysis of this study provides
important figures for further investigations of biomass-based chemical looping gasification.
4.6.2 Chemical-Looping Gasification
The study aims to evaluate the performance of the biomass chemical looping gasification process
through the variations of operating parameters. According to the experimental evaluation, the
operating parameters such as gasification temperature, steam-to-biomass ratio, oxygen carrier-tobiomass ratio, and superficial gas velocity, influence strongly the process performance, especially
hydrogen production. The study presents the following highlighted remarks:
The oxygen carrier performs as one of the most crucial parameters in the BCLG process. The ratio
of oxygen carrier-to-biomass fed in the gasifier significantly influences the BCLG performance.
Increasing oxygen carrier-to-biomass causes an upward trend in carbon conversion efficiency and
a decrease in hydrogen production, resulting in a reduction in syngas production. Interestingly to
note that the reactivity of iron-based oxygen carriers with different gaseous fuels decreases in the
following order: H2 > CO > CH4.
The gasification temperature is another key factor in the biomass chemical looping gasification
process. An increase in temperature significantly improves the process efficiencies and gas yields.
It is observed that ilmenite performs better results at high temperatures, while iron ore shows
greater performance at lower temperatures. However, the knowledge of the reactivity of ilmenite
and iron ore in chemical looping gasification biomass is limited by the unavailability of the
reaction mechanism of iron-based oxygen carriers at various temperatures. Therefore, further
works would be necessary to clarify the behavior of these oxygen carriers in the biomass chemical
looping gasification process.
The steam-to-biomass ratio shows a crucial factor in the BCLG process, especially in hydrogen
production. The hydrogen production is proportional to the steam content in the reactor, reaching
a maximum value of about 42.89 vol.% for the iron ore and 43.87 vol.% for the ilmenite at SBR
of 1.4. Furthermore, increasing SBR also enhances syngas yield and gas yields as well as the
process efficiencies. It is noteworthy that carbon conversion efficiencies obtained in the
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investigations with the iron ore are higher at lower SBRs, but the ilmenite performs better figures
at a higher amount of steam used in the gasifier. However, an excess amount of steam used may
cause a reduction in the performance of biomass chemical looping gasification due to heat loss in
the reactor.
The superficial velocity improves the gas-solid contact as well as heat and mass transfer in a
fluidized bed reactor. The study results indicate that a minor variation was found in the contents
of gas species, but carbon conversion efficiency increases by approximately 6 % between
0.106 m/s and 0.158 m/s. Furthermore, the yield of the product gas rises by 0.09 Nm3/kgbiomass in
the velocity range.
The performance of ilmenite and iron ore in biomass chemical looping gasification is evaluated
through the experimental study. Ilmenite shows averagely a better performance than iron ore in
terms of hydrogen production with a higher percentage of hydrogen content between 0.98 and
4.84 vol.%, while carbon conversion efficiency obtained in the cases of iron ore is higher with
around 1.06 - 8.94 %. It is noted that the calcination temperature significantly affects the reactivity
of ilmenite in the BCLG. Ilmenite shows lower reactivity than iron ore in this study. It is likely
attributed that ilmenite was oxidized in the air at 850 °C, while iron ore was calcinated at 950 °C.
Furthermore, chemical looping gasification shows the capability of generating hydrogen-enriched
syngas from biomass sources for further valuable products.
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5 Process Simulation

The biomass gasification process has been evaluated its feasibility in a pilot-scale bubbling
fluidized bed reactor in various test rigs in the previous sections and literature. For further
development in large-scale applications, comprehensive process models are necessary to describe
the physical and chemical phenomena occurring inside the gasifier as well as predict the process
performance. The hydrodynamics and kinetics are incorporated into the model to the determination
of the overall process performance of biomass gasification in a fluidized bed reactor. This chapter
describes and validates a detailed process model for the biomass gasification process based on the
experimental results from biomass gasification investigations in a bubbling fluidized bed reactor.

