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“No power on earth can stop an idea whose time has come” 

Victor Hugo 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“How beauteous mankind is! O brave new world...” 

Aldous Huxley “Brave New World” 
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Summary 

 

Primary Methods in Biomass Gasification for Gas Conditioning and 

Cleaning 

 

The substitution of natural gas by a renewable equivalent is an interesting option to 

reduce the use of fossil fuels and the accompanying greenhouse gas emissions, as well as 

from the point of view of security of supply. Green gas is the renewable alternative. It 

comprises biogas (1st generation biofuel) and SNG (2nd generation biofuel). Being a direct 

substitute of natural gas, green gas can be injected directly into the gas grid taking 

advantage of the existing infrastructure. The Dutch government has the ambition of 

replacing 20% of natural gas by green gas by the year 2030. With an annual consumption 

of around 1500 PJ, a 20% substitution corresponds to 300 PJ. The potential of biogas in 

the Netherlands is maximum 60 PJ due to the limited availability of suitable digestible 

feedstocks. To accomplish the 20% replacement in 2030 an SNG production capacity is 

required of at least 240 PJ. This process requires the conversion of the solid biomass into 

gas and the further conditioning of the gas into SNG.  

 

This project refers mainly to the development of in-bed methods (primary methods) that 

are primarily effective for the route biomass-to-SNG in order to increase the overall 

efficiency of this process. The goal is to optimize the composition of the gas generated 

from indirect gasification, mainly to increase the methane yield and to convert tars into 

valuable gases. 

 

The different approaches for in-bed measures are proper selection of operating parameters 

and/or the use of bed additives/catalysts along with gasifier modification. For the purpose 

of the experimental program a new set-up was designed and built to study the influence of 

the primary methods on the biomass gasification process. This was a flexible and rather 

simple system that allowed on-line measurements trough a mass spectrometer. Several 

methods were analysed along this research: temperature; gas phase residence time; carrier 

agent (inert, oxygen and water); bed additives like dolomite and olivine; individual 

biomass components (hemicellulose, cellulose and lignin); mineral matter present in the 

biomass; torrefaction as pre-treatment for biomass.  

 



 

 

This work has given insight into the mechanisms of biomass gasification process. Tar 

cracking reactions are crucial for the production of permanent gases and the main source 

of methane. CO occurs as the main product from tar conversion but also CH4, C2H4 and 

H2 are produced. Increasing temperature and residence times the tertiary compounds 

become an important fraction of tar. Dolomite and related compounds (like magnesite and 

calcite) adsorb tars into their pores and promote tar cracking reactions. These materials 

convert benzene and naphthalene but do not convert methane. Dolomite and related 

compounds also promote the water gas shift reaction towards the production of hydrogen. 

Iron is the key element for the activity of olivine, and the state of the iron determines the 

catalytic activity of olivine. Hereby the pre-treatment applied to the olivine is crucial. 

Oxidized olivine generates CO2 at the expense of CO and slightly improves the tar 

cracking reactions whereas reduced olivine promotes the formation of H2 at the expense 

of H2O and has a strong impact over the tar cracking reactions that leads to the formation 

of CO. The mineral matter present in the biomass has catalytic activity towards tar 

cracking but also promotes bed agglomeration which may cause an unwanted shut-down 

of the fluid bed gasifier. However, if dolomite is the bed material the agglomeration 

phenomenon is at least delayed. If the lignocellulosic biomass contains a low amount of 

mineral matter, its behaviour can be correlated to the behaviour of its individual 

components at specific experimental conditions. The experiments with torrefied 

birchwood show that upon the increase of the torrefaction temperature more solid carbon 

and less gas will be formed during the pyrolytic gasification. 

 

Methane revealed itself as the most stable compound and the most difficult one to 

manipulate. In the case of cellulose, methane is mainly formed from the tar cracking 

reactions whereas in the case of lignin a large amount of methane may be already formed 

from the devolatilization of the particle due to the methoxy groups present in the structure 

of the lignin. The mineral matter present in the biomass has the potential to promote tar 

cracking reactions that lead to less methane formation. Inert conditions are the most 

suitable for methane formation since the presence of water or oxygen leads to a decrease 

of this component. Among the tested bed additives dolomite was the one that revealed the 

most limitations in methane conversion which makes it a suitable catalyst if a high 

content of methane and a low content of tars are required.  

 
  



 

Samenvatting 

 

Primaire maatregelen bij biomassa vergassing voor gas 

conditionering en reiniging 

 

Vervanging van aardgas door zijn hernieuwbare equivalent is een aantrekkelijke optie om 

het gebruik van fossiele brandstoffen en de daarmee samenhangende broeikas gas 

emissies te beperken, alsmede het vergroten van de zekerheid van de beschikbaarheid. 

Groen gas is in dit verband het hernieuwbare alternatief. Groen gas betreft biogas, ofwel 

de eerste generatie biobrandstof, en SNG (Substitute Natural Gas) als tweede generatie 

biobrandstof. Daar het een vervanging is van aardgas, kan groen gas direct in het 

bestaande aardgasnet worden geïnjecteerd, De Nederlandse regering heeft de ambitie om 

20% van de inzet van aardgas te vervangen door groen gas in het jaar 2030. Met een 

jaarlijkse consumptie van 1500PJ, correspondeert een vervanging van 20% met een inzet 

van 300PJ. Het potentieel voor productie van biogas bedraagt 60PJ. Als gevolg van de 

beperkte beschikbaarheid van geschikte uitgangsmaterialen voor vergisting, zal een SNG 

productiecapaciteit van tenminste 240PJ in 2030 nodig zijn. Deze noodzaak verlangt de 

grootschalige omzetting van vaste biomassa soorten naar SNG. 

 

Dit project betreft voornamelijk de ontwikkeling van in-situ methoden (primaire 

maatregelen) die met name effectief zijn voor de omzetting van biomassa naar SNG 

tijdens de vergassing om te bereiken dat het integrale rendement van het proces omhoog 

gaat. Doelstelling daarmee is dus de optimalisatie van de gasproductie middels indirecte 

vergassing, vooral als middel om de methaan opbrengst te verhogen en de ongewenste 

teren die in het vergassingsproces vrijkomen eveneens om te zetten in waardevolle 

componenten.  

 

De verschillende benaderingen voor in-situ maatregelen zijn de juiste keuze van de 

operationele instellingen en/of het gebruik van bed additieven, al dan niet katalytisch 

actief, tezamen met modificaties aan de vergasser zelf. Voor het experimentele 

programma is een nieuwe opstelling ontworpen en gebouwd om de invloed van de 

primaire maatregelen op het biomassa vergassingsproces te bestuderen. Het is uiteindelijk 

een simpel systeem geworden dat het mogelijk maakt om tijdens de vergassing 

gasemissies en -samenstelling te meten met een massa spectrometer. Meerdere analyse 

methoden zijn toegepast: temperatuur verloop, variatie van verblijftijden in de reactie 



 

 

zone, fluidisatie gas (inert, zuurstof en water), variatie van bedadditieven zoals dolomiet 

en olivijn, individuele biomassa componenten (hemicellulose, cellulose en lignine) 

minerale materialen, aanleiding gevende tot asresten tijdens vergassing, en getorreficeerd 

materiaal als invoer. 

 

Dit werk heeft inzicht gegeven in de mechanismen die optreden tijdens vergassing. Het 

kraken van teren is cruciaal voor de productie van permanente, niet condenseerbare, 

gassen inclusief methaan. Koolmonoxide ontstaat als voornaamste product van de 

teerconversie naast CH4, C2H4 en waterstof. Met toenemende temperatuur en verblijftijd 

worden de tertiaire reactie componenten, de zware teren, belangrijk. Dolomiet en daarmee 

overeenkomstige bedmaterialen als magnesiet en calciet absorberen teren in hun poriën en 

stimuleren vervolgens de teerkraak reacties. Deze materialen zetten benzeen en naftaleen 

om maar converteren niet naar methaan.  Dolomiet en soortgelijke materialen stimuleren 

wel de watergas shift reactie naar de productie van waterstof. IJzer is een belangrijke 

component in olivijn voor zijn katalytische activiteit. Daar dit feitelijk een natuurlijk 

voorkomende verontreiniging is, is de voorbehandeling cruciaal. Geoxideerde olivijn 

produceert CO2 ten koste van CO en verhoogt tot op zekere hoogte de teerkraak reacties, 

terwijl gereduceerd olivijn juist de vorming van waterstof stimuleert die ten koste gaat 

van de vorming van water. Het heeft ook een sterke invloed op het kraken van teren die 

CO als belangrijkste reactieproduct heeft. De minerale bestanddelen van de biomassa 

hebben ook katalytische werking richting het kraken van teren, maar kunnen ook de 

agglomeratie van het bedmateriaal als gevolg hebben. Agglomeratie maakt dat een fluïde 

bed vergassingsproces tot stilstand komt.  Dolomiet heeft echter de eigenschap dat het het 

bed agglomeratie proces vertraagd . indien lignocellulose biomassa weinig asresten bevat, 

kan het gedrag tijdens vergassing goed worden gerelateerd aan het gedrag van de 

individuele  componenten bij hun specifieke experimenteel condities. De experimenten 

met getorreficeerd berkenhout tonen aan dat met een toename van de torrefactie graad, 

(met name de torrefactietemperatuur) meer vaste koolstof en minder gas wordt 

geproduceerd tijdens pyrolytische vergassing. 

 

Methaan blijkt de meest stabiele component in het vergassingsproces te zijn en is zeer 

moeilijk qua vrijgave te beïnvloeden. In het geval van cellulose wordt methaan 

voornamelijk gevormd in de teerkraak reacties terwijl in het geval van lignine een grote 

hoeveelheid wordt gevormd tijdens de ontgassing van het deeltje. Dit methaan ontstaat uit 

de methoxy groepen die voorkomen in de lignine structuur. De astresten in de biomassa 



 

 

hebben de eigenschap dat ze de teerkraak reacties vergroten die op hun beurt weer 

aanleiding geven tot de vorming van methaan.  Inerte condities zijn het meest geschikt 

voor de vorming van methaan daar de aanwezigheid van water of zuurstof de vorming 

ervan tegengaan of teniet doen. Van de geteste bedadditieven is dolomiet die welke de 

meeste beperkingen heeft voor methaankraak. Dit maakt het een geschikte katalysator als 

een hoge concentratie van methaan en een lage concentratie aan teer vereist zijn. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Chapter 1 

 

Introduction 

 

1.1 Climate Change 

Global warming as one of the aspects of climate change is a serious environmental 

problem facing the world community. It is linked to have a direct influence on weather 

disasters such as tropical cyclones, wind-storms, floods, tornadoes and droughts 

[Houghton 2004].  

One of the possible causes of global warming is the rising of the greenhouse gas 

concentration in the atmosphere. Among the greenhouse gases, carbon dioxide is the one 

that has been getting the most focus from the scientific community. Measures taken in the 

Antarctic ice cores (Siple, Law Dome and Adelie Land) as well as in Mauna Loa Hawaii 

have shown that the CO2 levels in the atmosphere have changed substantially since the 

Industrial Revolution (mid 18th century) as shown in figure 1.1. 

 
Figure 1.1: CO2 concentration in Antarctic ice cores [Friedli et al. 1986] [Etheridge et al. 1996] 

[Barnola et al. 1995] and recent atmospheric measurements at Mauna Loa [Keeling et al. 2009] 
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1.2 Fossil Fuels 

The rise of carbon dioxide in the atmosphere is assumed to be due to the burning of 

fossil fuels (oil, coal and natural gas) for energy conversion. Deforestation plays an active 

role as well since it is held responsible for 10 to 30% of the anthropogenic emissions of 

CO2 [IPCC]. Estimates of annual global carbon emissions from fossil fuels burning and 

cement production have been made for the period from 1751 through 2007. Figure 1.2a 

summarizes the emissions over this period [Boden et al. 2010]. Since 1751 around 337 

billion tons of carbon have been released into the atmosphere from the consumption of 

fossil fuels and cement production. Half of these emissions have occurred since the mid 

1970s.  

 
Figure 1.2: a) Fossil carbon emissions, based on statistics of fossil fuel and cement production 

[Boden et al. 2010]; b) Growth of world population [US census bureau]  
 

 In figure 1.2 b) the growth of the world population is shown for the same period of 

time. The connection is evident. With the increase of population, the demand for energy 

also rises and as consequence more carbon is released into the atmosphere. With the 

global population set to reach 9 billions before 2050 the International Energy Agency 

(IEA) predicts that the world primary energy demand has an increase by 36% between 

2008 and 2035. China and India, as the most prominent emerging economies, are 

expected to contribute more than 50% of this increase in energy demand [IEA]. These 

two nations, due to their population size and rapid growth, are the best examples of 

agrarian nations rapidly increasing their use of fuels to spur their economies, create jobs 

and improve the wellbeing of their populations [Mazur 2011]. 

 Fossil fuels also present other problems besides the environmental impact. These 

sources are limited and cannot continue to meet the on-going demand, even though there 

is no globally accepted prediction of the rate of depletion. Fossil fuels are also not equally 
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distributed around the globe, which can create geopolitical instability. During the period 

between 1973 and 2007 three major events (the Iranian revolution in 1978, Iraq’s invasion 

of Iran in 1980 and Iraq’s invasion of Kuwait in 1990) resulted in the disruption of the 

flow of oil from key global producers and as consequence there were historical price 

shocks that created economic crises around the world [Bhar et al. 2011]. The dependence 

of Europe on natural gas supplied by Russia has raised some safety concerns about energy 

security. The incidents of 2006 and 2009, when the gas flow to Europe was halted, were 

seen as proof that Russia implements natural gas policies as a political weapon [Bilgin 

2009].  

 

1.3 Renewable Sources 

To tackle the problems related with fossil fuels the government policies have 

changed to pursue more sustainable sources of energy. Because of that, renewable 

energies like wind, solar, hydraulic, geothermal and biomass, have been emphasized by 

society and the scientific community. The most far reaching agreement, the Kyoto 

protocol, aims at a reduction on aggregated emissions to at least 5% below 1990 levels in 

the period 2008-2012 [Leggett 1998]. 

In the specific case of Europe some directives have been launched with the aim to 

increase the share of renewable energies in its domestic energy market. The new directive 

2009/28/EC (amending and repealing the directives 2001/77/EC and 2003/30/EC) 

establishes a target of at least a 20% share of energy from renewable sources in the 

Community’s gross final consumption of energy and a target of at least 10% of the final 

consumption of energy in transport coming from renewable sources. Both targets are set 

to the EU-25 countries and have to be met by 2020. In the view of Europe these types of 

policies also might provide opportunities for employment and regional development, 

especially in rural and isolated areas. 

 

1.4 Biomass 

Among the renewable sources biomass is the only one able to provide carbon 

based materials and therewith is the key renewable source for the production of biofuels. 

Therefore, biomass energy is expected to make a major contribution to the replacement of 

fossil fuels. According to some studies, the world-wide available amount of biomass for 

energy is estimated to be between 200 and 500 EJ per year [Dornburg et al. 2007]. As 
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base of comparison, in the year 2009 the world primary energy consumption was 469 EJ, 

equivalent to 81,834 million barrels of oil [BP Statistical review]. 

The use of biomass for energy purposes is, however, a controversial issue. In 2007 

the corn price rose sharply, reaching its peak in June 2008, as demand for ethanol (first 

generation biofuel) production in the US put a burden on the available supplies [Timmer 

2010]. This shows that the increase in demand for conventional food feedstocks for 

biofuels is likely to put pressure on food stocks particularly cereals and vegetable oils, 

exacerbating price volatility in food markets, especially in the developing countries 

[Murphy et al. 2011]. 

Having that in mind, the scientific community is changing the focus from first 

generation biofuels, based upon conventional agricultural commodity crops, into second 

generation biofuels, utilizing mainly lignocellulosic feedstocks. The three main types of 

first generation biofuels used commercially are biodiesel, ethanol and biogas while the 

second generation biofuels are bioethanol, Fischer-Tropsch bio-diesel, bio-DME 

(dimethylether) and SNG (Synthetic Natural Gas) [Naik et al. 2010].  

 

1.5 Green Gas 

Natural gas is often suggested as a partial solution, for the near term, to the 

problem of reducing the emissions of greenhouse gases. Among the fossil fuels it is 

considered the cleanest source of energy. For an equivalent amount of heat, combustion 

of natural gas emits about 29% and 44% less carbon dioxide than the combustion of oil 

and coal respectively. Methane is the primary constituent of natural gas, but it can also 

contain smaller amounts of other hydrocarbons, such as ethane, propane and butane, as 

well as trace amounts of heavier hydrocarbons. Other types of gases such as carbon 

dioxide, helium, hydrogen sulphide, nitrogen, and water vapour, may also be present. 

Pipeline quality gas contains at least 80% CH4 and has a minimum heat content of 32.4 

MJ per standard cubic meter [EIA].  

Natural gas can provide space heating at various scales, drive combined-cycle 

turbines for electricity generation and provide fuel for road vehicles [Economides and 

Wood 2009]. At the beginning of 2009, there were 9.5 million natural gas fuelled vehicles, 

corresponding to a share of 1% of the total vehicles population. Most of the countries 

subsidize these type of cars due to their lower emissions when compared to the common 

transport fuels, gasoline and diesel [Engerer and Horn 2010]. 

According to the International Energy Agency natural gas is foreseen to play a 

central role in meeting the world’s energy needs for at least the next two-and-a-half 
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decades. In the New Policies Scenario, demand will reach 4.5 trillion cubic meters (tcm) 

in 2035, a 44% increase over 2008 [IEA]. For the specific context of the Netherlands, 

natural gas represents almost 50% of the primary energy consumption, around 1500 PJ 

[Statistics Netherlands]. Netherlands is still an exporter of natural gas but some 

predictions point out that it will become a net importer by 2020 [Goldthau 2008].  

The substitution of natural gas by a renewable equivalent is an interesting option to 

reduce the use of fossil fuels and the accompanying greenhouse gas emissions, as well as 

from the point of view of security of supply. Green gas is the renewable alternative.  It 

comprises biogas (1st generation biofuels) and SNG (2nd generation biofuels). Being a 

direct substitute of natural gas, green gas can be injected directly into the gas grid taking 

advantage of the existing dense infrastructure. However, to be injected directly the green 

gas has to meet strict requirements, as summarized in table 1.1 for the Dutch gas grid 

(these specifications may vary from country to country). 
 