5.1 Model Description
The process model is developed based on the ASPEN PLUSTM flowsheet simulation environment.
The model simulates the steady-state operation of biomass gasification at a negative gauge
pressure in a bubbling fluidized bed reactor. Accordingly, the main parts of the simulation are as
follows:


Biomass decomposition



Volatile reactions



Gasification in the bed



Gasification in the freeboard

The mass yield distribution of pyrolytic products is determined by the model developed by Neves
et al. [172] according to the biomass proximate and ultimate analyses. The calculation sequence
focuses on the char gasification, which is performed in RSTOIC using an external FORTRAN
code to simulate hydrodynamics and kinetics in the gasifier.
The assumptions for the hydrodynamic calculation are considered as follows:


Two regions are in a bubbling fluidized bed reactor, namely bed, and freeboard.



The bubbling regime is mainly in the bed zone.



The gas yields enhance along with the reactor height, corresponding to the generation of
gaseous products.



The perfect mixing of solid particles is in the reactor.
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The reactor is discretized into a finite number of equal volumes with constant
hydrodynamic properties.

Due to the complexity of biomass gasification in a fluidized bed, the following assumptions have
been made in the simulation of the gasification process:


The process operates at steady-state and isothermal conditions.



Ash, sand, N2, NH3, H2S, and SO2 are chemically inactive components in gasification
reactions.



The char only comprises carbon black and ash.



All gaseous components are uniformly distributed within the emulsion phase.



Solid particles are spherical and of the same size. Their mean diameter is unchanged during
the simulation.



Char gasification begins in the bed and completes in the freeboard.

The gasification model mainly consists of different stages in the Aspen Plus simulator as shown
in Figure 5.1. In the gasifier, biomass is decomposed at high temperatures in RYIELD, releasing
a mixture of gases, solid char, and liquid products. The product yield distribution from biomass
pyrolysis is determined by Neves’s model [172] based on the proximate and ultimate analysis of
torrefied biomass, presented in Table 5.1. It is noted that tars produced during biomass pyrolysis
are assumed to be converted completely into CO and CH4. The pyrolytic products are separated
into gaseous and solid fractions. Then the volatile species is fed into RGIBBS for volatile reactions
with the assumption that these reactions follow the Gibbs equilibrium. The char gasification is
simulated in two RSTOICs, corresponding to bed and freeboard, respectively. Hydrodynamic and
kinetic calculations have been implemented in two external FORTRAN codes in two RSTOICs.
Finally, the products go through CYCLONE to remove solid particles from the gaseous products.
Biomass

Gas
RYIELD

CYCLONE

RGIBBS
Solid

External FORTRAN code

Product gas
CYCLONE

RSTOIC

RSTOIC

Solid particles

Figure 5.1: Simplified flow chart of gasification model in Aspen Plus

H2O
N2
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Table 5.1: Mass yields [wt.%] of pyrolytic products for torrefied woodchips
Component

wt.%

Component

wt.%

Ash

1.09

H2O

11.05

CO

46.9

N2

0.22

C

17.53

CO2

6.69

CH4

15.39

H2S

0.0025

H2

1.12

5.1.1 Bubbling Fluidized Bed Hydrodynamics
The hydrodynamic characteristics of the bubbling fluidized bed are crucial for biomass
gasification. The solid distribution within the bubbling fluidized bed reactor is an empirical, onedimensional model for bubbling fluidization from Kunii and Levenspiel [165].
The bubbling fluidized bed gasifier is divided into two hydrodynamic regions. The bed or dense
zone is the lower part of the gasifier and the freeboard or lean zone is the upper region. In the bed,
particle volume concentration, εsd, is assumed constant, while solid distribution in the freeboard
decrease exponentially according to the decay constant, a, the decay constant is a function of the
superficial gas velocity, uf.