Table 1.1: Green Gas specifications for the Dutch gas network [Zwart et al. 2006] 

Component       

Gross Calorific Value 31.6 - 38.7  MJ/mn
3 

Wobbe-index 43.4 - 44.4  MJ/mn
3 

Maximum liquid hydrocarbons 5  mg/mn
3 below -3 ºC@any P 

Solid hydrocarbons Technically free   

Aromatic hydrocarbons 0.1 (or even 0.025)  mol % 

Water dew point -8  ºC@70bar 

Total sulphur content < 20  mg/mn
3 

H2S + COS < 5  mg/mn
3 

Sulphur content caused by < 6  mg/mn
3 

alkylthiols (mercaptans)    

CO2 < 3  mol % 

O2 < 0.0005  mol % 

Hg < 0.015   mg/mn
3 

      
The Dutch government has the ambition of replacing 20% of natural gas by green 

gas till 2030. With an annual consumption of around 1500 PJ, a 20% substitution 

corresponds to 300 PJ. The potential of biogas in the Netherlands is maximum 60 PJ due 

to limited availability of suitable digestible feedstocks. To accomplish the 20% 

replacement in 2030 an SNG production capacity is required of at least 240 PJ. Whereas 

digestion is an available and commercially proven technology (with companies like 

BiogaS International Project and Brouwers BioEnergy already operating in the 
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Netherlands [Lako and Beurskens 2010]), the technology for SNG production is still 

under development [Zwart et al. 2006]. 

 

1.6 SNG Production 

Figure 1.3 shows a simplified scheme for a biomass to SNG production. In this 

scheme the solid biomass is converted into gas through gasification, a thermochemical 

process. The produced gas is a mixture of carbon monoxide (CO), hydrogen (H2), 

methane (CH4), carbon dioxide (CO2), water vapour (H2O) and some contaminants such 

as tars (condensable organics), hydrogen sulphide (H2S), ammonia (NH3) and hydrogen 

chloride (HCl). These contaminants have to be removed prior to the methanation reactor 

since they are poisonous to the catalytic bed. After the methanation unit (where CO and 

H2 are converted into CH4 and CO2) CO2 and H2O are also removed and then the gas is 

ready for injection into the grid [Mozaffarian et al. 2003]. 

 

Figure 1.3: Simplified scheme of production of SNG from biomass [Meijden et al. 2010] 

 

In this process the gasifier plays a crucial role. In their study Meijden and co-

workers [Meijden et al. 2010] compared three different gasification technologies 

(entrained flow, circulating fluidized bed and allothermal or indirect gasification) and 

concluded that an allothermal gasifier is the best option for the gasification route from 

biomass into SNG. In this type of reactors the gasification and combustion units are 

separated. The heat is transported from the combustor to the gasifier through the bed 

material. In this way steam can be used as gasifying agent leading to a syngas with a high 

amount of methane. This feature is very important because an increase of CH4 in the 

syngas will minimize the loss caused by the exothermic synthesis of CO and H2, in the 

methanation unit, resulting in the highest efficiency to SNG [Meijden et al. 2010]. 

According to Drift et al. [Drift et al. 2005] the methanation reaction involves 

approximately 20% efficiency loss due to the heat production. Based on these studies, the 

Energy research Centre of the Netherlands (ECN) took the decision to build a specific 

gasifier, MILENA gasifier, for the SNG production applying the indirect gasification 

technology. The MILENA product gas already contains a high concentration of methane, 

approximately 15% on a volume dry basis, which has a positive effect on the overall 

efficiency to SNG [Meijden 2010]. 
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1.7 Scope of this Thesis  

The content of this thesis is focused on the influence of the operational conditions 

over the biomass gasification process. Special emphasis is given to methane and tar 

formations. This work was conducted with ECN with the aim to improve the efficiency of 

their overall process from biomass to SNG. Their studies concluded that this could be 

achieved with an increase of the methane content in the product gas released during the 

gasification process. More methane produced in this step will minimize the heat losses in 

the methanation reactor. Also, rather than the physical removal of tars it is advisable to 

convert the energy of these components into useful products such as CO and H2. The goal 

of this thesis is to assess the measures that can be taken directly in the gasifier, also 

known as primary measures, in order to tailor the produced gas into a desirable stream. 

The different methods that can be applied enclose the operation conditions of the gasifier 

such as temperature, gasifying agent, gas phase residence time, different bed materials 

and the composition of the feedstock. A brief review about biomass gasification is given 

in chapter 2. Chapter 3 introduces the experimental set-up and the different analyses 

methods applied. Chapter 4 presents the tests done to assess the reliability and flexibility 

of the set-up. Temperature, gas phase residence time and carrier gas are tested parameters. 

Chapter 5 shows the influence of dolomite and related compounds while chapter 6 

focuses on the influence of olivine. In chapter 7 the influence of the biomass composition 

is assessed. Finally in chapter 8 the conclusions and remarks about this work are 

presented.  
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Chapter 2 

 

Biomass Gasification 

 

Abstract 

This chapter gives an overview of the biomass gasification process. The characteristics of 

biomass and the different processes of conversion are addressed. The different reactions 

occurring inside the gasifier as well as the problems associated with tars are aspects 

presented. This section also addresses the different methods of treating the producer gas. 

The final part concerns the different types of biomass gasifiers that can be used.  Special 

focus is given to the dual fluidized bed gasifier, in special the MILENA and FICFB units. 

 

2.1 Biomass 

The biomass resource can be considered as organic matter, in which the energy of 

the sunlight is stored in chemical bonds through the process of photosynthesis. In this 

process carbon dioxide (CO2) and water (H2O) are converted to organic chemicals while 

oxygen (O2) is released, as shown in reaction 1. The biomass term includes all land and 

water based vegetation, as well as all organic wastes [Klass 1998]. 

 

2612622 666 OOHClightOHCO +→++       (1) 

 
Biomass is the oldest source of energy for the activity of mankind and till the XIX 

century the main energy source. For example wood in the mid-1800s supplied over 90% 

of the U.S. energy and fuel needs. However, with the discovery of fossil fuels and 

different techniques, biomass consumption began to decrease. Coal slowly displaced 

biomass and became the primary energy resource until natural gas and oil displaced coal. 

This historical view is summarized in figure 2.1.  
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Figure 2.1: Historical energy consumption pattern for United States, 1810-2009 [EIA] 

 
Presently biomass is the 4th largest source of energy and represents about 10% of 

the global annual primary energy consumption, about 50 EJ [Survey of Energy Resources 

2010]. One should have in mind that this value is a global average because biomass has a 

much stronger impact in the developing countries rather than the developed ones. It 

accounts for more than 60% for Africa (in countries like Burundi and Uganda it reaches 

even more than 90%) and less than 4% for Europe and North America, as shown in table 

2.1. 
 

Table 2.1: The role of biomass in different world regions [Demirbas 2010] 

Region Share of biomass in final energy consumption (%) 

Africa 62.0 

South Asia 56.3 

East Asia 25.1 

Latin America 18.2 

Europe 3.5 

North America 2.7 

 
Lately biomass has received increasing attention from government and policy 

makers as a viable, domestic energy resource that has the potential of reducing fossil fuels 

consumption. In this way governments hope to improve their economy and reduce their 

carbon footprint. Biomass is a major source of carbon and, when produced by sustainable 

means, it emits roughly the same amount of carbon during conversion as it is taken up 

during plant growth. In this way it does not contribute to the building up of CO2 in the 

atmosphere. Biomass might even have a negative impact if the capture and sequestration 

technologies of CO2 reach a mature state [Meijden at al. 2010]. However, one cannot 
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forget the CO2 emissions released due to fertilization, harvesting and transport of the 

biomass. Some life cycles studies reveal that first generation biofuels frequently exceed 

the emission levels of fossil fuels [Sues 2011]. 

 

2.2 Biomass Composition 

Biomass is a solid fuel. It consists mainly of carbon, oxygen and hydrogen. 

However, compared with solid fossil fuels it has much less carbon and more oxygen. 

Wood and plant biomass contain various amounts of cellulose, hemicellulose, lignin, 

organic extractives (such as resins, proteins, waxes etc) and inorganic minerals [Mohan et 

al. 2006]. 

Cellulose, figure 2.2, provides biomass strength and represents about 40-50% of 

wood. It is a glucose polymer, consisting of linear chains of β(1→4)-D-glucopyranose 

units (units linked 1-4 in the β-configuration). Cellulose has an average molecular weight 

of around 100,000. Its degree of polymerization varies between 1000 and 10,000. The 

basic chemical formula of cellulose is (C6H10O5)n.  

 
Figure 2.2: Chemical structure of cellulose, adapted from [Ullmann’s 2011] 

 

Hemicellulose is the second major wood chemical constituent, representing about 

25-35%. It is a mixture of polysaccharides, composed almost entirely of sugars such as 

glucose, mannose, galactose, xylose and arabinose and methylglucuronic and galaturonic 

acids, with an average molecular weight of less than 30,000. It differs from cellulose, in 

that it consists primarily of xylose and other five-carbon monosaccharides, while cellulose 

has only glucose in its structure. The different components of hemicellulose are depicted 

in figure 2.3.  
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Figure 2.3: Different components of hemicellulose [Mohan et al. 2006] 
 

Lignin can be regarded as a group of amorphous, high molecular-weight, 

chemically related compounds and it accounts for 15-35% of wood. The building blocks 

of lignin are believed to be a three carbon chain attached to rings of six carbon atoms, 

called phenylpropanes. These may have zero, one or two methoxyl groups attached to the 

rings, giving rise to three structures termed I, II, and III, respectively. Lignin does not 

have a regular structure or repeating unit herewith no definite structure can be determined. 

It is formed by a dehydrogenative polymerization of three p-hydroxycinnamyl alcohols 

(monolignols): coumaryl, coniferyl and sinapyl [McKendry 2002a] [Ullmann’s 2011]. 

These lignin precursors are depicted in figure 2.4. 

 
 

Figure 2.4: Monomeric lignin precursors [Ullmann’s 2011] 

 

2.3 Biomass Conversion 

Biomass can be converted into three main products: power/heat generation, 

transport fuels or chemical feedstock. This can be done by two main process technologies: 

thermochemical and bio-chemical/biological. There are two process options for bio-

chemical conversion: digestion (production of biogas) and fermentation (production of 
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ethanol). For thermochemical processes four options are available: combustion, pyrolysis, 

gasification and liquefaction. These different paths are shown schematically in figure 2.5 

and shortly explained in the following paragraphs. The type of biomass and the form in 

which the energy is required determine the process route [McKendry 2002b]. 

 

Biomass Conversion

Thermo-chemicalBio-chemical

Digestion Fermentation
Combustion

Pyrolysis

Gasification

Liquefaction
 

 
Figure 2.5: Different routes of biomass conversion 

 

2.3.1 Bio-chemical conversion 

Anaerobic digestion is the conversion of organic material directly to a gas, called 

biogas, a mixture of mainly methane and carbon dioxide with traces of hydrogen sulphide 

and water vapour. The biomass is converted by bacteria in an anaerobic environment. 

This is a proven technology and widely used for treating high moisture content organic 

wastes (> 50% moisture). Its major limitation is that conversion is usually incomplete 

often leaving as much as 50% of the organic matter unconverted [Chynoweth et al. 2001]. 

Fermentation is used commercially on a large scale in various countries to produce 

ethanol from biomass. This conversion includes two processes: hydrolysis of cellulose in 

the biomass to fermentable reducing sugars (catalyzed by cellulose enzymes) and 

fermentation of the sugars to ethanol (carried by yeasts or bacteria) [Sun et al. 2002]. 

 

2.3.2 Thermochemical conversion 

 Combustion is the old way of using biomass. It is responsible for over 97% of the 

world’s bio-energy production. Combustion of biomass produces hot gases at 

temperatures around 800-1000ºC. In this process carbon is oxidized into carbon dioxide 

and hydrogen into water. It is possible to burn any type of biomass but in practice 

combustion is only feasible for biomass with moisture content lower than 50% [Demirbas 

2004]. Combustion is used over a wide range of outputs to convert the chemical energy 
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stored in biomass into heat, mechanical power, or electricity. Net bio-energy conversion 

efficiencies for biomass combustion power plants range from 20% to 40%. If the biomass 

is co-fired with coal then higher efficiencies can be achieved [McKendry 2002b]. 

 Gasification is the conversion of biomass into a combustible gas mixture by the 

partial oxidation of biomass at high temperatures, typically in the range 800-900ºC. The 

resulting gas is a mixture of carbon monoxide, hydrogen, carbon dioxide and methane, 

together with nitrogen if air is used as oxidant. This producer gas can then be used for the 

production of electricity, chemicals or transportation fuels. In power generation high 

efficiencies (up to 50%) are achievable using combined cycle operation for the largest 

installations [Bridgwater 2003]. 

 Pyrolysis is the thermal destruction of organic materials in the absence of an 

oxidant. The biomass is converted into liquid (termed bio-oil or bio-crude), solid and 

gaseous fractions at temperatures around 500ºC. Pyrolysis can be applied to produce 

predominantly bio-oil that can then be used in engines and turbines [Diebold et al. 1999]. 

 Liquefaction is the conversion of biomass into a stable liquid hydrocarbon using 

moderate temperatures (250-550ºC) and high pressures (5-25 MPa). This method can 

liquefy biomass with any level of moisture while pyrolysis is only suitable for biomass 

with less than 40% moisture. However the interest in liquefaction is low because the 

reactors and fuel feeding systems are more complex and more expensive than pyrolysis 

processes [Akhtar and Amin 2011]. 

 

2.4 Biomass Gasification 

Gasification technologies have been commercially applied for more than a century 

for the production of both fuels and chemicals. It is a thermochemical process that can 

convert the solid biomass into a product gas through partial oxidation at high 

temperatures (in contrast with combustion that applies an excess of air). The product gas 

contains H2, CO, CO2, CH4, other hydrocarbons (e.g. C2H4, C2H6) and H2O, but also some 

contaminants like tars (condensable organics), hydrogen sulphide (H2S), ammonia (NH3) 

and hydrogen chloride (HCl).  The product gas can be further conditioned, with the 

removal of contaminants and adjustment of its composition, in order to get different 

products. Typical applications of biomass gasification are shown schematically in figure 

2.6. 
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Figure 2.6: Typical applications of biomass gasification, adapted from [Boerrigter et al. 2006] 

 

Gasification is a complex chemical process and can be divided into the following steps: 

1. Drying of the biomass to evaporate moisture 

2. Pyrolysis: thermal decomposition of the biomass into gas, condensable vapours (or 

oils) and char 

3. Thermal cracking of the vapours into gas and char 

4. Gasification of char by steam or carbon dioxide 

5. Partial oxidation of the combustible gas, vapours and char 

6. Homogeneous gas-phase reactions 

The reactions taking place in the gasifier can be summarized as indicated below: 
 

COOC ↔+ 22/1    molkJH K /111298 −=∆   (2)  

22 COOC ↔+    molkJH K /394298 −=∆    (3)  

OHOH 222 2/1 ↔+    molkJH K /242298 −=∆   (4) 

222/1 COOCO ↔+    molkJH K /254298 −=∆   (5) 

22 HCOOHC +↔+   molkJH K /131298 +=∆    (6)  

222 22 HCOOHC +↔+   molkJH K /100298 +=∆   (7) 

COCOC 22 ↔+    molkJH K /172298 +=∆    (8) 

422 CHHC ↔+    molkJH K /75298 −=∆    (9) 

222 HCOOHCO +↔+   molkJH K /41298 −=∆   (10)  

OHCHHCO 2423 +↔+   molkJH K /206298 −=∆   (11)  
 

The arrows indicate that these are equilibrium reactions and can proceed in either 

direction, depending on the temperature, pressure and concentration. It follows that the 
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product gas of gasification consists of a mixture of carbon monoxide, carbon dioxide, 

methane, hydrogen and water vapour.  

 If oxygen is used as reactant it will be consumed in the exothermic reactions (2), 

(3), (4) and (5) providing the necessary heat to drive the endothermic gasification 

reactions (6) through (9). In this case the process will be called autothermal. When the 

heat is provided from a different source rather than oxidizing part of the feedstock, the 

process is called allothermal. The allothermal process allows steam to be used as the only 

reactant. This will favour the char gasification reactions (6) and (7) and the water gas shift 

reaction (10) which will lead to an increase of H2 in the product gas. 

The water gas (6) and Boudouard (8) reactions are the most important reduction 

reactions. These heterogeneous endothermic reactions increase the gas volume of CO and 

H2 at higher temperatures and lower pressures. Besides the heterogeneous reactions, there 

are also several homogeneous reactions occurring in the gas phase. The most important 

ones worthwhile of mentioning are the water gas shift reaction (10) and the methanation 

reaction (11) [Knoef 2005] [Sutton et al. 2001]. 

 It should be pointed out that the reactions concerning the cracking of tars are not 

presented. The cracking of these compounds will generate permanent gases, char and 

other types of tars as we will see later on in this thesis. 

 

2.5 Tars 

Tars are considered as the bottleneck of the gasification processes. They are 

problematic because they condense at room temperature blocking and clogging process 

equipments downstream the gasifier. Tars are produced by the partial oxidation of the 

biomass feedstock in a series of complex reactions. There is no general agreement about 

the definition of tars, and usually each institution has its own definition. At the 

EU/IEA/US-DOE meeting on the tar measurement protocol, held in Brussels in 1998, it 

was agreed to define tar as all organic contaminants with a molecular mass larger than 

that of benzene [Neeft et al. 1999]. Herewith tar is a broad word that defines several 

different compounds. More than 300 components have already been identified [Mohan et 

al. 2006]. In this way not only the quantity but also the quality of tars becomes an 

important parameter. It is necessary to divide tars into different groups and classify them.  

Elliot [Elliot 1988] reports that at short residence times there is a direct correlation 

between the chemical composition of tars and the operating temperature. The scheme 

proposed by this author and represented in figure 2.7 shows the transition of the tar 

composition as function of temperature.  
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* Polycyclic Aromatic Hydrocarbons 
 

Figure 2.7: Tar maturation scheme proposed by [Elliot 1988] 
 

With the increase of temperature, the oxygen tar content reduces as does the 

hydrogen to carbon ratio. These changes represent the conversion of the highly 

oxygenated primary products to more thermally stable, less oxygenated, species which are 

eventually deoxygenated leaving highly aromatic structures. These transformations occur 

due to thermal cracking. Table 2.2 shows the class of chemical components indentified by 

the author in the condensates of each major regime.  
 