Dense zone

The minimum fluidization velocity for small solid particles is described as follows:
𝐴𝑟 =
𝑢𝑚𝑓 =

33.7𝜇
𝑑𝑝 𝜌𝑔

3 𝜌 (𝜌 −𝜌 )𝑔
𝑑𝑝
𝑔 𝑠
𝑔

𝜇2

(√1 + 3.59. 10−5 𝐴𝑟 − 1)

(5.1)
(5.2)

The volume fraction occupied by bubbles is determined by the following correlations [173].
𝐵 = 1+

0.738 0.376 1.006
𝜌𝑠
𝑑𝑝
0.937 𝜌0.126
𝑢𝑚𝑓
𝑔

10.978(𝑢𝑓 −𝑢𝑚𝑓 )

δb = 1 –1/B

(5.3)
(5.4)

The bed void fraction is calculated by the following equation:
εf = δb + (1–δb)εmf
Where εmf is void fraction at minimum fluidization velocity, εmf = 0.4.

(5.5)
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Freeboard zone

The solid concentration decreases exponentially in the freeboard. The void fraction in the lean
zone is calculated by the following equation.
1 – εfb = (1–εf) exp(–az)

(5.6)

Where the decay constant, a, is determined from the diagram with the following range [165]
𝑎=

1.3

(5.7)

𝑢𝑓

With: uf ≤ 1.25 m/s and dp ≤ 800 µm
5.1.2 Reaction Kinetics
Gasification of biomass comprises a complex series of competing reactions, such as gas-solid
reactions and gas-gas reactions. These reactions occur simultaneously in four overlapping subprocesses, i.e. drying, pyrolysis, oxidation, and reduction. The overall reaction of biomass
gasification in the presence of steam can be described in the equation (2.9).
Firstly, the moisture content of biomass decreases to lower than 5 wt.% [61]. Afterward,
decomposition and cracking of weaker chemical bonds take place at the temperature range from
250 °C to 700 °C [15], producing various fractions: a solid, a liquid/condensed, and a gaseous
fraction [91, 116, 174-176]. In this stage, solid charcoal and the solid fraction content can range
from 5 to 10 wt.% for fluidized bed gasifiers, or 20 to 25 wt.% for fixed bed gasifiers [91, 116,
174-176]. In the oxidation step, the volatile components and the char react with gasifying agents
to generate mainly CO, CO2, and H2O, and the heat produced is provided for endothermic
reactions. The remaining char is converted by steam and CO2 into the final syngas [15, 63].
Hydrogen yield from steam gasification is considerably higher than that of fast pyrolysis followed
by a steam reforming of char.
C + β H2O → (2- β) CO + (β -1) CO2 + β H2
C + CO2 → 2CO

(Water-gas reaction)

(5.8)

(Boudourd reaction)

(5.9)

Where β has been experimentally determined in the range between 1.5 and 1.1 at 750 - 900 °C
[177]. For the proposed model, the β value of 1.3 is in good agreement with experimental data.
The reaction rates of char gasification are determined when fluidized with steam and carbon
dioxide as follows [163]:
[

dXC

]

dt H2 O

= 1+K

kH2 O PH2 O
H2 O PH2 O +KH2 PH2

(1 − XC )

(5.10)
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[

dXC

]

dt CO2

= 1+K

kCO2 PCO2
CO2 PH2 O +KCO PCO

(1 − XC )

(5.11)

Where Pi is the partial pressure of the i component in the reactor. The kinetic parameters of char
gasification can be found in Table 5.2.
The water-gas shift reaction (WGSR) occurs in a homogeneous phase. In this model, the WGSR
is assumed that takes place in all reactor regions. Therefore, the reaction rates of the WGSR is
calculated as [178]:
dFWGS,i
dVj

EWGS
RT

= (1 − εj )k 0,WGS e−

0.5
CCO
CH2 O

(5.12)

Where εj represents the porosity of the bed in the region j with volume Vj. The pre-exponential
factor of kinetic constant is k0,WGS = 7.97×109 [m3/mol]0.5.s-1 and the activation energy is
EWGS = 274.5 kJ/mol.
Table 5.2: Kinetic parameters for char gasification with steam and CO2
H2O