Table 2.2: Chemical components in biomass tars identified by [Elliot 1988] 

Conventional High-Temperature Conventional High-Temperature 

Flash Pyrolysis Flash Pyrolysis Steam Gasification Steam Gasification 

(450ºC - 500ºC) (600ºC - 650ºC) (700ºC - 800ºC) (900ºC - 1000ºC) 

Acids Benzenes Naphthalenes Naphthalene 

Aldehydes Phenols Acenaphthylenes Acenaphthylene 

Ketones Catechols Fluorenes Phenanthrene 

Furans Naphthalenes Phenanthrenes Pyrene 

Alcohols Biphenyls Benzaldehyders Acephenanthylene 

Complex Oxygenates Phenanthrenes Phenols Benzanthracenes 

Phenols Benzofurans Naphthofurans Benzopyrenes 

Guaiacols Benzaldehydes Benzanthracenes 226 MW PAHs 

Syringols   276 MW PAHs 

Complex Phenolics    
 

Evans and Milne [Evans and Milne 1997] suggested an approach to the 

classification of tars as primary, secondary, and tertiary tars. Four major product classes 

were identified as a result of gas-phase thermal cracking reactions: 

1. Primary products: characterized by cellulose-derived, hemicellulose-derived  and 

lignin-derived products 

2. Secondary products: characterized by phenolics and olefins 

3. Alkyl tertiary products: include methyl derivatives of aromatics, such as 

methylacenaphthylene, methylnaphthalene, toluene, and indene 

4. Condensed tertiary products that show the polynuclear series without substituents 

(PAHs): benzene, naphthalene, acenaphthylene, pyrene, anthracene/phenanthrene 
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In figure 2.8 the distribution of the four different tar classes as function of the temperature 

is shown. This plot shows that the secondary and alkyl tertiary products are formed at the 

expense of primary products, which are then in turn removed as the condensed tertiary 

products increase. 

 
Figure 2.8: Distribution of the four different tar classes as function of temperature at 300 ms gas 

phase residence time [Evans and Milne 1997] 
 

According to ECN (Energy research Centre of the Netherlands) the tar 

classification should be based on the impact of the tar compounds in downstream 

processes rather than the classification based on the formation conditions. In this respect 

two major properties of tar compounds were identified as crucial: condensation behaviour 

and water solubility [Paasen and Kiel 2004]. Based on these considerations a new tar 

classification system was derived and is presented in table 2.3. 
 

Table 2.3: Tar classification system based on water solubility and condensation of the tar 

compounds [Paasen and Kiel 2004] 

  Description 

Class 1 GC-undetectable tars. This class includes the heaviest tars that condense at high 

 temperature even at very low concentrations. 

Class 2 Heterocyclic components (like phenol, pyridine, cresol). These are compounds that 

 generally exhibit high water solubility, due to their polarity. 

Class 3 Aromatic compounds. Light hydrocarbons that are not important in condensation and 

 water solubility issues. 

Class 4 Light poly aromatic hydrocarbons (2-3 ring PAH compounds). These compounds 

 condense at relatively high concentrations and intermediate temperatures. 

Class 5 Heavy poly aromatic hydrocarbons (4-7 ring PAH compounds). These compounds  

  condense at relatively high temperature at low concentrations. 
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Tars can be removed from the producer gas either by physical or chemical methods. 

Physical removal of tar is mainly done through wet or wet-dry scrubbing. These 

commercial methods are easily designed and applied, depending on the specific needs of 

the gasification process. Physical methods are effective but the main problem is that the 

condensed tar components are merely transferred into another phase (water or solids) 

which then has to be disposed in an environmentally acceptable manner. Also in this way 

the chemical energy bounded to the tars might be lost, decreasing the efficiency of the 

gasification. Chemical treatments include thermal or catalytic cracking of tars. It is 

assumed that temperatures above 1000ºC are necessary to destroy refractory unsubstituted 

aromatics without a catalyst. Non-metallic catalysts such as dolomites and olivines and 

metallic catalysts such as nickel have been extensively studied. This catalytic treatment is 

promising but is still not at a commercial level [Milne and Evans 1998].  

There are two different ways to apply the necessary treatments to remove tars. If 

they are applied downstream of the gasifier, treating the producer hot gas, they are called 

secondary methods. If they are applied in the gasifier itself this approach is called a 

primary method. Secondary methods are widely applied with success but they require 

extra equipments. Primary methods, if successfully implemented, can eliminate the use of 

downstream secondary steps for tar removal. The main primary methods that can be taken 

are the design and operation of the gasifier [Devi et al. 2003]. 

  

2.6 Primary Methods 

Several parameters have direct influence on the product gas composition delivered 

by the gasifier. These parameters can be related to the biomass properties, the operation 

conditions and the design of the gasifier itself. These parameters comprise of the different 

primary methods that can be applied to treat the product gas. In the following paragraphs 

a brief overview of the different options is given.  

 

2.6.1 Operational Conditions 

This class of parameters comprises the modus operandi of the gasification process. 

Considering the final product a compromise has to be made concerning the gasifying 

agent, the temperature and pressure of the gasifier and the type of bed material. 

The most common gasifying agents are air, pure oxygen and steam (individually or 

mixed) but also carbon dioxide or even hydrogen can be used. Air is the easiest and 

cheapest reactant. Its main disadvantage is that it produces a gas with a low calorific value, 

4-6 MJ/Nm3, (compared with natural gas at 36 MJ/Nm3) due to the nitrogen introduced 
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which dilutes the product gas.  If pure oxygen is used the problem of nitrogen is avoided 

and the product gas has a medium calorific value of 10-15 MJ/Nm3. But the use of pure 

oxygen for gasification is expensive. The other common gasifying agent is steam, 

producing a gas with a medium calorific value, 13-20 MJ/Nm3. If air or oxygen is used 

the heat released by the oxidation reactions will provide the necessary energy to the 

gasification process. In this case the gasifier is called autothermal. If steam is used there is 

the need to deliver heat to the gasifier. These processes are called allothermal [McKendry 

2002c]. 

Temperature has an important influence on the gas composition. As described 

before, high temperatures favour the formation of tertiary tars which are more difficult to 

destroy. Low temperatures reduce the conversion of the solid biomass into gas. Usually 

temperatures of around 800 to 900ºC are applied.  

According to thermodynamics, increasing pressure favours methane formation and 

reduces hydrogen formation. Pressurized gasifiers can be an interesting option when the 

fuel synthesis needs a pressurized syngas as raw material, like the case of methanol or 

Fischer-Tropsch. But the operating costs and the high investment are major drawbacks for 

pressurized gasification [Kitzler et al. 2011]. 

The residence time of the gas phase is another important parameter. Short 

residence times limit the gasification reactions and this process becomes similar to 

pyrolysis. For example one of the criteria to have a product gas with high olefin yields, is 

that the residence time has to be less than 500 ms [Graham et al. 1984]. 

Sand is often used as bed material. It is a robust but inert material and because of 

its neutrality several attempts have been made to give catalytic activity to the bed. 

Calcined dolomites proved successful in the removal of tars and in the production of 

hydrogen since they favour the water gas shift reaction. But this material is not strong 

enough and undergoes attrition in fluidized beds. Olivine, a much more robust material, 

demonstrates a similar activity to calcined dolomites towards tar removal but does not 

catalyze the water gas shift reaction. Commercial Nickel catalysts have high tar 

destruction activity with the advantage of completely reforming methane. They also 

catalyze the water gas shift reaction towards the production of hydrogen. But this material 

undergoes rapid deactivation due to the harsh environment inside the gasifier. It is also an 

expensive material and the disposal of spent toxic Ni catalysts poses an environmental 

hazard [Dayton 2002].  
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2.6.2 Biomass properties 

 The properties of biomass that are important for gasification are summarized by 

two standard ASTM analyses. The proximate analysis follows a standard heating 

sequence and gives the weight percent of moisture, volatile matter, fixed carbon, and ash. 

The ultimate analysis gives the weight percent of C, H, O, other elements and ash [Reed 

1983].  

 There are two different forms of moisture present in the biomass: the intrinsic 

moisture that is not influenced by the weather effects and the extrinsic moisture that 

depends on the weather conditions during the harvesting of the biomass [McKendry 

2002a]. Feedstocks with more than 30% moisture reduce the calorific value of the product 

gas because the moisture has to be evaporated before the gasification can start. This adds 

a penalty to the efficiency. 

Ash is the inorganic or mineral content of the biomass, which remains after 

complete combustion. High mineral matter, especially the alkali metal content (i.e. Na, K, 

Mg, P and Ca) can make gasification impossible. At the high temperatures used in 

gasification the ash can melt leading to agglomeration and subsequent blockage of the 

gasifier. This means that feedstocks with high ash contents (above 5 wt%) should not be 

gasified especially if the ash is high in alkali oxides and salts [McKendry 2002c]. The 

positive side of ash is that the mineral matter can work as a catalyst in the gasification 

process [Neves et al. 2011].   

NH3, H2S and HCl are poisonous gases for any catalytic downstream process. 

Before the product gas can be processed these contaminants have to be removed. 

Kuramochi and co-workers [Kuramochi et al. 2005] report that there is a linear correlation 

between the H2S concentration and the sulphur content of the biomass. According to them 

almost all the sulphur from the biomass is transformed into H2S. Drift [Drift 2001] draws 

similar conclusion concerning the NH3. This component is determined by the amount of 

nitrogen in the feedstock. They also report that less than 15% of the Cl from the biomass 

is converted into HCl. 

The particle size plays a substantial role concerning the heating rate. The smaller 

the particle the better the heat transfer is. This means that the temperature through the 

particle will be uniform and consequently the gasification is kinetically controlled. 

However there is a limitation above which heat transfer will control [Kirubakaran et al. 

2009]. For example, Rapagnà et al. [Rapagnà et al. 1997] report strong evidence of 

significant thermal resistances for particles larger than 1 mm in diameter in their 

experiments with steam gasification of almond shells at 800ºC.  
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2.7 Gasification Technologies 

There are 3 types of gasifiers that have been widely applied: fixed bed (the most 

common ones), fluidized bed and entrained flow. In the following paragraphs a brief 

overview is given about these different options. 

 

2.7.1 Entrained flow gasifier 

 Entrained flow gasifiers are commonly used for coal. Small fuel particles (< 100 

µm) are pneumatically fed at the top of the gasifier and injected in a burner for optimum 

mixing with steam/oxygen. These gasifiers are further characterized by short residence 

times (≈ 1 second), high temperatures (1300–1600ºC), high pressures (25-60 bar) and 

large capacities (> 100 MW). There are several commercial designs available for coal 

(Shell, Lurgi, Texaco) but they will not work with more than 10 to 15 wt% biomass in 

coal mixtures [Knoef 2005]. 

 

2.7.2 Fixed bed gasifier 

Depending on the direction of the air flow, these gasifiers can be classified as 

updraft or downdraft. In this type of reactors the different stages of the gasification 

process proceed separately. The scheme of these gasifiers is shown in figure 2.9.  

 
Figure 2.9: Schematic comparison of Updraft and Downdraft Gasifiers adapted from [Knoef 2005] 

 
In the updraft gasifier the feed is introduced at the top and air introduced at the 

bottom. In this type of gasifier the process of gasification is easily divided. On its way 

down, the material starts to dry, followed by devolatilization, reduction and combustion. 

The ash falls through the grate at the bottom. Due to the low temperature of the gas 
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leaving the gasifier, the overall energy efficiency of the process is high as well as the tar 

content of the gas.  

In the downdraft gasifier, the feed and the air move in the same direction. The 

product gas leaves the gasifier after passing through the hot zone, enabling the partial 

cracking of the tars formed during gasification and giving a gas with low tar content. The 

particulates content of the gas is high and the overall energy efficiency is lower compared 

to the updraft gasifier [McKendry 2002c].  

The main characteristics of these two types of gasifiers are presented in table 2.4. It 

can be seen that, besides the different quality of the product gas, also the feedstock 

required is different. 
 

Table 2.4: Characteristics of fixed bed gasifiers [Knoef 2005] 

  Downdraft Updraft 

Fuel (wood)   

 - moisture content (% wet basis) 12 (max. 25) 43 (max. 60) 

 - ash content (% dry basis) 0.5 (max. 6) 1.4 (max. 25) 

 - size (mm) 20 - 100 5 - 100 

Gas exit T (ºC) 700 200 - 400 

Tars (g/Nm3) 0.015 - 0.5 30 - 150 

sensitivity to load fluctuations sensitive not sensitive 

 
As examples of suppliers we have Foster Wheeler (Finland) and Babcock Wilcox 

Volund (Denmark) for updraft gasifiers and Xylowatt (Belgium) and Chiptec Wood 

Energy Systems (USA) for downdraft gasifiers [Kirkels et al.  2011].  

 

2.7.3 Fluidized bed gasifier 

The main advantage of the fluidized bed gasifier is the uniform temperature 

distribution achieved in the gasification zone. This feature is achieved by a bed of fine 

grained material into which an oxidant is introduced from the bottom, fluidizing the bed 

material and ensuring intimate mixing of the hot material, hot gas and the biomass feed. 

Due to this intense mixing, the different zones (drying, pyrolysis, reduction and oxidation) 

cannot be distinguished like in fixed bed gasifiers [McKendry 2002c]. There are three 

main types of fluidized bed gasifiers. They are depicted in figure 2.10 and briefly 

explained in the following paragraphs. 
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Figure 2.10: Schematic comparisons of Bubbling Fluidized Bed (BFB), Circulating Fluidized 

Bed (CFB), and Dual Fluidized Bed (DFB), adapted from [Knoef 2005] 

 
The bubbling fluidized bed (BFB) gasifier has a distinct interface between the 

freeboard above the bed and the fluidized bed reaction zone. The diameter of the 

freeboard is larger than the zone where the bed is located to avoid entrainment of fines. 

The circulating fluidized bed (CFD) has no distinct interface between the bed and 

the freeboard. Entrained bed and char fines are recycled back to the gasifier via a cyclone. 

Char conversion is higher and the reactor unit costs can be reduced compared to the BFB 

[Knoef 2005].  

The dual fluidized bed (DFB) allows a separation between the gasification of the 

biomass and the combustion of the remaining char. In this way pure steam can be used to 

gasify the biomass. The producer gas is then rich in H2 and has low tar content. The char 

and the bed material are separated from the producer gas through a cyclone and are 

transported to the combustor. The heat generated by the combustion of the char will be 

transported with the bed material to the gasifier providing the necessary heat to drive the 

endothermic gasification reactions. This process is known as Indirect or Allothermal 

gasification. Examples of Indirect gasifiers in Europe are the FICFB gasifier developed 

by The Vienna University of Technology and the MILENA gasifier developed by the 

Energy research Centre of the Netherlands (ECN) [Corella et al. 2007]. 

 

2.8 MILENA gasifier 

The MILENA is an allothermal gasifier developed by the Energy research centre 

of the Netherlands (ECN). It was designed as a first step in the production of synthetic 

natural gas (SNG). It contains separate sections for gasification and combustion. The 
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gasification section is divided into three parts (gasifier riser, settling chamber and 

downcomer) while the combustion section consists of only one part. In the following 

figure the scheme of this gasifier is presented. 

 
 

Figure 2.11: Schematic drawing of the Milena gasifier [Drift et al. 2005] 
 

Biomass is fed into the gasifier riser. A small amount of superheated steam is 

added from below. Hot bed material (typically at 925ºC) enters the riser from the 

combustor through a hole, opposite of the biomass feeding point. The bed material heats 

the biomass to 850ºC in the gasification section. The heated biomass particles devolatilize 

and are partially converted into gas. The bed material, together with the char, is carried 

through the riser and separated from the producer gas in the settling chamber falling down 

into the downcomer and carried to the combustor. The producer gas leaves the reactor 

from the top and is sent to the cooling and gas cleaning sections. Tar and dust separated 

from the producer gas can also be fed to the combustor. This reactor operates as a 

bubbling fluidized bed. Char, tar and dust are burned with air to heat the bed material to 

around 925ºC. This heated material leaves from the bottom of the combustor and enters 

the gasifier. No additional heat input is required since all heat for the gasification process 

is produced by the combustion of the char, tar and dust in the combustor [Meijden 2010]. 

A typical product gas composition from the Milena gasifier is presented in table 

2.5 [Drift et al. 2005]. The average gasification temperature was 800ºC while in the 

combustion it was slightly higher, around 870ºC. Because steam was used as gasifier 

agent, the product gas contains only a small amount of N2. The hydrocarbons present in 

flue gas 

gasification 
in riser 

low-N2  
product gas 

BFB 
combustor 

combustion air 

fluidisation gas (steam, CO2) 

biomass 
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the product gas account for more than 50% on energy basis. As stated before, the 

MILENA gasifier was designed as a first step for the production of SNG. Hereby the high 

yield of CH4 in the product gas is very attractive since the conversion of H2 and CO to 

CH4, through the methanation reaction, involves about 20% efficiency loss due to the heat 

released. 
 

Table 2.5: Typical product gas and flue gas composition of the lab scale MILENA gasification 

facility operated with dry beechwood (10% moisture) [Drift et al. 2005] 

    product gas flue gas 

CO vol% dry 44 - 
H2 vol% dry 18 - 

CO2 vol% dry 11 15 
N2 + Ar vol% dry 4 71 

CH4 vol% dry 15 - 
C2-5 vol% dry 6 - 

C6-7 vol% dry 1 - 
tar (C8+) g/mn

3 dry 45 - 

H2O vol% wet 25 2 
O2 vol% dry - 4 

 

Another example of a dual fluidized bed gasifier is the FICFB (Fast Internally 

Circulating Fluidized Bed) developed by TU Vienna in cooperation with AE 

Energietechnik. A demonstration plant with the FICFB concept was erected, in 2001, in 

Güssing, Austria, with 8 MWth and an electric output of 2 MWe [Hofbauer et al. 2002]. 

 The main difference between the MILENA gasifier and the FICFB gasifier is that 

in this last one the combustion zone operates in the riser while the steam gasification 

occurs in a bubbling fluidized bed [Pfeifer et al. 2009]. With this feature the residence 

time of the steam gasification process is higher in the FICFB gasifier. The increase of the 

residence time promotes several reactions with steam like steam reforming, water gas 

shift and water gas. Hereby the producer gas from the FICFB has a higher content of H2 

and CO2 and a lower content of CO and CH4 when compared with the producer gas from 

the MILENA gasifier. In table 2.6 the typical composition of the product gas from the 

FICFB is presented.    
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Table 2.6: Typical composition of a producer gas from the FICFB gasifier [Pröll et al. 2005] 

    product gas 

CO vol% dry 24 - 26 
H2 vol% dry 38 - 40 
CO2 vol% dry 20 - 22 

N2 vol% dry 1.2 - 2.0 

CH4 vol% dry 10 - 11 

C2H4 vol% dry 2.0 - 2.5 
C3 fraction vol% dry 0.5 - 0.7 

tar  g/mn
3 dry 2 - 5 

H2O vol% wet 30 - 45 
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Chapter 3 

 

Experimental Work 

 

3.1 Experimental Set-up 

A new set up was designed and built to study the influence on the biomass 

gasification process of different parameters like temperature, gasifying agent and bed 

material. It consists of a tubular quartz fluidized bed reactor, externally heated by an oven, 

with an in-situ quartz capillary connected to a Mass Spectrometer (MS). The scheme of 

this set-up is shown in figure 3.1. 

 
Figure 3.1: Scheme of the experimental set-up for gasification 

 

The reactor is a vertical tube, 74 cm in length and 21 mm in diameter, with a 

constriction 28 cm above its bottom. On the constriction a ceramic ball is placed. This 

marble has two functions: it serves as a support for the bed material and it stimulates a 

turbulent movement of the bed with the introduction of a fluidizing agent through the 
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bottom. If the reactor is shaken from the top the bed material can be collected and 

quenched immediately allowing its post gasification characterization. As gasifying agent 

oxygen, argon and water can be used (individually or as mixture).  

The reactor is heated by an external source, a three zone split type electrical oven, 

that allows temperatures till 1200ºC. The temperature profile through the reactor along its 

length was assessed between 400 and 1000ºC. It was concluded that above the bed there 

is a region of 32 cm where the temperature is uniform. The gas phase residence time was 

studied in this region by placing quartz capillaries with different lengths. In these studies 

it was decided to keep the flow of carrier gas constant to maintain the same fluidizing 

behaviour of the bed. 

The biomass is introduced from the top as a single particle and it will reach the bed 

through gravity. Its weight ranges between 1 and 2% of the bed weight. According to our 

calculations the biomass particle takes about 300 ms to reach the bed. After some tests it 

was concluded that the devolatilization that the biomass might suffer before reaching the 

bed can be considered negligible. When the biomass particle reaches the bed at high 

temperature it will immediately start its devolatilisation. The gases evolved are tracked 

on-line with a mass spectrometer (MS). Quartz capillaries are placed inside the reactor. 

These capillaries are then connected to other capillaries (peek material) placed outside the 

reactor at room temperature. After some tests an internal diameter of 0.5 mm for both 

capillaries was considered as the best option. The outside peek tube was meant to prevent 

the tars from entering into the MS. Tars condense in these tubes and cause blocking. 

When this happens they are simply replaced. During the tests it was noticed that tars were 

also condensing at the top of the quartz capillaries. To clean them they would be placed 

inside the oven at high temperature with an excess of air to burn the tars. After some tests 

it was also noticed that some tars were still entering the mass spectrometer. This was a 

problem but also an opportunity since it allowed us to measure certain tar compounds and 

study their evolution.   

 

3.2 Mass Spectrometer 

Mass spectroscopy was the analytical tool chosen for the on-line measurements. 

The MS is able to separate compounds by atomic mass. In order to do this, the molecules 

entering the MS must first be ionized. This is achieved by bombarding the molecules with 

electrons inside the Ion Source. This process, known as Electron Impact Ionisation, 

produces predominantly positive ions which are then focused into the electrostatic field of 

the quadropole. The quadropole acts like a mass filter and by controlling the field it is 
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possible to select the atomic mass of the ions that will reach the detector. A simple 

scheme of a mass spectrometer is depicted in figure 3.2. 
 

 
 

Figure 3.2: Scheme of the mass spectrometer, adapted from www.essco.com 
 

In order to operate, a quadropole mass spectrometer requires a high vacuum of 

about 4x10-6 mbar. In the gas monitoring applications, a two stage capillary inlet is used 

which is balanced to accept gas samples at atmospheric pressure and transport them 

rapidly into the mass spectrometer Ion Source without adversely effecting the analyzer 

system high vacuum. Sample requirements are very low with the capillary taking only 20 

ml/min of the gas from the sample. Of this, only about 0.3% will actually be transferred to 

the Ion Source. A single mass may be analyzed in just 10 ms making MS one of the 

fastest analytical techniques available [GeneSys manual]. Due to its speed of response 

mass spectroscopy was the tool chosen to track on-line the evolution of the gases 

produced during the gasification process. The instrument used was a GeneSys Evolution 

200D Mass Spectrometer System manufactured by European Spectrometry Systems 

(E.S.S.). The system is equipped with Enclosed Ion Source (EIS) technology and a dual 

Faraday/channeltron detector.  

 

3.3 MS Measurements 

The MS was calibrated to analyse qualitatively and quantitatively the following 

gases: carbon monoxide (CO), hydrogen (H2), carbon dioxide (CO2), methane (CH4), 

ethylene (C2H4), ethane (C2H6), argon (Ar), oxygen (O2) and water vapour (H2O) at 

intervals of around 600 ms. Due to the interference of nitrogen with carbon monoxide in 

the measurements, air could not be allowed into the system. Before each set of 

experiments the calibration of the system was checked and if necessary recalibrated. A 

typical signal from the MS during a gasification test is presented in figure 3.3.  
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Figure 3.3: Typical signal from the MS. a) Overall profile and b) Highlighting the gases produced 
 

In this example only argon is present in the system before the biomass is 

introduced. As soon as the gases are released from the particle the argon signal drops 

while the other gases are evolving. The gasification process will be finished when the 

argon concentration returns to the original value. The presence of argon during the 

experiments is extremely important. First, because argon is the reference component for 

the MS calibration. Second, because the volume of gases produced is assessed through 

argon. This gas is an inert and its flow is known. The total volume of gases released can 

be calculated by integrating over the area under the argon curve. Calculating the 

respective area of the other curves and comparing these values with the argon data 

enables the calculation of the volume of each gas produced and consequentially the 

respective number of moles. 

Figure 3.3b represents the same experiment but now highlighting only the gases 

released (the profile of argon is absent). It can be seen that the behaviour of water is being 

measured with a delay when compared with the other gases. This happens because the 

peek tube that is connecting the quartz capillary inside the reactor with the MS is at room 

temperature and thus delaying the water flow. Tests were performed with the peek tube 

traced at 120ºC, avoiding water to condense, and it was concluded that the results, in 

terms of volume released of H2O, were the same. Since at room temperature this tube 

would perform better as a trap for tars it was decided to perform the experiments without 

tracing it at 120ºC.   

As soon as the gasification is finished, when gases cease to evolve from the bed, 

oxygen is lead into the system to combust the remaining char in the bed. The evolution of 

CO2 and CO is measured allowing the quantification of the solid carbon present in the bed. 

Tar is a lump word that agglomerates several different compounds. The nature of 

tar depends on the conditions of the system, among which the temperature plays a crucial 
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role. The first type of tars generated are mixed oxygenates, very reactive, and known as 

primary tars. If the conditions are suitable, these primary tars will be cracked producing 

non permanent gases and other type of tars known as secondary tars. These tars can be 

further cracked and tertiary tars will be formed among which the polycyclic aromatic 

hydrocarbons (PAHs) represent a great deal. With the increase of the severity conditions 

(increase of temperature or/and residence time) the oxygen tar content reduces as does the 

hydrogen to carbon ratio. Based on this information there was an attempt to identify and 

analyse some tar compounds ascribed as model for the different groups. Acetol (C3H6O2) 

is assumed as representative for primary tar. Toluene (C7H8) considered as an 

intermediate though not always classified as secondary tar. Naphthalene (C10H8) 

considered as model for PAHs. Though benzene (C6H6) is not considered as tar by several 

researchers its presence is important and also analysed [Milne et al. 1998] [Morf et al. 

2002]. In figure 3.4 a typical signal measured for the peak 78 (ascribed to benzene) and 

for the peak 91 (ascribed to toluene) is shown. 

  
Figure 3.4: Typical signal from the MS; a) Peak 78 and b) Peak 91 

 

Unfortunately, due to the complexity of the process, it was not possible to calibrate 

the MS to measure quantitatively these tar compounds. However the intensity measured is 

directly linked to the amount of gas produced. Based on this one can say that in figure 3.4, 

benzene is produced in larger quantity than toluene. Though we do not know the real 

amount of gas produced we can compare the amounts generated under different 

conditions. First of all the intensities of the different peaks are normalized with the signal 

of argon. Then the area under the curve is integrated and normalized again with the 

weight of biomass “as received”. In this way one can know the evolution of certain 

compounds under different conditions.  
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3.4 Biomass Characterization 

The gasification experiments were made with different feedstocks. The beechwood 

was supplied by the Energy research Centre of the Netherlands (ECN). The cellulose, 

xylan and lignin were acquired from Sigma-Aldrich. The beechwood was pelletized while 

the other materials were supplied as powders. To be gasified, the powder material had to 

be compressed into a single particle. The properties of biomass that are important for 

gasification are summarized by two standard ASTM analyses. The proximate analysis 

follows a standard heating sequence and gives the weight percent of moisture, volatile 

matter, fixed carbon and ash. The ultimate analysis identifies the content of carbon (C), 

hydrogen (H), oxygen (O) and other elements such as nitrogen (N), sulphur (S) and 

chloride (Cl) [Reed 1983]. 

Thermogravimetric analyses (TGA) were made at our facilities to assess the 

proximate analysis of the different biomass feedstocks available. The applied procedure 

was the following: 

1- Heating rate of 10 ºC/min from 25ºC till 105ºC, at inert conditions  

2- 15 minutes at 105ºC, at inert conditions 

3- Heating rate of 10 ºC/min from 105 ºC till 800ºC, at inert conditions  

4- 5 minutes at 800ºC, at inert conditions  

5- Switch to oxygen for 30 minutes at 800ºC 

An example of a TGA measurement is shown in figure 3.4. At 105ºC the physically 

absorbed moisture content of the biomass is assessed. The volatile matter release 

corresponds to the weight loss between 105ºC and 800ºC. The fixed carbon corresponds 

to the weight loss during combustion. The weight that remains after combustion is 

considered as ash. In table 3.1 the proximate analysis for the different used feedstocks is 

presented. 
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Figure 3.4: Thermogravimetric analysis of cellulose 

 

Table 3.1: Proximate analysis, material as received (wt%) 

Feedstock Moisture Ash Volatile matter Fixed carbon 

Beechwood 6.4 0.9 77.8 14.9 

Cellulose 4.2 0.3 91.9 3.6 

Xylan 3.4 4.7 72.1 19.8 

Lignin I 3.6 2.1 57.0 37.3 

Lignin II 9.2 13.7 42.7 34.4 

 
Also the ultimate analysis of the different feedstocks was performed at our 

facilities with exception of the beechwood. This material was supplied by ECN and its 

composition assessed from the phyllis database ( www.ecn.nl/phyllis/ ). The results are 

shown in table 3.2. 
 

Table 3.2: Ultimate analysis, material dry ash free (wt%) 

Feedstock Carbon Oxygen Hydrogen Rest 2 

Beechwood 1 49.3 6.1 45.0 0.1 

Cellulose 44.1 5.6 50.4 0.0 

Xylan 45.4 5.3 49.3 0.0 

Lignin I 65.5 5.1 26.5 2.9 

Lignin II 61.4 4.4 37.7 0.5 
 

1) Data from Phyllis database ( www.ecn.nl/phyllis/ ) 

2) It comprises nitrogen (N), sulphur (S) and chloride (Cl) 
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3.5 Material Balance 

With the biomass characterized it is possible to calculate the C, H and O that is 

entering into the process. As explained before, the gases that are measured are CO, CO2, 

H2, CH4, C2H4, C2H6, H2O, O2 and Ar. Because argon is an inert gas and its flow is known 

it is possible to calculate the number of moles of gases produced. With this information 

three variables are defined which are related with the carbon material balance: Cgas, 

Ccombustion and Ctar. These three variables will show where the carbon from the original 

biomass will be present at the end of the gasification process. 

Cgas is the fraction of carbon from the original biomass that is present in the 

permanent gases, and is calculated according to equation 1: 
 

100⋅=

∑

biomass

i

i

gas
C

C

C        (1) 

 

Cgas is expressed in % and Ci represents the number of moles of carbon present in the 

component i. The suffix i represents the gases detected by the MS. Cbiomass is the total 

number of moles of carbon entering the process. 

After the gasification process is finished oxygen is allowed to enter in the system 

to combust the solid carbon that remained in the bed. Because CO2 and CO are measured 

during the combustion a new variable is defined that relates the input of carbon with the 

solid carbon that remains in the bed. This is done according to equation 2: 
 

1002 ⋅
+

=
biomass

COCO

combustion
C

CC
C      (2) 

 

Where Ccombustion is expressed in % with CCO2 and CCO representing the number of moles 

of carbon present in CO2 and CO respectively.  

 The last variable, Ctar, concerns the carbon that could not be accounted in our 

system and that we assume to belong to tars. It is calculated through difference, equation 

3: 

combustiongastar CCC −−= 100      (3) 

 

3.6 Energy Balance 

The energy content of the gas produced is also assessed. The calorific value of the 

feedstock is calculated as higher heating value (HHV) using equation 4 [Domalski et al. 

1986]: 
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ashSNOHCHHVbiomass ⋅−⋅+⋅−⋅−⋅+⋅= 0153.00686.012.012.0322.1341.0    (4) 
 

C, H, etc. are the mass and the ash fractions in wt% of dry material and HHV the heating 

value in MJ/kg. In the following table the HHV calculated for the different feedstocks is 

presented. 

Table 3.3: Higher heating values of the feedstocks used 

  Beechwood Cellulose Xylan Lignin I Lignin II 

HHV (MJ/kg) 19.2 18.0 16.4 25.9 22.5 
 

The moles of gases produced can be calculated and normalized with the weight of 

biomass introduced. In this way it is possible to calculate the HHV of the gas mixture. 

This is done according to equation 5: 
 

∑ ⋅=
i

iigas HHVmHHV      (5) 

 

HHVgas is expressed as MJ/kgbiomass, m as kgi/kgbiomass and HHVi as MJ/kgi. The suffix i 

determines the different gases produced. 

Since HHVgas and HHVbiomass have the same units a new variable, αenergy, is defined 

that relates the energy content in the gas to the calorific value of the feedstock. This new 

variable informs about the amount of energy present in the original feedstock that will be 

converted into the permanent gases. 
 

biomass

gas

energy
HHV

HHV
=α       (6) 

 

3.7 Experimental Procedure 

The experimental procedure can be divided into three steps. In the first step the bed 

is placed inside the reactor, the flow and type of carrier gas is chosen and the desired 

temperature settled. The second step concerns the introduction of the biomass particle 

when the temperature of the reactor stabilizes at the set point. When the gasification 

process is finished (when gas ceases to evolve from the bed) oxygen is allowed to enter, 

burning the solid carbon present in the bed. This will be the third step. As soon as the 

combustion is finished a new experiment can be performed without the necessity to cool 

down the reactor. All the experiments are repeated at least three times. It should be 

pointed out that prior to each set of experiments the MS calibration is checked. 

 

 



42  Chapter 3 

 

References 

Domalski, E.S., Jobe, T.L. and Milne, T.A., 1986: ‘Thermodynamic data for biomass conversion 

and waste incineration’. Solar Energy Research Institute, SERI/SP-271-2839 

GeneSys User Training Manual, available at www.essco.com 
Milne, T.A., Evans, R.J. and Abatzoglou, N., 1998: ‘Biomass gasifier tars, Their nature, 

formation and conversion’. Colorado, National Renewable Energy Laboratory, NREL, 

NREL/TP-570-25357 

Morf, P, Hasler, P. and Nussbaumer, T., 2002: ‘Mechanisms and kinetics of homogeneous 
secondary reactions of tar from continuous pyrolysis of wood chips’. Fuel, 81, pp. 843-853 

Reed, T.B., 1983: ‘Advances in Solar Energy’. Vol. 2, Edited by K.W. Boer and J.A. Duffle, 
American Energy Society, New York, pp. 125-174 

 
 
  



 

 

Chapter 4 

 

Pyrolytic Gasification 

 

Abstract 

This chapter addresses the influence of operational conditions like temperature, gas 

phase residence time and carrier agent over the gasification of cellulose. This section 

offers a deep insight into the mechanisms of biomass gasification. It is shown that tar 

cracking reactions are an important source of permanent gases and the main source for 

methane formation. One of the goals of this chapter is to assess the reproducibility and 

reliability of the experimental set-up and of the chosen methods of analysis.  

 

4.1 Pyrolysis 

Pyrolysis is a thermal process in which the biomass is heated in the absence of an 

oxidant. The biomass is converted into a solid (char), liquid (tars that condense at room 

temperature) and gas. The proportions of the product yields depend on the process 

conditions like heating rate, temperature and gas residence time. Pyrolysis is always the 

first step in combustion and gasification processes [Mohan et al. 2006]. Figure 4.1 

illustrates the process occurring after introducing a solid particle into an inert hot 

environment. During the transient heating phase of the particle, water, gases (e.g. CO, 

CO2), char and tar will be formed. These processes occurring inside the particle are 

known as primary pyrolysis reactions. Outside the particle the tar vapours are subjected to 

secondary tar forming reactions that alter both mass and composition of the tars and also 

produce more gas and char [Morf 2001]. The mineral matter from the parent biomass, 

which concentrates in the char, can work as a catalyst for the secondary reactions. In 

addition, char can itself be converted into gas species by gasification reactions with H2O 

and CO2. However the rates of char gasification are orders of magnitude lower than those 

of primary pyrolysis [Neves et al. 2011]. 
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Figure 4.1: Intraparticle and extraparticle tar formation and conversion, according to [Morf 2001] 
 

The distinction between primary pyrolysis (intraparticle) and secondary pyrolysis 

(extraparticle) cannot be made precisely as the secondary reactions of volatiles can occur 

already in the pores of the particle. In this way primary and secondary reactions might 

occur simultaneously in different parts of the fuel [Neves et al. 2011]. According to Evans 

and Milne [Evans and Milne 1987] this internal cracking is negligible for small particles, 

1-6 mm, whereas for large particles, of industrial interest, it becomes important and 

should be taken into account. 

 Based on the operational conditions three different modes of pyrolysis can be 

defined which will produce different product yields, as seen in table 4.1.  
 

Table 4.1: Typical product yields obtained by different modes of pyrolysis of wood [Bridgwater 

et al. 2001] 

  Slow Pyrolysis Fast Pyrolysis Flash Pyrolysis 

Liquid 30% 75% 5% 
Char 35% 12% 10% 
Gas 35% 13% 85% 

 

Slow pyrolysis is a process characterized by a slow heating rate (degrees per 

minute) to a final low temperature, 400ºC, and long residence times (several minutes). In 

this way the yield of char is maximized [Goyal 2008]. This process has been applied for 

thousands of years mainly for the production of charcoal [Mohan et al. 2006]. Fast 

pyrolysis works with high heating rate (hundred degrees per minute) at moderate 

temperatures, of around 500ºC, and very short residence time, of less than 2 s. Under 

these conditions, yields of 75% of liquids (tars) can be achieved. The liquid is formed by 

rapidly quenching the volatiles and thus “freezing” the intermediate products of the 

process. These liquids are called bio-oil. Fast pyrolysis has received considerable 

attention in the last years because the bio-oil has a higher energy density compared to the 

original biomass. It can be stored and transported, and used for energy, chemicals or as an 

energy carrier [Bridgwater 2011]. Flash pyrolysis uses much higher heating rates (several 
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hundred degrees per second). If used at high temperatures, up to 1000ºC, the gas yield is 

maximized.  It has received special attention since it was discovered that high yields of 

olefins and other valuable chemicals could be produced under these conditions [Graham 

et al. 1984] [Scott et al. 1988]. 