CO2

Unit

k0,H2O

1.02×1011

k0,CO2

9.62 ×1010

kPa-1 min-1

Ea1,H2O

281.86

Ea1,CO2

284.36

kJ/mol

K0,H2O

60.34

K0,CO2

3.63

kPa-1

Ea2,H2O

61.69

Ea2,CO2

40.08

kJ/mol

K0,H2

1.56 ×10-10

K0,CO

2.24 ×10-10

kPa-1

Ea3,H2

–203.46

Ea3,CO

–195.64

kJ/mol

5.1.3 Calculation Procedure
The model equations, given above, are implemented in external FORTRAN codes in Aspen Plus.
A flow chart of the calculation procedure is presented in Figure 5.2. Process parameters, e.g.
reactor configuration, operating conditions, biomass properties, bed material and gases, and kinetic
parameters, etc. are implemented in the model. Firstly, the reactor is discretized into N equal
elements. The assumptions for initial parameters are made to calculate the height bed and
gasification conditions using a hydrodynamic approach. Thereafter, the molar contents of
components in gasification systems are determined through kinetic calculations. Based on
hypothetical initial values of the molar values of the species, the calculation sequence is iteratively
repeated until a sufficient agreement (the error does not exceed 10-4) is reached.
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START

ni,j, Xc assumption

Hb, Vb assumption

Calculate pi, uf

Hydrodynanamics
 Bottom bed
 Freeboard

Hb, Vb

Kinetics calculations
ni,j+1, Xc,j+1

Error = (ni,j+1 – ni,j)/ ni,j

NO

Error > 10-4

ni,j = ni,j+1
Xc,j = Xc,j+1

Output data

STOP

Figure 5.2: Simplified flow chart of simulation
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5.1.4 Mean error
To validate the simulation results, experimental data from steam gasification of torrefied
woodchips in the previous section are used to compare and evaluate the accuracy of the model.
The sum squared deviation approach is implemented to assess the accuracy of the model prediction
[173].
RSS = ∑N
i=1 (
RSS =

yie −yip 2
yie

)

RSS
N

Mean error = √MRSS

(5.13)
(5.14)
(5.15)

5.2 Model Validation
The biomass gasification model is validated against the experimental data from the experimental
investigation of steam gasification of torrefied woodchips in a bubbling fluidized bed reactor
(presented in Chapter 4). The experimental input parameters such as the reactor configuration, the
properties of material flows, and operating conditions are implemented in the model. Two
operating parameters are assessed to validate the simulation, namely gasification temperature and
steam-to-biomass ratio.
5.2.1 Gasification Temperature
The operating temperature is a key parameter in biomass gasification. In this section, three
temperatures 800, 850, and 900 °C) are investigated. The effect of gasification temperature on the
process performance in terms of gas composition (on dry basic) and carbon conversion efficiency
is considered.
As can be seen in Figure 5.3, the model results show that the fraction of H2 increases from about
8.77 to 19.66 vol.% with increasing temperature, while the CH4 content falls considerably by
approximately 1.44 vol.%. Additionally, the CO fraction increases strongly in the first temperature
increment then its rate slows down, reaching about 6.19 vol.% at 900 °C. A steady rise in CO2
concentration is observed with the increase of temper. Furthermore, gasification temperature also
enhances the product gas yield and carbon conversion efficiency, reaching the maximum values
of 6.32 Nm3/kgbiomass and 92.18 %, respectively (shown in Figure 5.4 and Figure 5.5). Generally,
a similar trend is observed in the experimental study.
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Figure 5.3: Gas composition as a function of gasification temperature [°C]
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Figure 5.4: Gas yields as a function of gasification temperature
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Table 5.3: Data analysis
Parameters

Mean error
H2

CO

CO2

CH4

Gas Yield

CCE

T [°C]