Several attempts have been made to describe the pathways of pyrolysis in order to 

explain its behaviour under different operational conditions. Shafizadeh [Shafizadeh 1982] 

proposed the model depicted in figure 4.2. This model is based on cellulose pyrolysis but 

since cellulose is the main constituent of wood it is commonly used as a model compound 

for biomass.   

 
 

Figure 4.2: Competing pathways for cellulose pyrolysis, according to [Shafizadeh 1982] 
  

The reactions in the first pathway are dominant at temperatures below 300ºC. They 

involve reduction in molecular weight by bond scission, appearance of free radicals, 

elimination of water, formation of carbonyl, carboxyl and hydroperoxide groups, 

evolution of CO and CO2, and finally production of a charred residue. At temperatures 

between 300ºC and 500ºC the second pathway becomes important. The decomposition of 

cellulose leads to the formation of primary tar that includes anhydrosugars (sugars from 

which one or more molecules of water have been eliminated, e.g. levoglucosan), 

randomly linked oligosaccharides and glucose decomposition products. At 500ºC the tar 

forming reactions gain importance over the formation of gases and char. At temperatures 

above 500ºC and at high heating rates, pyrolysis is dominated by the third reaction 

pathway. It includes fission, dehydration, disproportionation (the simultaneous oxidation 

and reduction of a substance reacting with itself), decarboxylation and decarbonylation 

reactions, producing a mixture of different gases and low molecular mass volatiles. These 

products are mainly formed by secondary reactions of the products from reaction pathway 

2. However, a direct conversion of cellulose to the low molecular weight fission and 

disproportionation products is also possible [Shafizadeh 1982] [Morf 2001]. 

With the molecular beam mass spectrometric technique (MBMS) Evans and Milne 

[Evans and Milne 1987] followed the molecular pathways of the fast pyrolysis of wood. 
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Their observations are depicted in figure 4.3. It is a more detailed scheme though its main 

conclusions are in accordance with Shafizadeh.  

               

 

Figure 4.3: Pyrolysis pathways at low pressure, adapted from [Evans and Milne 1987] 
 

Some gaseous species will be released directly from the primary pyrolysis 

reactions. This gas, called prompt gas, consists mainly of H2O, CO and CO2. CH4 can also 

be formed but only due to the cleavage of methoxy groups (O-CH3). The other products 

of primary pyrolysis are char and tar [Evans and Milne 1987] [Boroson et al. 1989] [Nunn 

et al. 1985a] [Hajaligol et al. 1982]. As the primary tars are mainly oxygenates they are 

very reactive. Acetol, acetic acid and guaiacol are important compounds [Morf et al. 

2002]. Primary tars are also the content of bio oil. Bio oil is the result of a rapid 

quenching of the product gas generated during fast pyrolysis at 500ºC. This fast 

quenching “freezes” the intermediate products of the fast degradation of biomass, the 

primary tars. Its elemental composition resembles the biomass from which it was derived 

far more than it resembles petroleum oils. More than 300 hundred components have been 

identified in this oil [Mohan et al. 2006].  

The sequential transformation of the primary products in the vapour phase goes 

through three stages. Between 500 and 600ºC already some cracking reactions occur (on a 

time scale of about one second). The second stage is the formation of secondary products 

characterized by CO, light olefins, and the formation of aromatics. This will happen at 

temperatures of around 700-850ºC [Evans and Milne 1987]. CO is the dominant gas 

product from secondary reactions accounting for over half of the converted tar. CH4, C2H4, 

H2 and to a lesser extent H2O and CO2 are also formed. This has been verified by several 

researchers [Boroson et al. 1989] [Graham et al. 1984] [Scott et al. 1988] [Lanza et al. 

2009]. Phenolic compounds and other monoaromatic hydrocarbons are typical 

representatives for the secondary tar component class [Morf et al. 2002]. The third stage 

leads to tertiary products characterized by PAH compounds (polycyclic aromatic 
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hydrocarbons). This can only happen at very high temperatures, 850-1000ºC [Evans and 

Milne 1987]. Naphthalene is considered the most important compound. According to 

Morf et al. [Morf et al. 2002] the formation and growth of PAHs is accompanied by 

hydrogen abstraction, which means that at this stage H2 will be formed. In this way the 

behaviour of H2 can be a good indicator of the extent of tertiary tars formation. 

It should be pointed out that in the scheme of figure 4.3 Evans and Milne try to 

distinguish the solid products by their origin. Charcoal retains the morphology of the 

original biomass; coke arises from continued thermolysis after the deposition of organic 

vapours; soot is formed from the homogeneous nucleation of high temperature 

decomposition products of hydrocarbons from the vapour phase [Evans and Milne 1987]. 

 The temperature and heating rate of the particle and the residence time of the gas 

phase play a crucial role in the pyrolysis process but there are other parameters with 

influence. The particle size can be seen in terms of heating rate. Small particles pyrolyze 

faster which means that the heating rate is higher. The same approach can be used for the 

influence of moisture. The increase of moisture content hinders the heating rate of the 

particle due to the heat requirements of moisture evaporation [Beaumont and Schwob 

1984]. Pressure also plays a role. According to Evans and Milne [Evans and Milne 1987] 

the direct production of liquids occurs mainly at pressures above atmospheric. Mok and 

Antal [Mok and Antal 1983] studied the influence of reactor pressure on cellulose 

pyrolysis. They report that the increase of pressure favours the formation of char and CO2 

and reduces the yields of CO and CH4.  

Other parameters that influence the process are bed additives, like dolomite and 

olivine, and the composition of the biomass material. They will be addressed in chapters 5, 

6 and 7 of this thesis. 

 

4.2 Experimental Work: Pyrolytic Gasification 

Cellulose is the most common biomass compound and the main component of 

wood. It has been widely used as a biomass model compound for pyrolysis tests [Lanza et 

al. 2009] [Antal 1983] [Graham et al. 1994]. In the open literature there is abundant 

information about its behaviour. Thus in order to check the reliability and reproducibility 

of our system cellulose was chosen as feedstock. The cellulose used was Avicel PH-101 

purchased from Sigma-Aldrich. The proximate and ultimate analyses of the cellulose 

were presented in chapter 3, tables 3.1 and 3.2 respectively. 

The present goal is to study the pyrolytic gasification of cellulose (pyrolysis at 

similar conditions to gasification) under the influence of certain operational parameters. 
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Our reactor operates as a highly turbulent fluidized bed which is chosen as it allows high 

temperatures and high heating rates [Scott et al. 1988]. The mixing of the biomass pellets 

with the fluid bed was studied visually in a cold flow glass mode. When in contact with 

the bed, the biomass particle is immediately swirled, due to the turbulent behaviour of the 

bed, submerging and resurfacing consecutively. The parameters chosen to study the 

reliability and reproducibility of the system are temperature and gas phase residence time. 

Each experiment is repeated at least three times, and the results presented here are the 

average values. Also the standard deviation is presented even though it cannot always be 

visualized in the figures. This happens because the symbols of the figures are just larger 

than the standard deviation values.  

 

4.2.1 Temperature 

The operational conditions used in these experiments are shown in table 4.2. The 

flow of the carrier gas was adjusted with temperature as an attempt to have constant gas-

phase residence times. In appendix 4A the calculations of the gas phase residence time are 

explained. The particle of cellulose was only introduced when the conditions at the 

reactor were considered at steady state. After the pyrolysis process (when no more gas is 

being released from the bed) oxygen was introduced to combust the solid carbon that 

remained in the bed.  

Table 4.2: Operational conditions 

Gas phase residence time (s) ≈ 5 

Biomass cellulose 

Bed material sand 

Carrier gas argon 

 
 Figure 4.4 shows the material balance of the carbon from the original biomass. As 

explained in chapter 3, Cgas is the fraction of carbon from the original biomass present in 

the non-condensable gases, Ccombustion is the solid carbon that remained in the bed after 

pyrolysis, and Ctar is the fraction of carbon that could not be traced and assumed to belong 

to tars. 
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Figure 4.4: Carbon from the original biomass distributed over permanent gases (Cgas), char 

(Ccombustion) and tars (Ctar), as function of temperature 
 

 Temperature plays a crucial role in pyrolysis. In the range studied there are crucial 

shifts between the patterns of the different product yields. Low temperatures favour char 

formation and high temperatures favour gas production. Above 600ºC the gases are 

always the main product and above 800ºC the cellulose conversion into gas is almost 

complete. Char yield at temperatures above 800ºC is always very low. The gas yield for 

cellulose is essentially the inverse of the tar yield, with negligible char yield except at the 

lowest temperatures. These results are in agreement with the data presented by several 

researchers [Lanza et al. 2009] [Scott et al. 1988] [Graham et al. 1984]. 

 Tars reach a maximum at 500ºC. This is in agreement with Kersten and co-workers 

that refer, in their review about biomass pyrolysis, that for a variety of feedstocks, the 

maximum yield of bio-oil (primary tars) is obtained at temperatures of around 400-550ºC 

[Kersten et al. 2005]. Above 500ºC tar yields decrease with the increase of temperature, 

indicating the start of cracking reactions. Above this temperature the gas yield is the 

inverse of the tar yield. This shows evidence of the role played by tar cracking reactions 

in the production of gas. This result is in accordance to the statement of Evans and Milne. 

They refer that cracking of primary tars can only happen at temperatures above 500ºC 

[Evans and Milne 1987]. 

 The behaviour of the analysed permanent gases with temperature is shown in 

figure 4.5. The results are normalized with the weight of the biomass “as received”. 

0

20

40

60

80

100

400 500 600 700 800 900

C
%

 b
io

m
as

s

Temperature (ºC)

C gas

C combustion

C tar



50  Chapter 4 

 

 
 

Figure 4.5: Gas composition as function of temperature 
 

 At 400ºC, CO2 and C2H6 are the main non-condensable gases produced, 

accounting for more than 90% in volume composition. CO is also present. CO2 and CO 

are known primary products with the amount of CO2 formed being larger than CO 

[Funazukuri et al. 1986]. However in our experiments ethane was also present in a 

substantial amount. It is assumed that C2H6 is formed due to the cracking of heavier 

hydrocarbons like iso-butene. These latter hydrocarbons are known intermediates in the 

pyrolysis process [Lanza et al. 2009] and easily crack into lighter molecules like C2H6. 

Ethane reached a maximum at 600ºC and above this temperature it is cracked into lighter 

components. Wang and Zhu [Wang and Zhu 2004] report that the dehydrogenation of 

paraffins to the corresponding olefins and hydrogen is performed at temperatures higher 

than 600ºC. According to the same researchers CO2 may react as well with C2H6, 

producing C2H4, CO and H2O. This may explain the similar behaviour between carbon 

dioxide and ethane in figure 4.5. The behaviour of C2H6 under the influence of 

temperature, between 500 and 900ºC, was studied at our facilities. Thermal cracking of 

C2H6 into C2H4 and H2 only occurred at temperatures higher than 600ºC, which is in 

accordance to Wang and Zhu. The reactivity of ethane with carbon dioxide was studied as 

well. CO2 did not react with C2H6 within the whole range of temperatures studied, which 

does not agree with Wang and Zhu [Wang and Zhu 2004]. CO2 has to participate then in 

other reactions, probably in the reforming of tars into permanent gases.   

Above 500ºC all the gases increase, especially CO which increases sharply. It is 

also above this temperature that C2H4 starts being formed. These results show the role 

played by tar cracking in the gas production. CO is the main product of tar cracking but 

also C2H4, CH4, H2 and CO2 are formed. This suggests that the dominant contribution to 

the yield of these products comes from secondary decomposition of the tar rather than 

from primary degradation of cellulose. The same is suggested by Hajaligol and co-
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workers [Hajaligol et al. 1982]. It should be pointed out that CH4 seems to be formed only 

from tar cracking reactions rather than from the methanation reaction (production of CH4 

and H2O at the expense of CO and H2). This reaction is kinetically favoured at low 

temperatures and as seen in figure 4.5, CH4 is hardly noticed at temperatures below 600ºC. 

Ethylene increases between 500ºC and 800ºC but above this temperature it is 

cracked, probably due to thermal cracking and steam reforming. The experimental work 

of Graf et al. [Graf et al. 2007] shows that the steam reforming of C2H4 produces mainly 

CO and H2. According to their results more than 80% of the carbon from C2H4 is 

transferred to CO. Trace amounts of CO2 and CH4 are also reported. When testing the 

thermal cracking of C2H6 at our facilities it was also noticed that the C2H4 formed would 

be thermally cracked into CH4 and H2 at temperatures above 800ºC. At the highest 

temperature studied, 900ºC, the water gas shift reaction is kinetically favoured. It was 

seen at our facilities that the increase of temperature in the range 500-900ºC favours the 

water gas shift reaction (H2 and CO2 production at the expense of CO and H2O). This is in 

agreement with Graham et al. [Graham et al. 1984]. This result may explain the increase 

of CO2 and H2 at 900ºC in figure 4.5. These results suggest that the steam reforming of 

ethylene and the water gas shift are the main reactions responsible for the changes in the 

gas composition above 800ºC, rather than tar cracking reactions. This explains why Cgas 

in figure 4.4 remains practically constant above 800ºC, while changes in the gas 

composition are still occurring. However changes are still happening in the nature of tars 

as we will see later. 

It is interesting to outline the behaviour of the analysed hydrocarbons. C2H6, the 

heaviest measured hydrocarbon, starts to crack at lower temperatures followed by C2H4. 

CH4, the lightest molecule, increases through all the range of temperature studied, though 

very slowly at higher temperatures. The same trend was seen in the work of Dufour et al. 

[Dufour et al. 2009]. The reactivity of these hydrocarbons shows evidence to a chain 

cracking sequence that progressively reduces the molecular weight of the products. This 

same cracking sequence was seen in our experiments when analysing the behaviour of 

C2H6 under the influence of temperature, in the range 500-900ºC. C2H6 starts to be 

cracked into C2H4 and H2 only at temperatures above 600ºC. The ethylene formed is then 

cracked, at temperatures above 800ºC, into CH4 and H2. In the temperature range studied, 

the cracking of CH4 was not noticed.   

Water yield, not shown in the figures, decreases when the temperature rises, 

implying that H2O is involved in some reactions at high temperatures. At 400ºC it 

accounts for more than 80%, on a volume basis, of the gas produced. At 600ºC its value 
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decreased to 32% and at the highest temperature studied it accounts for 15%. Scott et al. 

[Scott et al. 1988] and Hajaligol et al. [Hajaligol et al. 1982] point out that water increases 

slightly with the temperature. But in their case the gas phase residence time is about 500 

ms, while in our case it is around 5 s. This means that in our set of experiments H2O has 

time to participate in steam reforming reactions, like ethylene steam reforming, or even in 

the water gas shift reaction at the highest temperatures.  

It is well known that the nature of tars depends on the conditions of the overall 

process [Evans and Milne 1997]. As explained in chapter 3, it was decided to assign 

certain tar compounds to the different groups of tars in order to gather more information 

about their behaviour.  Acetol (C3H6O2) is assumed as a representative for primary tar. 

Toluene (C7H8) is considered as an intermediate though not always classified as a 

secondary tar. Naphthalene (C10H8) is considered as a model for PAHs. Though benzene 

(C6H6) is not considered as tar by several researchers, its presence is important and thus 

analysed. Figure 4.6 shows the influence of temperature on the above mentioned 

compounds. It should be stressed that the results are normalized to the maximum intensity 

measured in this set of experiments. 

  
Figure 4.6: Tar compounds as function of temperature 

  

The results show a dynamic system under the influence of temperature. Acetol 

behaves as a typical primary tar compound. Its content reaches a maximum at 600ºC and 

at 800ºC it gets almost completely converted. Toluene behaves as an intermediate, being 

converted at very high temperatures (800ºC) and its presence starts to be noticed at 600ºC. 

Naphthalene, as model for PAHs, starts being produced at high temperatures (800ºC) and 

reaches its maximum at the highest temperature studied, 900ºC. Benzene behaves 

similarly to naphthalene, increasing with temperature though its presence is already 
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noticed at temperature as low as 600ºC. This low temperature formation seems to point 

out that benzene is already a product of the cracking of primary tars. The appearance of 

naphthalene occurs at temperatures that do not transfer any more carbon into the 

permanent gases. This suggests that naphthalene is being formed out of rearrangement of 

tars. The results in figure 4.6 clearly show the effect of temperature on the nature of tars. 

Low temperatures favour primary tars rich in oxygen while high temperatures decrease 

the total amount of tars but favour the formation of polynuclear aromatics that are more 

difficult to crack. The results are also in agreement with the postulation of Evans and 

Milne that state that tertiary tars are exclusive with primary tars. The increase of one of 

them depends on the decrease of the other one [Evans and Milne 1997]. Figure 4.6 also 

shows that the formation of aromatics already occurs at 600ºC.   

The energy content of the product gas released by cellulose pyrolysis is assessed as 

well. For that purpose a new variable was defined in chapter 3, αenergy, which relates the 

energy present in the product gas with the energy content of the original biomass. This 

variable only takes into account the higher heating value of the gases analysed and 

presented in figure 4.5. In figure 4.7 the results related to αenergy are shown.  

 
Figure 4.7: Energy content of the product gas as function of temperature 

  

The trend of the energy content follows the pattern of Cgas from figure 4.4. If more 

gas is being produced with the increase of temperature, due to secondary tar cracking 

reactions, then the energy content of the gas is also increasing. Of course this can only 

happen if the main gases formed with the increase of temperature have high calorific 

value. This is indeed what occurs since it is shown in figure 4.5 that CO, H2 and CH4 are 

favoured with the increase of temperature. If CO2 and H2O were main products from 

secondary tar cracking reactions the values of αenergy would be lower because these gases 
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have no calorific value. With the increase of temperature the energy bounded to tars is 

transferred to the non-condensable gases. Above 800ºC around 90% of the energy present 

in the parent cellulose is transferred to the permanent gases. 

It was seen in figure 4.5 that the gas composition changes with the temperature. 

Consequently this is also reflected in the share of energy of each component as it is shown 

in figure 4.8. The role of C2H6 in the gas produced at lower temperatures can be seen. It 

accounts for more than 90% at 400ºC. With the increase of temperature this molecule is 

converted into lighter gases and as a consequence its share of energy also decreases. CO 

is the main product of tar cracking, but also CH4, C2H4 and H2 are formed. The share of 

energy of these components increases dramatically with the rise of temperature. At 700ºC 

CO already accounts for 39%. It is important to outline the behaviour of methane. CH4 

increases through the whole range of temperatures studied and above 700ºC stands as the 

second most important compound from an energetic point of view. At 900ºC it reaches 

almost 30% in the share of energy.   

 
 

Figure 4.8: Share of energy of each component at 400ºC, 700ºC and 900ºC 
 

4.2.2 Gas Phase Residence Time 

The operational conditions used in this set of experiments are shown in table 4.3. 