0.289

0.255

0.221

0.189

0.066

0.192

SBR

0.229

0.051

0.122

0.181

0.027

0.031

The variations of the process performance of steam gasification of biomass could be attributed to
a series of complex reactions including endothermic and exothermic reactions in biomass
gasification [63, 157]. Based on Le Chatelier’s principle and dynamic equilibrium, char
gasification and steam reforming reactions are promoted in high temperatures, increasing the
fractions of H2 and CO, and the decrease in CH4 content. Furthermore, the increasing contents of
CO and steam in the gasifier could favor the water-gas shift reaction resulting in a reduction in CO
fraction in the product gas. These reactions occur simultaneously in the gasifier; therefore, a
significant increase in H2 content and fluctuations in the values of other species are observed at
high temperatures.
100

Experiment

Simulation

CCE [%]

80

60

40

20

0
800

850

900

Gasification temperature [°C]
Figure 5.5: Carbon conversion efficiency as a function of gasification temperature
High temperatures strengthen the reaction rates of char gasification and the water-gas shift,
resulting in increasing dry gas yields and a reduction in residual solid leftover after gasification.
Therefore, elevated operating temperature improves the biomass conversion into the product gas
and hydrogen-enriched syngas in the presence of steam.
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Data analysis of the effect of gasification temperature is shown in Table 5.3. Hydrogen fraction
and gas yield are the highest and lowest deviations between the model prediction and experimental
data with 0.289 and 0.066, respectively. These mean errors are acceptable to predict the process
performance of biomass gasification. The deviations between experimental and simulation results
in the variation of gasification temperature are attributed to assumptions for simplified calculations
and correlations in the simulation. Biomass decomposition produces more tar and heavier
hydrocarbons at lower temperatures, and they are decomposed at high temperatures. Tars produced
are assumed to be converted completely into CO and CH4; therefore, tar production and
decomposition are generally ignored in this study. Furthermore, some reactions, i.e. steam
reforming, char combustion, and hydrogen combustion, etc. are not taken into consideration in
FORTRAN kinetics, leading to the high fractions of H2 and CH4 and the dry gas yield, as well as
the low fraction of CO2, compared to experimental data. The equilibrium assumption replaces
methane for all other hydrocarbons in the product gas and a negligible deviation of methane
content between simulation and experimental results as observed is due to the equilibrium
assumption that methane replaces all other hydrocarbons in the product gas.
5.2.2 Steam-to-Biomass Ratio
Besides the operating temperature, SBR is a crucial factor for hydrogen production from biomass
gasification [164]. In this simulation, SBR was investigated in the range from 0.7 to 1.6 by
changing the mass rate of steam at the biomass-feeding rate of 0.88 g/min and gasification
temperature of 850 °C.
A comparison of the simulation and experimental results for dry gas composition at different ratios
of steam-to-biomass in Figure 5.6. It is noted that the fractions of all gas species increase with
increasing SBR. In the first range between 0.7 and 0.9, the increasing rate of H2 content is higher
than the other components with approximately 5.32 vol.% in the SBR range. Those trends of the
simulation are similar to those found in the experimental data. Compared with other components,
the lowest deviation between simulation and experimental results is found in the content of CO,
while the H2 fraction is the highest mean error of 0.229. The model predictions for hydrogen and
carbon monoxide are also in good agreement with the experimental data in the whole range of
SBR. The mean errors of the effect of SBR on gas composition, shown in Table 5.3, are acceptable
for the predictions of biomass gasification in a bubbling fluidized bed reactor.
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Figure 5.6: Gas contents as a function of the steam-to-biomass ratio
Figure 5.7 shows the influence of the steam-to-biomass ratio on dry gas yields of the product gas.
It is noted that the product gas yield decreases steadily with increasing SBR. According to the
results, the model predictions for gas yield are close to the measured data from SBR of 1.2. Its
mean error is around 0.027, the lowest error in this study, which is capable of simulating biomass
gasification under different steam-to-biomass ratios.
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Figure 5.7: Gas yields as a function of the steam-to-biomass ratio
Figure 5.8 performs the comparison between the simulation and the measured results for carbon
conversion efficiency in the SBR range of 0.7 - 1.6. An increasing trend of CCE is found in both
simulation and measured results. Increasing SBR improves the gasification process efficiency. The
efficiency increases significantly at low SBRs; thereafter, its rate slows down at high SBRs. The
simulation performs a high accuracy in carbon conversion efficiency compared to experimental
data with a mean error of 0.031.
The influence of the steam-to-biomass ratio on biomass gasification performance is mainly
attributed to the high content of steam in the gasifier. The high steam concentration in the reactor
strengthens char gasification and water-gas shift reactions, resulting in an increase in hydrogen
production and the amount of char consumed. This difference is due to that the combustion
reactions of char and CO are neglected. Furthermore, this deviation could be likely attributed to
equilibrium assumptions. The simulation errors are mainly due to simplified calculations and
assumptions. The ignorance of the influence of tar and some reactions results in the error of
simulation results. In the presence of steam in the reactor, tar components could be decomposed
at high temperatures through steam reforming reactions. Overall, the simulation and its error are
capable of predicting biomass gasification performance under different steam-to-biomass ratios.
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Figure 5.8: Carbon conversion efficiency as a function of the steam-to-biomass ratio

5.3 Conclusion and Remarks
A comprehensive model of steam gasification of biomass has been developed in the Aspen Plus
flowsheet simulation environment, which incorporates both hydrodynamics and kinetics
simultaneously in external FORTRAN codes. The model was validated against the experimental
data from steam gasification of torrefied woodchips in a bubbling fluidized bed reactor. The mass
yield distribution of pyrolytic products was obtained from Neves’s model according to biomass
characteristics. Two operating parameters were taken into consideration such as gasification
temperature and steam-to-biomass ratio. The contents of gas components, gas yield, and carbon
conversion efficiency from the simulation were compared with the experimental data at various
gasification temperatures and steam-to-biomass ratios to assess the accuracy of the simulation.
The simulation results are similar to the experimental data. The relevant conclusions and remarks
obtained from this study are as follows:


Increasing operating temperature promotes the biomass gasification process in terms of
hydrogen production, process efficiency, and gas yield.



The increasing amount of steam used in the gasifier improves biomass gasification
performance. It is noted that the steam-to-biomass ratio strongly influences hydrogen
production, resulting in hydrogen-enrich product gas production from biomass
gasification.
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The simulation results show high agreement with experimental data with the mean errors
ranging between about 0.026 to 0.289. The model predictions perform a similar trend with
experimental investigations. Therefore, the model is capable of simulate biomass
gasification in a bubbling fluidized bed reactor and providing a good understanding of the
phenomena occurring during the process.



The differences obtained from the simulation and experimental results are likely attributed
to the model limitations. Furthermore, the reactions in the equilibrium model assumed can
reach a complete equilibrium, whereas the experimental conditions differ from the ideal
operating conditions that could cause deviations between simulation and experiments.
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6 Conclusions and Further Work