The residence time of the released gas from the biomass pyrolysis, before it is analyzed, 

was varied between 0.8 s and 7 s. This was accomplished by introducing the quartz 

capillaries, which connect the reactor to the MS, at different positions. Hereby the argon 

flow is kept constant in order to not change the fluidized bed behaviour. In appendix 4A 

the calculations of the gas phase residence time are explained.  
 

Table 4.3: Operational conditions 

Temperature (ºC) 800 
Biomass cellulose 

Bed material sand 
Carrier gas argon 

CO
3%

C2H6

97%

400 ºC

CO
38%

CH4

25%

C2H4

19%

H2

9%

C2H6

8%

700 ºC

CO
42%

CH4

29%

C2H4

14%

H2

14%

C2H6

1%

900 ºC
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Figure 4.9a shows the evolution of the product gas composition with the residence 

time. The results are presented on a volume basis, dry argon free. Figure 4.9b shows the 

material balance for the carbon from the original cellulose. Cgas is the fraction of the 

carbon from the biomass released as non condensable gas. Ccombustion is the solid carbon 

that remains in the bed after pyrolysis and Ctar is the carbon that could not be traced in the 

experiments and assumed to belong to tar.  

 
Figure 4.9: (a) Product gas composition, inert water free and (b) overall balance of carbon as 

function of gas phase residence time 
 

CO is the most dominant gas species when expressed on a volume percent basis, 

and represents more than 50% of the product gas. The volume fraction of hydrogen is also 

important and constitutes approximately 17% of the product gas. CH4, C2H4 and CO2 are 

also present in substantial amounts. These results are in agreement with data from 

Boronson et al. [Boronson et al. 1989], Graham et al. [Graham et al. 1984], Scott et al. 

[Scott et al. 1988] and Lanza et al. [Lanza et al. 2009]. Comparing both figures we see 

that, although the product composition remains constant through the residence time, the 

Cgas is increasing reaching a maximum at the highest residence times. This means that the 

volume of non-condensable gas is increasing with higher residence times. Since the value 

for Ccombustion remains constant, around 4-5% of the original carbon, the increase of gas 

released is due to secondary tar cracking reactions. CO is the main product of the cracking 

of tars but also CH4, C2H4, H2 and CO2 are formed. The same conclusion was reached 

when analysing the influence of temperature. The fact that the gas composition does not 

change with the gas phase residence time, in the range studied, implies that these 

permanent gases are formed by a single path and that their formation may be represented 

by a single equation. Based on a similar information Kersten [Kersten 2002] assumed in 

his model for biomass pyrolysis that the cracking of primary tars can be represented by a 

single stoichiometric reaction equation.  
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( ) +++++→ 6642425.464.123.6 08.045.036.13.186.1. HCHCCHCOCOtarprimOHC  

 ( )tarOCHH .sec4.04.2 1.03.02 +   (1) 

 

 In our work it is not possible to define such a detailed equation. However it is 

possible to determine how the carbon from the tar conversion is divided into the 

permanent gases. Through the freeboard the carbon converted from tars into permanent 

gases, in our experiments, follows equation 2: 
 

2424 05.012.015.069.0 COHCCHCOtar CCCCC +++→   (2) 

 

 This equation shows that CO is a major product of tar conversion. Almost 70% of 

the carbon converted from tars goes into CO. Only a small fraction of it goes into CO2.  

Water is also measured in our experiments. Its content increases with the residence 

time though not in the same proportions as the other gases. Due to this fact on a volume 

basis its content decreases with the gas phase residence time though its absolute amount is 

still increasing. This result means that water is also a product of tar cracking reactions 

which is in agreement with Wang and co-workers [Wang et al. 2009]. In our experiments 

H2O is a product but it may be a reactant as well in steam reforming reactions or even in 

the water gas shift reaction. This may explain its slight decrease on a volume basis though 

it increases in absolute amount. At the lowest residence time it accounts for 17 vol% (wet 

basis) and at the highest residence time for 15 vol% (wet basis). Ethane (C2H6) is also 

measured and its value decreases with the increase of residence time. On a volume basis it 

represents about 1.8% of the product gas at the lowest time and at the highest residence 

time studied 0.8%. This is also an expected result since C2H6 is a product of tar cracking 

reactions that is easily cracked at these temperatures [Graham et al. 1994].  

 Ccombustion remains constant throughout the residence time. This is an expected 

result since the temperature and heating rate do not change with the residence time of the 

gas phase. In our experiments, and as explained before, the residence time is studied by 

varying the length of the quartz capillaries and thus keeping the carrier gas flow constant. 

This means that the value of Ccombustion presented here encloses all the different solid 

products explained in figure 4.3. It might include charcoal, coke and soot. The fact that 

the value of Ccombustion remains constant, as seen in figure 4.9, proves the reproducibility of 

our system. 

Figure 4.10 shows the influence of the gas phase residence time over the different 

tar compounds that are analysed. The results are normalized to the maximum intensity 

measured in this set of experiments. Acetol (C3H6O2) is assumed as representative for 
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primary tar, toluene (C7H8) is considered as an intermediate tar and naphthalene (C10H8) 

is considered as model for PAHs. Though benzene (C6H6) is not considered as tar by 

several researchers its presence is important and also analysed. 

 
Figure 4.10: Tar compounds in function of gas phase residence time 

  

Attending to the conclusions reached with the influence of temperature it is 

expected that, due to the increase of the gas phase residence time, primary tars are 

converted and tertiary tars are formed. Figure 4.10 sustains this assumption. With the 

increase of residence time acetol is converted while naphthalene and benzene are formed. 

This shows that in the range of gas phase residence times studied, tars are being converted 

and rearranged leading to less amounts of tar but to more aromatics. There is no clear 

trend concerning toluene though it seems to be formed with the increase of the gas phase 

residence time. As an intermediate it may happen that toluene is formed and converted at 

a similar rate and therefore its content does not show a substantial change. It is interesting 

to notice that at the lowest residence time studied naphthalene is hardly noticed. It seems 

plausible to expect that at even lower gas phase residence times naphthalene would not be 

present. On the other side benzene already appears in substantial amounts at 0.8 s. From 

figure 4.6, when analysing the influence of temperature, it was pointed out that benzene 

may be formed from the cracking of the primary tars. The fact that it already exists at 0.8s 

sustains this first impression that benzene is formed form the cracking of those primary 

volatiles. These results, together with those from the influence of temperature, allow 

concluding that benzene is formed at much milder conditions than naphthalene. It is 

formed at lower temperatures, figure 4.6, and at lower gas phase residence times as seen 

in figure 4.10.  

Figure 4.11 shows the results concerning the energy content of the product gas. In 

figure 4.11a the trend of αenergy is presented. This variable relates the energy present in the 

product gas with the energy present in the parent cellulose. It only takes into account the 
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gases presented in figure 4.9a. Figure 4.11b shows the share in the energy content of each 

gas component presented in figure 4.9a.   

 
Figure 4.11: (a) Energy content of the product gas as function of the gas phase residence time and 

(b) share of energy of each component 
 

It can be seen that αenergy follows the trend of Cgas from figure 4.9a. This means that 

the energy bounded to tars is transferred to the non condensable gases. This happens 

because the main products formed from the tar cracking (e.g. CO, H2, CH4 and C2H4) 

have high calorific value. If CO2 and H2O were main products from the tar cracking 

reactions the values from figure 4.11a should be lower because these gases have no 

calorific value. The same conclusions were reached when analysing the influence of 

temperature. At the highest residence time almost 90% of the energy present in the 

cellulose is transferred to the product gas. From figure 4.11b it can be seen that CO, the 

dominant gas, has the highest share of energy. H2 is the second most dominant gas in 

terms of volume but because it is lighter, when compared to the others, its share in energy 

is only 11%. It should be stressed that CH4 and C2H4 account together for almost 50% of 

the energy content in the gas produced. These results are in agreement with those 

presented by Caubet and co-workers [Caubet et al. 1982]. 

 

4.2.3 Conclusions 

The study of the influence of temperature and gas phase residence time clearly 

shows that the pyrolysis process is very dynamic and the role played by the cracking of 

tars in the production of the permanent gases is crucial. CO occurs as the main product 

from tar conversion but also CH4, C2H4 and H2 are produced. In fact in the case of CH4 

the methanation reaction does not play a role in its formation. This reaction is kinetically 

favoured at low temperatures and CH4 is hardly noticed at temperatures below 600ºC. 
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From 500 ºC to 600 ºC the content of CH4 increases more than 5 times and from 600 ºC 

till 900 ºC it more than doubles. Increasing the severity of pyrolysis (increasing 

temperature and residence time) the tertiary compounds become an important fraction of 

tar. Benzene is formed at milder conditions than naphthalene. It is formed at lower 

temperatures and at lower gas phase residence times. These last results suggest that 

benzene is formed from the cracking of primary tars while naphthalene is formed from the 

rearrangement of intermediate tars.  

At 800ºC and 5 s of gas phase residence time almost 90% of the carbon and 90% 

of the energy from the parent cellulose are transferred into the permanent gases. The 

increase of temperature above 800ºC does not seem to bring substantial benefit to the 

quality of the gas. These sets of experiments also show the reliability and reproducibility 

of our system. 

 

4.3 Experimental Work: Carrier Gas 

In order to study the flexibility of the set-up the carrier gas was varied. Oxygen and 

water were introduced into the system and their influence on the thermochemical process 

of cellulose is analysed. Each experiment was repeated at least three times, and the results 

presented here are average values. Also the standard deviation is presented even though it 

cannot always be visualized in the figures. This happens because the symbols are larger 

than the standard deviation values. 

 

4.3.1 Oxygen 

Biomass gasification with air is easy and cheap. Its main disadvantage is that it 

produces a gas with low calorific value, 4-6 MJ/Nm3 (compared with natural gas at 36 

MJ/Nm3) due to the nitrogen introduced which dilutes the product gas. To overcome this 

problem oxygen can be used as reactant, producing a gas with medium calorific value of 

10-15 MJ/Nm3. However the use of pure oxygen as gasifying agent is expensive 

[McKendry 2002c]. 

In the process of gasification with oxygen (or air) the equivalence ratio (ER) is one 

of the most important operational variables. It is defined as the oxygen-to-fuel weight 

ratio used divided by the oxygen-to-fuel ratio of stoichiometric combustion. In biomass 

gasification it usually varies between 0.20 and 0.40 [Narváez et al. 1996]. In our 

experiments with oxygen this variable cannot be used since the introduction of the 

feedstock is not continuous. The biomass is introduced as a single particle and 

consequently the oxygen-to-fuel weight ratio will increase with time due to the 
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devolatilization of the solid feedstock. To overcome this problem a new variable is 

defined; ER*. This variable relates the amount of oxygen present in the reactor with the 

necessary oxygen for stoichiometric combustion. It is assumed that the devolatilization of 

the particle takes 20 s and with this information the number of moles of oxygen entering 

the reactor during the 20 s is calculated. The total number of moles account as the amount 

of oxygen present in the reactor. As with the equivalence ratio, the increase of ER* 

implies that more oxygen is available for the gasification. In appendix 4B the calculations 

behind ER* are explained. The operational conditions used in these experiments are 

summarized in table 4.4. 

Table 4.4: Operational conditions 

Temperature (ºC) 800 
Gas phase residence time (s) ≈ 5 

Biomass cellulose 
Bed material sand 

Carrier gas argon / oxygen 
 

Figure 4.12a shows the material balance of the carbon from the original biomass. 

Cgas is the fraction of carbon from the original biomass present in the non-condensable 

gases, Ccombustion is the solid carbon that remained in the bed after pyrolysis, and Ctar is the 

carbon that could not be traced and assumed to belong to tars. Figure 4.12b shows the 

evolution of the product gas composition with the oxygen content in the reactor. The 

results are normalized with the biomass “as received”. It should be pointed out that in 

these experiments there is no clear distinction between pyrolysis and combustion as seen 

previously. In the experiments with an inert carrier gas the particle of cellulose is 

introduced in the hot environment and after its devolatilization oxygen is introduced to 

combust the remaining solid carbon. Now, oxygen is always present and at a certain 

moment only char is being oxidized by the reactions (4) and (5).  
 

22)( COOC s →+      (4) 

COOC s →+ 2)(
2

1
     (5) 

 

Based on this it is assumed that the time of pyrolysis, in these experiments, is 

finished when only CO and CO2 are being measured. These late values of CO and CO2 

are then incorporated into the results of Ccombustion. Cgas is only related with the gases 

produced during the pyrolysis time. This is an attempt to separate pyrolysis from char 

oxidation reactions in order to compare the results between the different carrier agents. 
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Figure 4.12: (a) Overall balance of carbon and (b) product gas composition as function of ER* 

 

 Increasing the oxygen flow does not have great influence on the absolute values of 

the carbon balance material. There is an increase of carbon content in the permanent gases 

and a decrease of char. Since the values of Ctar seem to be constant in the range of ER* 

studied, the increase of gas yield is due to char oxidation reactions (4) and (5). This means 

that char oxidation reactions are already occurring during the pyrolysis time which shows 

the high reactivity of oxygen. Comparing the absolute values of Ctar one may assume that 

the tar yield is not influenced by ER* in the range studied, though there is influence in the 

nature of tar as we will see later.  

Substantial changes occur in the gas phase chemistry when the content of oxygen 

in the carrier gas increases as seen in figure 4.12b. As expected the oxidation reactions 

have higher impact with the increase of ER*. Carbon dioxide and water increase while all 

the other analysed gases (CO, H2, CH4 and C2H4) decrease. Similar behaviour was 

reported by Gil et al. [Gil et al. 1999] when comparing pyrolysis with air gasification. 

Comparing figure 4.12b with figure 4.12a one may postulate that, besides the partial 

oxidation of char, other reactions involving oxygen are occurring in the gas phase. It 

seems like O2 reacts in the gas phase with tars, changing the pyrolytic pathway of tar 

cracking. It was concluded from previous experiments (figures 4.5 and 4.9) that the main 

products of tar cracking, when no oxidant is used, are CO, H2, CH4 and C2H4. Since the 

absolute value of Ctar does not change with the increase of ER*, as seen in figure 4.12a, it 

is assumed that there is oxidation of tars producing more CO2 and H2O. In this way, 

instead of being oxidized, CO, H2, CH4 and C2H4 are simply not formed which explains 

their decrease through the range of ER* studied. The oxygen reacts with tars changing the 

pyrolytic pathway promoting CO2 and H2O rather than CO, CH4 and C2H4. Kinoshita et al. 

[Kinoshita et al. 1994] report changes in tar composition with the increase of equivalence 

ratio indicating that tars react with oxygen leading to the production of more CO2 and 
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H2O. In our experiments also the influence of oxygen in the tar composition is analysed. 

Figure 4.13 shows this effect. It should be stressed that the results are normalized to the 

maximum intensity measured in this set of experiments. 

  
Figure 4.13: Tar compounds in function of ER* 

 

 Oxygen has some influence in the tar composition. This is evident in the trend of 

acetol. The increase of ER* promotes the formation of this compound. The other 

components seem to decrease slowly with the increase of ER* but their trends are not as 

clear as the trend of acetol. According to these results oxidation of tar occurs and its 

composition seems to be driven towards the formation of more primary tars, rich in 

oxygen, rather the formation of tertiary tars. Since the value of Ctar remains unchanged 

this means that the amount of tar is the same. This allows us to think that O2 is reacting 

and changing the tar cracking paths leading to different products.  Upon the increase of 

oxygen the formation of acetol and CO2 is promoted while the formation of naphthalene, 

CO, CH4 and C2H4 is suppressed. From equation 2 (gas phase residence time) for each 

mol of CO produced, 0.22 mol of CH4 and 0.09 mol of C2H4 are also formed. Comparing 

the results for the two highest ER* ratios, for each mol of CO suppressed, 0.25 mol of 

CH4 and 0.14 mol of C2H4 are suppressed. These results are in fair agreement and sustain 

the hypothesis that oxygen changes the paths of tar cracking.   

Due to the changes that occur in the gas composition, figure 4.12b, one can already 

expect a decrease of the energy content of the product gas with the increase of ER*. This 

pattern is shown in figure 4.14. CO2 and H2O do not have calorific value and since they 

are the products favoured by the increase of oxygen in the system, the energy content of 

the product gas will decrease. Other researchers report similar results [Zhao et al. 2010] 

[Gil et al. 1999] [Wang and Kinoshita 1992]. 

0.0

0.2

0.4

0.6

0.8

1.0

0.00 0.05 0.10 0.21 0.43

I 
/ 

I m
ax

(-
)

ER* (-)

Acetol Toluene

0.0

0.2

0.4

0.6

0.8

1.0

0.00 0.05 0.10 0.21 0.43

I 
/ 

I m
ax

(-
)

ER* (-)

Benzene Naphthalene



Pyrolytic Gasification  63 

 

 
Figure 4.14: Energy content of the product gas as function of ER* 

 

4.3.2 Water 

Biomass steam gasification has received considerable attention lately since it 

generates a gas with medium calorific value, 13-20 MJ/Nm3 (the calorific value of natural 

gas is 36 MJ/Nm3). The disadvantage of steam gasification is that it is an endothermic 

process and by that heat has to be supplied from an external source [McKendry 2002c]. In 

this process the steam to biomass fed ratio (S/B) is an important operational parameter. It 

relates the amount of H2O with the amount of biomass {(kg H2O/h)/(kg biomass, as 

received, fed/h)} [Corella et al. 2008]. As with the ER in the process of gasification with 

oxygen, the variable S/B cannot be used in our analyses since our feedstock is not fed 

continuously. To tackle this problem a new variable is defined, S/B*, that relates the 

amount of H2O injected in the reactor with the amount of biomass. It is calculated in a 

similar way to ER*. If S/B* increases then more water is present in the reactor. In 

appendix 4C the calculations of S/B* are explained.  

Water is introduced in our system through argon. Before entering the reactor the 

argon passes through a bubbling bed of water. In order to change the water content being 

carried by the argon, the column bed size of water is changed. Upon the increase of the 

column size more water will be transported by the argon molecules. Of course this can 

only happen as long as the argon molecules are not saturated with water molecules. The 

amount of cellulose that is fed remains constant. The operational conditions of these 

experiments are shown in table 4.5. It should be pointed out that, due to limitations of the 

system, it was not possible to have high flows of water entering the reactor. This problem 

was associated with the mass spectrometer. At a certain threshold of water content, the 

MS measurement looses the accuracy and the signal becomes inconsistent. 
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Table 4.5: Operational conditions 

Temperature (ºC) 800 

Gas phase residence time (s) ≈ 5 

Biomass cellulose 

Bed material sand 
Carrier gas argon / water 

 

Figure 4.15a shows the evolution of the product gas composition with the water 

content in the reactor. The results are normalized with the biomass ‘as received’. In these 

experiments the water produced from the process could not be assessed. In figure 4.15b 

the material balance of the original carbon present in the cellulose is shown. 

 
Figure 4.15: (a) Product gas composition and (b) overall balance of carbon as function of S/B* 

 

In order to compare these results with those from argon and oxygen as carrier 

agents, there is the need to separate the devolatilization process from the char gasification 

process. As soon as the cellulose reaches the hot bed it will start its devolatilization. The 

water present in the system will react with the gas released till the moment that only char 

gasification is occurring through reaction 6. Based on this the pyrolysis period is assumed 

to be finished as soon as only CO and H2 are being measured, assumed to be generated 

only due to the char gasification (6).  
 

( ) 22 HCOOHC s +→+      (6) 

 

This means that the CO and H2 formed when only the heterogeneous char 

gasification is occurring are not accounted for in the results presented in figure 4.15a. 

Consequently Cgas, figure 4.15b, is only related with the gas formed during the pyrolysis 

time. A similar approach was followed when analysing the influence of oxygen. A direct 

consequence of this approach in the analysis of the results is that Ccombustion (char) remains 
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constant in the range of S/B* studied. This occurs because steam char gasification is a 

slow process. According to Dupont et al. [Dupont et al. 2007] the characteristic time for 

the steam gasification of a biomass particle at 800ºC is above 1h. This means that in the 

range of conditions studied the heterogeneous reaction does not have a significant 

influence on the results during the pyrolysis period. When analysing the results of 

gasification with oxygen it was concluded that char oxidation was occurring during the 

pyrolysis period. Due to that Ccombustion, figure 4.12a, decreases with the increase of the 

amount of oxygen. Comparing both compounds, oxygen and water, we can conclude that 

oxygen is a stronger reactant. DeGroot and Richards [DeGroot and Richards 1989] reach 

a similar conclusion and report that at 800ºC oxygen is 880 times more reactive than 

water for char gasification. 

According to figure 4.15a the gas composition does not show crucial changes upon 

the increase of the amount of water. H2 increases slightly while CO decreases. This might 

lead to the conclusion that the water gas shift reaction (7) is being promoted with the 

increase of S/B*. But CO decreases far more than the increase of H2 yield. Besides, CO2 

does not increase as it would be expected from reaction 7.  
 

222 HCOOHCO +→+      (7) 

 

Since less CO is being formed the Cgas, figure 4.15b, decreases through the range 

of S/B* studied. This leads to an increase of Ctar, which means that less tars are cracked 

compared to pyrolysis. The plausible explanation for this behaviour is that, rather than 

promoting tar reforming reactions, the increase of water seems to hinder the pyrolytic tar 

cracking path leading to less CO. Also the contents of CH4 and C2H4, known products of 

secondary tar cracking reactions, decrease slightly. It may be that the radicals generated 

by the tar cracking reactions are caught by the molecules of water and by that avoiding 

the formation of CO, CH4 and C2H4. 

There have been previous studies about the influence of steam in biomass 

gasification. Herguido et al. [Herguido et al. 1992] report an increase of gas yield and a 

decrease of tar content with the increase of the steam to biomass ratio. Turn et al. [Turn et 

al. 1998] report an increase of gas yield and increase of hydrogen with the increase of S/B. 

Franco et al. [Franco et al. 2003] reached similar conclusions. In their review about 

biomass steam gasification, Corella and co-workers [Corella et al. 2008] report that at 

constant temperature the tar yields decrease with the increase of S/B. They also conclude 

that the most promising range for S/B is between 0.40 and 1.0. There are some factors 

that may explain the discrepancy between our results and those from literature. Firstly, in 
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our experiments the biomass is not fed continuously and due to that the variable S/B 

cannot be applied. This also means that in our experiments the productions of H2 and CO 

due to char gasification (reaction 6) are not accounted for. In a continuous process the 

char remains in the bed and its gasification proceeds. In this way the gas yield increases 

with the increase of S/B due to char gasification. Secondly, in our system the amount of 

water could not be increased to high levels. It may be possible that at higher levels of 

water entering the reactor the steam reforming reactions are favoured leading to a 

decrease of tar yields. Thirdly, our feedstock was cellulose while in the studies cited, the 

feedstock used was lignocellulosic material. It is known that different biomass 

components produce different products composition. For example the tars produced from 

lignin pyrolysis are more thermally stable than the ones produced from cellulose pyrolysis 

[Nunn et al. 1985b]. It is possible that in the case of cellulose pyrolysis the amount of 

water introduced in our studies was hindering the pyrolytic tar cracking while with other 

type of biomass it might help.  

Figure 4.16 shows the influence of the content of water in the carrier gas over 

acetol, toluene, benzene and naphthalene. Only the highest S/B* ratio seems to have an 

effect in the tar compounds analysed. Even though the trends are not clear it seems that 

more water present in the system (in the range studied) promoted the presence of more 

tars. All the compounds reached their maximum at the highest value of S/B*. Attending to 

figure 4.15a one would expect a more substantial influence of water in the composition of 

tars. However, it is clear that the analysed tar compounds do not decrease upon the 

increase of the water content in the carrier gas which shows the lack of reactivity of water 

in tar reforming reactions at the conditions studied. 

  
Figure 4.16: Tar compounds in function of SB* 
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In figure 4.17 the energy content of the product gas is shown. The energy content 

of the product gas follows the trend of Cgas. Since less CO, CH4 and C2H4 are formed 

(even though more H2 is produced) the energy content decreases with the increase of the 

water content entering into the reactor. 

 
Figure 4.17: Energy content of the product gas as function of S/B* 

 

4.3.3 Conclusions 

Oxygen as a carrier agent promotes the formation of CO2 and H2O. At the highest 

ER* studied the amount of CO2 increased more than 10 times compared with the 

pyrolysis experiments when only argon is used. Oxygen seems to interact with the tars 

formed on the process and this interaction leads to the suppression of CO, CH4 and C2H4 

and to the formation of CO2, H2O and acetol. Water as a carrier agent promotes the 

formation of H2, though only slightly at the conditions studied. Water seems to hinder the 

tar cracking reactions at the conditions studied. From an energetic point of view an inert 

carrier gas seems to be the best option. Steam yields less gas and more tar. Oxygen yields 

more gas at the expense of char but this gas has lower quality than the pyrolytic gas. 

Oxygen is a stronger reactant than water which is seen in both char and tar reactions.  An 

inert environment is better for methane formation since the presence of O2 or H2O led to a 

decrease of CH4 content in the product gas. This is assumed to occur due to the 

interference of O2 and H2O in the tar cracking reactions which suppresses the CH4 

formation. 

 

 

 

0.6

0.7

0.8

0.9

1.0

0.00 0.05 0.10 0.15 0.20 0.25

α e
ne

rg
y

(-
)

S/B* (-)



68  Chapter 4 

 

References  

Antal, Jr. M.J., 1983: ‘Effects of reactor severity on the gas-phase pyrolysis of cellulose- and 

kraft lignin-derived volatile matter’. Industrial & Engineering Chemistry Product Research 

and Development, 22, pp. 366-375 
Beaumont, O. and Schwob, Y., 1984: ‘Influence of Physical and Chemical Parameters on Wood 

Pyrolysis’. Industrial & Engineering Chemistry Process Design and Development, 23, pp. 

637-641 

Boroson, M.L., Howard, J.B., Longwell, J.P. and Peters, W.A., 1989: ‘Product yields and kinetics 
from the vapor phase cracking of wood pyrolysis tars’. AIChE Journal, Vol.35, No.1, pp. 

120-128 
Bridgwater, A.V., Czernik, S. And Piskorz, J., 2001: ‘An Overview of Fast Pyrolysis’. In: 

Progress in Thermochemical Biomass Conversion, Volume 2, pp. 977-997 
Bridgwater, A.V., 2012: ‘Review of fast pyrolysis of biomass and product upgrading’. Biomass 

and Bioenergy, 38, pp. 68-94 
Caubet, S., Corte, P., Fahim, C. and Traverse, J.P., 1982: ‘Thermochemical Conversion of 

Biomass: Gasification by Flash Pyrolysis Study’. Solar Energy, Vol.29, No.6, pp. 565-572 
Corella, J., Toledo, J.M. and Molina, G., 2008: ‘Biomass gasification with pure steam in 

fluidized bed: 12 variables that affect the effectiveness of the biomass gasifier’. 
International Journal of Oil, Gas and Coal Technology, Vol. 1, Nos. ½, pp.194-207 

DeGroot, W.F. and Richards, G.N., 1989: ‘Relative rates of carbon gasification in oxygen, steam 

and carbon dioxide’. Carbon, Vol. 27, No. 2, pp. 247-252 
Dufour, A., Girods, P., Masson, E., Rogaume, Y. and Zoulalian, A., 2009: ‘Synthesis gas 

production by biomass pyrolysis: Effect of reactor temperature on product distribution’. 

International Journal of Hydrogen Energy, 34, pp. 1726-1734 

Dupont, C., Boissonnet, G., Seiler, J.M., Gauthier, P. and Schweich, D., 2007: ’Study about the 
kinetic processes of biomass steam gasification’. Fuel, 86, pp. 32-40 

Evans, R.J. and Milne, T.A., 1997: ‘Chemistry of tar formation and maturation in the 

thermochemical conversion of biomass’. In: Developments in Thermochemical Biomass 

Conversion, Vol. 2. Edited by A.V. Bridgwater and D.G.B. Boocock. London: Blackie 
Academic & Professional, pp. 803-816 

Evans, R.J. and Milne, T.A., 1987: ‘Molecular Characterization of the Pyrolysis of Biomass. 1. 
Fundamentals’. Energy & Fuels, Vol.1, No.2, pp. 123-137 

Franco, C., Pinto, F., Gulyurtlu, I. and Cabrita, I., 2003: ‘The study of reactions influencing the 
biomass steam gasification process’. Fuel, 82, pp. 835-842 

Funazukuri, T., Hudgins, R.R. and Silveston, P.L., 1986: ‘Product distribution in pyrolysis of 
cellulose in a microfluidized bed’. Journal of Analytical and Applied Pyrolysis, 9, pp. 139-

158 
Gil, J., Corella, J., Aznar, M.P. and Caballero, M.A., 1999: ‘Biomass gasification in atmospheric 

and bubbling fluidised bed: Effect of the type of gasifying agent on the product 
distribution’. Biomass and Bioenergy, 17, pp. 389-403 



Pyrolytic Gasification  69 

 

Goyal, H.B., Seal, D. and Saxena, R.C., 2008: ‘Bio-fuels from thermochemical conversion of 

renewable resources: A review’. Renewable and Sustainable Energy Reviews, 12, pp. 504-
517 

Graf, P.O., Mojet, B.L., Ommen, van J.G. and Lefferts, L., 2007: ‘Comparative study of steam 
reforming of methane, ethane and ethylene on Pt, Rh and Pd supported on yttrium-

stabilized zirconia’. Applied Catalysis A: General, 332, pp. 310-317 

Graham, R.G., Mok, L.K., Bergougnou, M.A., Lasa, H.I. and Freel, B.A., 1984: ‘Fast Pyrolysis 
(Ultrapyrolysis) of cellulose’. Journal of Analytical and Applied Pyrolysis, 6, pp. 363-374 

Graham, R.G., Bergougnou, M.A. and Freel, B.A., 1994: ‘The Kinetics of Vapour-Phase 
Cellulose Fast Pyrolysis Reactions’. Biomass and Bioenergy, Vol.7, Nos 1-6, pp. 33-47 

Hajaligol, M.R., Howard, J.B., Longwell, J.P. and Peters, W.A., 1982: ‘Product Compositions 
and Kinetics for Rapid Pyrolysis of Cellulose’. Industrial & Engineering Chemistry 

Process Design and Development, 21, pp. 457-465 
Herguido, J., Corella, J. and González-Saiz, J., 1992: ‘Steam Gasification of Lignocellulosic 

residues in a fluidized bed at a small pilot scale. Effect of the type of feedstock’. Industrial 

& Engineering Chemistry Research, 31, pp. 1274-1282 

Kersten, S.R.A., 2002: ‘Biomass Gasification in Circulating Fluidized Beds’. PhD Thesis, 
Twente University, Enschede, the Netherlands 

Kersten, S.R.A., Wang, X., Prins, W. and Swaaij, van W.P.M., 2005: ‘Biomass Pyrolysis in a 
Fluidized Bed Reactor. Part 1: Literature Review and Model Simulations’. Industrial & 

Engineering Chemistry Research, 44, pp. 8773-8785 
Kinoshita, C.M., Wang, Y. and Zhou, J., 1994: ‘Tar formation under different biomass 

gasification conditions’. Journal of Analytical and Applied Pyrolysis, 29, pp. 169-181 
Lanza, R., Nogare, D.D. and Canu, P., 2009: ‘Gas Phase Chemistry in Cellulose Fast Pyrolysis’. 

Industrial & Engineering Chemistry Research, 48, pp. 1391-1399 

McKendry, P., 2002c: ‘Energy production from biomass (part 3): gasification technologies’. 

Bioresource Technology, 83, pp.55-63 

Mohan, D., Pittman, Jr. C.U. and Steele, P.H., 2006: ‘Pyrolysis of Wood/Biomass for Bio-oil: A 
Critical Review’. Energy & Fuels, 20, pp. 848-889 

Mok, W.S.L. and Antal, Jr. M.J., 1983: ‘Effects of pressure on biomass pyrolysis. I. Cellulose 
pyrolysis products’. Thermochimica Acta, 68, pp. 155-164 

Morf, P.O., 2001: ‘Secondary Reactions of Tar during Thermochemical Biomass Conversion’. 
PhD Thesis; Swiss Federal Institute of Technology, Zurich 

Morf, P., Hasler, P. and Nussbaumer, T., 2002: ‘Mechanisms and kinetics of homogeneous 
secondary reactions of tar from continuous pyrolysis of wood chips’. Fuel, 81, pp. 843-853 

Narváez, I., Orío, A., Aznar, M.P. and Corella, J., 1996: ‘Biomass Gasification with air in an 
Atmospheric Bubbling Fluidized Bed. Effect of Six Operational Variables on the Quality of 

the Produced Raw Gas’. Industrial & Engineering Chemistry Research, 35, pp. 2110-2120 
Neves, D., Thunman, H., Matos, A., Tarelho, L. and Gómez-Barea, A., 2011: ‘Characterization 

and prediction of biomass pyrolysis products’. Progress in Energy and Combustion Science, 
37, pp. 611-630 



70  Chapter 4 

 

Nunn, T.R., Howard, J.B., Longwell, J.P. and Peters, W.A., 1985a: ‘Product Compositions and 

Kinetics in the Rapid Pyrolysis of Sweet Gum Hardwood’. Industrial & Engineering 

Chemistry Process Design and Development, 24, pp. 836-844 

Nunn, T.R., Howard, J.B., Longwell, J.P. and Peters, W.A., 1985b: ‘Product Compositions and 
Kinetics in the Rapid Pyrolysis of Milled Wood Lignin’. Industrial & Engineering 

Chemistry Process Design and Development, 24, pp. 844-852 

Scott, D.S., Piskorz, J., Bergougnou, M.A., Graham, R. and Overend, R.P., 1988: ‘The Role of 
Temperature in the Fast Pyrolysis of Cellulose and Wood’. Industrial & Engineering 

Chemistry Research, 27, pp. 8-15 
Shafizadeh, F., 1982: ‘Introduction to Pyrolysis of Biomass’. Journal of Analytical and Applied 

Pyrolysis, 3, pp. 283-305 
Turn, S., Kinoshita, C., Zhang, Z., Ishimura, D. and Zhou, J., 1998: ‘An experimental 

investigation of hydrogen production from biomass gasification’. International Journal of 

Hydrogen Energy, Vol. 23, No. 8, pp. 641-648 

Wang, S. and Zhu, Z.H., 2004: ‘Catalytic Conversion of alkanes to olefins by carbon dioxide 
oxidative dehydrogenation – A review’. Energy & Fuels, 18, pp. 1126-1139 

Wang, X., Kersten, S.R.A., Prins, W. and Swaaij, van W.P.M., 2009: ‘Biomass Pyrolysis in a 
Fluidized Bed Reactor. Part 2: Experimental Validation of Model Results’. Industrial & 

Engineering Chemistry Research, 44, pp. 8786-8795 
Wang, Y. and Kinoshita, C.M., 1992: ‘Experimental Analysis of Biomass Gasification with 

Steam and Oxygen’. Solar Energy, Vol. 49, No. 3, pp. 153-158 
Zhao, Y., Sun, S., Zhou, H., Sun, R., Tian, H., Luan, J. and Qian, J., 2010: ‘Experimental study 

on sawdust air gasification in an entrained-flow reactor’. Fuel Processing Technology, 91, 
pp. 910-914 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Pyrolytic Gasification  71 

 

Appendix 4A: Gas-phase residence time 

The influence of the gas phase residence time is studied placing the quartz capillaries, 

connected to the MS, at different positions. The temperature profile of the reactor showed 

isothermal conditions up to 32 cm above the bed. This is the maximum distance, above the bed, 

that the capillaries should be placed. The residence time is based on the superficial velocity of the 

carrier gas and also on the volume of gas released by the biomass. The flow of the carrier gas is 

calculated at the reactor temperature assuming ideal gas behavior. The superficial velocity will 

then be calculated based on the flow of the carrier gas and on the geometry of the reactor 

according to equation 4A.1: 
 

A

F
v 0

0 =       (4A.1) 

 

With: 

0v  superficial velocity of the carrier gas (m/s) 

0F  flow of the carrier gas at the corresponding temperature (m3/s) 

A  area of the freeboard of the reactor (m2) 
 

 The total volume of gas released can be assessed through the argon flow (as explained in 

chapter 3). It is assumed that the time of pyrolysis is 20 s. This assumption is based on the 

experiments of pyrolysis with the shortest gas phase residence time. The flow of gases released is 

then assumed as an average through the 20 s. The velocity of the gases released is calculated 

according to equation 4A.2. One should have in mind that the real flow of gases released is not an 

average since in the beginning of pyrolysis more gases are released than in the end.    
 

pyrolysis

gas

tA

V
v

.
1 =       (4A.2) 

 

With: 

1v  velocity of the released gases from biomass (m/s) 

gasV  volume of gases released by the biomass (m3) 

pyrolysist  time of the pyrolysis process, assumed as 20 s  
 

With both values of velocities the residence time can be calculated according to equation 

4A.3: 

l

vv 10 +
=τ       (4A.3) 
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With: 

τ  gas phase residence time (s) 
l  distance of the quartz capillary from the bed (m) 

 

Appendix 4B: ER* 

In the process of gasification with oxygen, the equivalence ratio (ER) is one of the most 

important operational variables. It is defined as the oxygen-to-fuel ratio used divided by the 

oxygen-to-fuel ratio of stoichiometric combustion. Unfortunately in our experiments this variable 

cannot be used since the feedstock is not introduced continuously. To tackle this problem a new 

variable is defined, ER*, which relates the amount of oxygen available for the biomass with the 

oxygen necessary for stoichiometric combustion. 
 

tricstoichiome

available

oxygen

oxygen
ER =*      (4B.1) 

 

The oxygen available in the process is calculated assuming that the time of pyrolysis is 20 

s, figure 4B.1. This assumption is based on the experiments of pyrolysis with the shortest gas 

phase residence time. Since the inlet flow of oxygen is known, the number of moles available 

during 20 s can easily be calculated.  