Biomass-based materials have been considered as one of the most important primary and
renewable resources due to their carbon-neutral property and abundant quantity. The utilization of
biomass as a fuel can achieve significant environmental benefits of the mitigation of net
greenhouse gas emissions. Compared to conventional gasification of biomass, chemical looping
gasification is a promising technology to generate hydrogen-enriched syngas from biomass. This
technology supplies the required oxygen and heat for hydrogen-enriched gas production through
solid particles, which serve as oxygen carrier. The oxygen carrier is oxidized by air in the air
reactor and circulates to the fuel reactor to gasify the fuel. Among various materials investigated
as oxygen carriers for chemical looping gasification, iron-based materials are one of the most
attractive oxygen carriers due to their low cost, environmentally friendly properties, high
mechanical strength, and high temperature stability.
The aim of this work is to investigate the chemical looping gasification of biomass and evaluate
the feasibility of hydrogen-enriched product gas production from biomass in a bubbling fluidized
bed reactor embedded in the chemical looping process. This study is developed based on
experimental investigation and process simulation. The summary of this study is highlighted as
follows:
1. In lab-scale investigations, torrefied woodchips were characterized in the laboratory to
determine their properties. Furthermore, non-isothermal kinetic investigations were carried
out to determine kinetic parameters of biomass char gasification under steam and CO2
atmospheres using thermogravimetric analysis (TGA) instrument. Various kinetic models
have been proposed for biomass char gasification reactions. Different combinations of two
kinetic models (Arrhenius and Langmuir-Hinshelwood) and four conversion models (the
volumetric model, the grain model, the random pore model, and the Johnson model) were
investigated to select the appropriate kinetic model and its parameters for gasification of
biomass char. The Langmuir - Hinshelwood kinetic model combined with the Johnson
model presents the best fitting to experimental data with a greater 90 % of the coefficient
of determination, R2, for both atmospheres (steam and CO2). Furthermore, the kinetic
parameters obtained from the Langmuir-Hinshelwood kinetic model are capable of
predicting the kinetics of the solid-gas reactions in biomass gasification.
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2. In the pilot-scale reactor, experimental investigations were conducted in a bubbling
fluidized bed reactor to evaluate the effect of operating conditions on process performance.
The conclusions to draw from this experimental work are presented as follows:


Steam gasification of torrefied woodchips was successfully demonstrated in the pilotscale bubbling fluidized bed reactor. Through experimental results, the performance
of biomass gasification is evaluated thoroughly for varying operating parameters, i.e.
gasification temperature, steam-to-biomass ratio, and equivalence ratio. It is noted that
bubbling fluidized bed regime improves the uniform distribution of temperature and
solid-gas mixing in the reactor. The torrefaction process has proven as an adequate
pretreatment method of biomass by reducing the moisture content as well as the ratios
of O/C and H/C in biomass feedstock. The torrefied biomass sources perform better
with regard to hydrogen production in the steam gasification process compared to their
raw materials. Temperature and steam-to-biomass ratio strengthen hydrogen
production and process efficiencies with approximately 49 vol.% of hydrogen content
in the product gas and 77 % of carbon conversion efficiency at the steam-to-biomass
ratio of 1.6 and 900 °C, whereas increasing equivalence ratio decreases significantly
the fraction of hydrogen in the product gas. Furthermore, an optimal ratio of steam-tobiomass could be proposed at 1.2 in the experimental conditions. The feasibility of
steam gasification of biomass in a bubbling fluidized bed reactor has been
demonstrated in this study. The steam gasification process is capable of producing
hydrogen-enriched gas from biomass for further applications. The study provides an
important figure for the investigation of the chemical looping gasification of biomass.



Based on the study of steam gasification of biomass, the experimental investigations
of biomass chemical looping gasification were conducted in the pilot-scale bubbling
fluidized bed reactor. Two types of iron-based oxygen carriers, such as ilmenite and
iron ore, were selected as oxygen carriers in biomass chemical looping gasification
experiments. The study evaluated the performance of biomass chemical looping
gasification through the variations of operating parameters, i.e. gasification
temperature, steam-to-biomass ratio, oxygen carrier-to-biomass ratio, and superficial
gas velocity. It is observed that oxygen carrier is a crucial factor in the chemical
looping gasification process. Increasing oxygen carrier-to-biomass ratio causes a
significant reduction in hydrogen content in the product gas and syngas production,
but it improves considerably carbon conversion efficiency by 21.57 % for ilmenite and
27.47 % for iron ore. Interestingly, the reactivity of iron-based oxygen carriers with
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various gaseous fuels declines in the following order: H2 > CO > CH4. Therefore, the
content of hydrogen changes significantly with the variations of the amount of oxygen
carrier in the reactor.


Operating temperature and steam-to-biomass ratio are other crucial parameters in
biomass chemical looping gasification. It is similar to the study of steam gasification
of biomass, gasification temperature promotes significantly the process efficiencies
and gas yield during the process, whereas the fraction of hydrogen decreases slightly
with increasing temperature. It is observed that ilmenite shows better performance at
high temperatures compared to iron ore, while the opposite trend is found at lower
temperatures. Furthermore, the steam-to-biomass ratio plays the most important role
in hydrogen production. The hydrogen fraction is proportional to the steam content in
the gasifier. The maximum content of hydrogen obtained is 42.89 vol.% from iron ore
investigation and 43.87 vol.% from the ilmenite experiment at SBR of 1.4. Superficial
gas velocity shows an important factor in the bubbling fluidized bed. Increasing
velocity can improve the solid-gas contact as well as heat and mass transfer in the
gasifier. A minor variation in the contents of gas components was observed, but carbon
conversion efficiency increases by about 6 %, while the yield of the product gas rises
by approximately 0.09 Nm3/kgbiomas over the velocity range.



The performance of two oxygen carriers is assessed through the experimental results.
Generally, ilmenite performs better than iron ore in terms of hydrogen production,
while higher carbon conversion efficiency was found in the presence of iron ore. The
main reason could be attributed to calcination temperature, where ilmenite was
oxidized at 850 °C, while iron ore was calcinated at 950 °C.



According to the experimental results and the performance of two oxygen carriers in
this study, it could be proposed that the chemical looping gasification process using
iron-based oxygen carriers is capable of generating hydrogen-enriched gas from
biomass as feedstock for further downstream chemical production.

3. In the modeling study, a comprehensive model has been developed in the Aspen Plus
flowsheet environment to simulate biomass gasification in a bubbling fluidized bed reactor.
The model incorporates both hydrodynamic and kinetic calculations simultaneously in
external FORTRAN codes. The simulation results are compared with the experimental data
from steam gasification of biomass to validate the model. Firstly, the mass distribution of
pyrolytic products obtained from Neves’s model was implemented in the model to simulate
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biomass decomposition. Two reactors were used to simulate the bed and freeboard of the
reactor. Two sets of data of operating temperature and steam-to-biomass ratio were taken
into account to assess the accuracy of the simulation. It was found that the majority of
validation points from the simulation are in good agreement with experimental data with
the mean errors ranging from about 0.027 to 0.289. The model predictions also perform a
similar trend of important figures with the experimental investigations. The deviations
between the simulation and experimental results could be due to the model limitations with
assumptions and the disregard of some chemical reactions in biomass gasification. Yet, the
deviations can be acceptable for the simulation. Therefore, the model is capable to simulate
biomass gasification in a bubbling fluidized bed reactor and providing a good
understanding of the biomass gasification process.
Further research should address the consideration of tars in biomass-based chemical looping
gasification. As discussed above, biomass releases a large amount of tars during its decomposition.
Tars cause serious problems for the system, reducing the process efficiency. Therefore, a study of
the production of tars in the process is necessary to find adequate approaches to mitigate their
influences on the biomass chemical looping gasification process. Furthermore, experimental
studies on the behavior and mechanism of iron-based oxygen carriers in biomass chemical looping
gasification are necessary for knowledge of chemical looping gasification using iron-based
materials as oxygen carriers. In the chemical looping gasification process, the performance of the
oxygen carrier is a crucial factor. A good understanding of their behavior is necessary to design
and optimize the process for scale-up applications. The characteristics analysis of iron-based
oxygen carriers during the multi-redox operation needs to be considered. In a real operation, an
oxygen carrier circulates between two reactors, i.e. the air reactor and the fuel reactor; therefore,
its properties could reduce after many cycles. A reliable oxygen carrier should perform good
stability and reactivity during operating. One of the most important steps in the further
development of this technology is the development of the process model of biomass chemical
looping gasification. The comprehensive model can predict the process performance and provide
a good basis for the design and operation of a large-scale plant.
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