 
 

 

Figure 4B.1: Oxygen available assuming pyrolysis to occur during 20 s 
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The stoichiometric oxygen is calculated based on the stoichiometric combustion of the 

biomass (cellulose in our work): 
 

OHCOOOHC 2225106 566 +→+     (4B.2) 

 

On table 4B.1 the values related to the calculation of ER* are presented. 
  

Table 4B.1: Values of O2 available, O2 stoichiometric and ER* 

O2 available (mol) O2 stoichiometric (mol) ER* (-) 

9.04 x 10-5 1.86 x 10-3 0.05 

1.91 x 10-4 1.86 x 10-3 0.10 
3.91 x 10-4 1.86 x 10-3 0.21 

7.92 x 10-4 1.86 x 10-3 0.43 
 

Appendix 4C: S/B* 

In the process of biomass steam gasification the steam to biomass fed ratio (S/B) is an 

important operational parameter. It relates the amount of H2O with the amount of biomass [(kg 

H2O/h)/(kg biomass, as received, fed/h)]. Unfortunately in our experiments this variable cannot 

be used since the feedstock is not introduced continuously. To tackle this problem a new variable 

is defined, S/B*, that relates the amount of H2O injected into the reactor with the amount of 

biomass introduced. 
 

biomass

available

m

OH
BS 2*/ =  (4C.1) 

 

With: 

availableOH 2  mass of water available during the pyrolysis time (g) 

 biomassm  mass of biomass “as received” introduced in the reactor (g) 
 

The steam available in the process is calculated assuming that the time of pyrolysis is 20 s. 

This assumption is based on the experiments of pyrolysis with the shortest gas phase residence 

time. Since the inlet flow of water is known, the grams available during 20 s can easily be 

calculated. This is the same approach used for the calculation of ER*. On table 4C.1 the values 

related to the calculation of S/B* are presented. 
 

Table 4C.1: Values of H2O available, biomass weight and S/B* 

H2O available (g) biomass "as received" (g) S/B* (-) 

1.82 x 10-3 0.0525 0.04 

4.82 x 10-3 0.0524 0.09 
1.17 x 10-2 0.052 0.23 
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Chapter 5 

 

Bed Materials: Dolomite  

 

Abstract 

This chapter addresses the influence of dolomite and related compounds (magnesite and 

calcite) over the pyrolytic gasification of cellulose. It is shown that the pores that are 

formed due to the calcination play a crucial role in the effect of these materials. A 

fraction of the generated tars is physically adsorbed in the pores of the materials. These 

stored tars continue their cracking conversion and the formed products react with the 

materials. Dolomite and related compounds convert benzene and naphthalene but do not 

convert methane. The influence of operational conditions like temperature, gas phase 

residence time and carrier agent (H2O and O2) is also tested when dolomite is used as 

bed material.  

 

5.1 Catalytic Gasification 

Gasification is a thermochemical process that can convert the solid biomass into a 

product gas through partial oxidation at high temperatures. The product gas contains H2, 

CO, CO2, CH4, other hydrocarbons (e.g. C2H4, C2H6) and H2O, but also some 

contaminants like tars (condensable organics), hydrogen sulphide (H2S), ammonia (NH3) 

and hydrogen chloride (HCl). The product gas can be further conditioned, with the 

removal of contaminants and adjustment of its composition, for the production of 

electricity, chemicals or transportation fuels. Tars are considered as the bottleneck of the 

gasification processes. Their conversion or destruction is seen as one of the greatest 

technical challenges to overcome for the successful development of commercial 

gasification technologies. Tars are problematic because they can condense already at 

400ºC blocking and clogging process equipments downstream the gasifier. Besides this, 

they are poisonous for catalytic reactors [Xu et al. 2010] [Li and Suzuki 2009] [Rapagnà 

et al. 2010] [Evans and Milne 1997] [Myrén et al. 2002]. 
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Already in chapter 2 the problem of contaminants present in the product gas and 

the different treatments that can be applied was addressed. Catalysts are one type of 

treatment that can be used. This method is also known as hot gas cleaning since the 

catalysts can be applied at the same temperatures as the gasification process. In this way 

tars can be converted into desirable gas components thus retaining their chemical energy 

in the product gas and avoiding treatment of an additional waste stream [Dayton 2002]. 

The catalysts serve two primary options: to increase the yield of gas at the expense of tars 

and char and to tailor the composition of the gas to the specific desired product [Baker et 

al. 1984]. They can be applied in the gasifier itself as bed material (primary catalysts) or 

in a secondary reactor, downstream the gasifier (secondary catalysts) [Devi et al. 2003]. 

Important catalytic reactions in the conversion of biomass to fuels that influence the 

syngas composition are: thermal cracking (1), steam reforming (2), dry reforming (3) and 

water gas shift (4) [El-Rub et al. 2004]. 
 

gasHCsCHC yxmn ++→ )(       (1) 

( ) 22 2/ HmnnCOOnHHC mn ++→+     (2) 

( ) ( ) 22 2/2 HmCOnnCOHC mn +→+     (3) 

222 HCOOHCO +↔+       (4) 

 

There have been several studies about catalytic biomass gasification and several 

reviews are available in literature [Bulushev and Ross 2011] [Xu et al. 2010] [Sutton et al. 

2001] [Han and Kim 2008] [Yung et al. 2009] [El-Rub et al. 2004] [Dayton 2002] [Milne 

et al. 1998] [Devi et al. 2003]. It is interesting to notice that different research institutions 

categorize the catalysts into different groups. For example, Sutton and co-workers [Sutton 

et al. 2001] divide the catalysts into three groups (dolomite, alkali catalysts and nickel 

catalysts) while El-Rub and co-workers [El-Rub et al. 2004] divide them into nine groups 

lumped into two main classes based on their production method (minerals and synthetic 

catalysts). In this thesis it was decided to divide the catalyst into two groups: nickel 

catalysts and “naturally occurring” catalysts. It has to be stressed, however, that it is not 

our intention to lump all the available catalysts for biomass gasification into these two 

groups. This division is just based on the content of this thesis. A brief introduction will 

be made concerning these two groups of catalysts. For extensive information concerning 

catalytic biomass gasification the reader is referred to the reviews cited before.  

Steam and dry reforming reactions (equations 2 and 3) are catalyzed by group VIII 

metals, amongst which nickel is the most widely used in the industry. Commercial nickel 

catalysts have high tar destruction activity with the advantage of completely reforming 
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methane. They also catalyze the water gas shift reaction towards the production of 

hydrogen under gasification conditions. Unfortunately, when used as primary catalyst this 

material undergoes rapid deactivation due to the harsh environment inside the gasifier. 

Coke formation and catalyst attrition lead to rapid loss of activity. Consequently they are 

often used in a secondary fixed bed reactor. Nickel catalysts have other disadvantages 

when used in biomass gasification. It is an expensive material and the disposal of the 

spent toxic Ni catalyst poses an environmental hazard [Dayton 2002]. 

“Naturally occurring” minerals are abundant, relatively inexpensive and disposable 

which makes them attractive to use in the gasifier bed. Dolomite, a calcium magnesium 

ore, has been extensively investigated as a biomass gasifier tar destruction catalyst. In this 

chapter the role of dolomite and related compounds is addressed. Olivine, a magnesium 

aluminosilicate, is considered as an interesting alternative to dolomite. The role of olivine 

in the process of biomass gasification is addressed in chapter 6. 

 

5.2 Dolomite 

Dolomite is a calcium magnesium ore with the general formula MgCO3·CaCO3, 

and has attracted much attention as a catalyst in biomass gasification as it is a cheap and 

disposable material that can significantly reduce the tar content of the product gas from a 

gasifier. It may be used as a primary catalyst, introduced directly into the gasifier, or as a 

secondary catalyst in a downstream reactor, often referred as guard bed [Sutton et al. 

2001]. In order to become active the dolomite needs to be calcined [Hu et al. 2006] 

[Corella et al. 2004] [Dayton 2002] [Gusta et al. 2009] [Wang et al. 2005]. Hu and co-

workers [Hu et al. 2006] compared calcined dolomites (calcination at 900ºC) with raw 

dolomites. They concluded that the tar cracking activity is improved with calcination 

which leads to an increase of around 37% of the gas yield. Calcination occurs due to the 

release of carbon dioxide bounded to the material upon the increase of temperature. 

Figure 5.1 presents the results of the thermal decomposition of the dolomite used in our 

work. 
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Figure 5.1: Thermogravimetric analysis of natural dolomite 

 

The calcination of dolomite occurs through two steps: 
 

( ) 2323 COMgOCaCOCOCaMg ++→     (5) 

23 COCaOCaCO +→       (6) 

 

The course of the decomposition strongly depends on the CO2 partial pressure. The first 

loss, at lower temperatures, corresponds to the release of CO2 bounded to the MgCO3. 

The second loss, at higher temperatures, corresponds to the release of CO2 from CaCO3. 

Calcination leads to changes in the chemical composition on the surface and in the 

porosity of this mineral. Calcined dolomite has a significant increase of the specific area 

and total pore volume. The calcined dolomite possesses new surface properties, both 

structural (the total surface area increases) and chemical (dolomite is converted to porous 

MgO-CaO) [Staszczuk et al. 1997].  

Olivares and co-workers [Olivares et al. 1997] studied the influence of dolomite 

used as primary catalyst in biomass gasification with steam-oxygen mixtures. They report 

a decrease in tar and CO content and an increase of gas yield and H2. They concluded that 

calcined dolomite is active for steam and dry reforming as well as for the water gas shift 

reaction. They also report that 10% of calcined dolomite in the gasifier bed is enough to 

significantly improve the product distribution and gas quality. Pérez et al. [Pérez et al. 

1997] studied the influence of dolomite placed downstream of the gasifier in the hot gas 

cleaning. They point out a decrease of tar, increase of gas yield and influence in the water 

gas shift reaction. They say that dolomite has catalytic activity for both steam and dry 

reforming. The calcined dolomite used was 9-10 times more active for tar elimination 

than for CH4 elimination. Hu and co-workers [Hu et al. 2006] also point out the lack of 
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dolomite activity in the CH4 elimination. Corella and co-workers [Corella et al. 1999] 

compared the effectiveness of dolomite according to its location: in the gasifier or in a 

secondary bed downstream the gasifier. They report a slightly higher activity when placed 

downstream. More tars are cracked and, furthermore, the water gas shift reaction towards 

production of hydrogen is enhanced. However, from an economic perspective they 

concluded that the second reactor can be omitted, placing the dolomite directly in the 

gasifier, since the higher chemical effectiveness is not worth the investment.  

The chemical composition of dolomite may vary from source to source but it 

generally contains 30 wt% CaO, 21 wt% MgO and 45 wt% CO2. It also contains the trace 

minerals SiO2, Fe2O3 and Al2O3. The surface areas and pore sizes of the various types also 

differ [Sutton et al. 2001]. Yu et al. [Yu et al. 2009] investigated five different dolomites 

and report that the dolomites with the lowest content of CaO and MgO (highest content in 

Fe2O3 and SiO2) showed the lowest tar cracking efficiency. They also state that, besides 

the chemical composition, the surface properties are also important for tar cracking 

efficiency. Orío and co-workers [Orío et al. 1997] investigated different dolomites as well 

and report an increase of activity towards tar cracking with the increase of iron content 

and pores diameter in the dolomites. Similar conclusions were reached by Gusta et al. 

[Gusta et al. 2009] in their study with six dolomites from different regions. The dolomites 

significantly improved tar conversion by an average of 21% over non catalytic results. 

Wang and co-workers [Wang et al. 2005] modified the natural dolomite with the addition 

of Fe2O3 powder to increase its content in iron. Their results show higher activity towards 

the tar cracking by the modified dolomite compared with the natural ore, which was 

attributed to the higher iron content. 

The main drawback with dolomite is that after calcination it becomes friable and, 

therefore, it easily erodes. This leads to the production of fines that are carried away with 

the product gas. As a consequence the raw gas has a high particulate content and needs to 

be cleaned. Also, since the bed material is eroding and disappearing, fresh dolomite needs 

to be constantly added to the gasifier [Corella et al. 2004] [Hu et al. 2006] [Dayton 2002]. 

Dolomite related compounds like magnesite (MgCO3) and calcite (CaCO3) have 

also been studied as catalysts in biomass gasification. These materials also need to be 

calcined in order to become active. Delgado et al. [Delgado et al. 1996] compared the 

activity of dolomite, magnesite, calcite and a steam reforming nickel based catalyst with 

an inert bed material in the steam biomass gasification process. All of them showed high 

activity for tar cracking. The order of activity obtained was Ni catalyst > calc. dolomite > 

calc. calcite > calc. magnesite. They also point out that only the nickel catalyst was able 
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to reform methane. They also performed some tests to assess deactivation of the minerals 

due to coke formation. With respect to catalyst life, dolomite was the best material, 

followed by calcite and magnesite. In terms of gas composition, it did not vary 

significantly among the different minerals. Simell and Bredenberg [Simell and 

Bredenberg 1990] report that several laboratory investigations have shown that materials 

containing calcium, such as dolomite and limestone, decompose tars nearly as well as 

nickel catalysts in the temperature range of 700-900ºC and at residence times of 0.1-0.8 s. 

Apparently these materials catalyse water gas shift, water gas and tar dehydration 

reactions but, contrary to nickel catalysts, they show limitations in the cracking of CH4. 

This same group [Simell et al. 1992] conducted investigations on the catalytic activity of 

several different dolomites and limestone (CaCO3). They concluded that the activity of 

the carbonate rocks increased with the decreasing of Ca/Mg ratio and with a smaller grain 

size of the original rock. They relate the activity of dolomite to its large pore size. Xie and 

co-workers [Xie et al. 2009] studied the influence of additives on steam gasification of 

biomass performed in a fixed bed reactor. With rice straw as feedstock and at 800ºC they 

report a decrease of tar yield when dolomite, CaO and MgO are used. More gas and more 

solid carbon were generated. Dolomite revealed a better effect in increasing the gas yield 

compared with MgO and CaO. They attribute this behaviour to a better synergetic effect 

which improves the activity and stability of dolomite, though it is composed of MgO and 

CaO. In this way the cracking reactions of tar are better improved by dolomite than CaO 

and MgO alone. The same conclusion is reached when analysing the product gas 

composition. The water gas shift is better improved by dolomite with an increase in H2 

and CO2. Xu et al. [Xu et al. 2005] studied the effect of CaO on atmospheric gasification 

of biomass. They report that the addition of CaO greatly increased the H2 content and 

decreased the CO content. They attribute this trend to the promotion of the water gas shift 

and tar reforming/cracking reactions by the CaO. 

An interesting concept that applies calcite or dolomite as bed material is the 

adsorption enhanced reforming process (AER). The goal of this process is to enhance the 

production of hydrogen from biomass steam gasification by in-situ capture of carbon 

dioxide. The AER principle is schematized in figure 5.2. 
. 
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Figure 5.2: The adsorption enhanced reforming (AER) principle [Pfeifer et al. 2007] 
 

 According to thermodynamics if CO2 is captured during the biomass steam 

gasification the water gas shift and water gas reactions (equations 7 and 8 respectively) 

are driven towards the production of H2 and CO2 according to Le Chatelier principle 

[Florin and Harris 2008].  
 

222 HCOOHCO +↔+       (7) 

222 22 HCOOHC +↔+       (8) 

 

 CaO is the material used because it is capable of removing CO2 to very low 

concentrations under conditions suitable for biomass gasification. CaO may be derived 

from a range of abundant and inexpensive precursors including limestone (CaCO3), 

dolomite (CaMg(CO3)2) and calcium hydroxide (Ca(OH)2). The adsorption of CO2 by 

CaO is dependent on the temperature and partial pressure of CO2, according to figure 5.3.  

  
Figure 5.3: Equilibrium vapour pressure of CO2 over CaO [Baker 1962] 

 

The CO2 is captured in the form of CaCO3 at moderate temperatures (450-700ºC) 

according to the carbonation reaction: 
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)()()( 32 sCaCOgCOsCaO →+      (9) 
 

The sorbent can be regenerated to produce CaO and CO2 by heating the material to 700-

950ºC, depending on the CO2 partial pressure, according to the calcination reaction: 
 

)()()( 23 gCOsCaOsCaCO +→      (10) 
 

Florin and Harris [Florin and Harris 2007] developed a thermodynamic 

equilibrium model to study the influence of a CO2 sorbent. They report a 20% increase of 

H2 when CaO is used compared with a system without capture of CO2. They predict a 

maximum of H2 yield (83 mol% dry basis) when the process is operated at atmospheric 

pressure within a moderate temperature range, 800-900 K. Xu et al. [Xu et al. 2005] 

studied the effect of CaO at 995 K and 1068 K on atmospheric gasification of biomass. 

More H2 was generated at the lowest temperature due to the CO2 capture which further 

promoted the water gas shift reaction towards H2 production. 

The AER process consists of a dual fluidized bed in which the bed material is CaO. 

As explained in chapter 2, a dual fluidized bed separates the gasification section from the 

combustion section. The bed material circulates between both units carrying the heat 

generated in the combustor into the gasifier. In the AER process, apart from its function 

as heat carrier, the CaO transports CO2 from the gasification to the combustion reactor. 

Careful control of the temperature in the reactors allows CaO to be carbonated in the 

gasifier, according to equation 9, and calcined in the combustor according to equation 10. 

In this way CO2 is selectively transported from the gasifier into the combustor by the CaO 

[Pfeifer et al. 2007]. Soukup et al. [Soukup et al. 2009] studied different types of calcites 

as bed material in the AER process. They report a produced gas rich in hydrogen (H2 55-

70 vol% dry basis). They point out that the amount of tars produced was about 5 times 

lower than the conventional process (850ºC with olivine) despite the low gasification 

temperatures (600-700ºC). One of the drawbacks is this process is the decay in the CaO 

reactivity through multiple CO2 capture and release cycles. According to Abanades and 

Alvarez [Abanades and Alvarez 2003] this phenomena occurs as a result of the loss of 

suitable volume in the sorbent during the successive cycles. More and bigger macropores 

are being formed at the expense of the micropores typical of the nascent CaO. In their 

review, Florin and Harris [Florin and Harris 2008] state that no CaO-based CO2 sorbent, 

with demonstrated high reactivity, maintained through multiple calcination/carbonation 

cycles (> 50), has been identified.  
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Calcium based materials (calcite and dolomite) are also commonly used as 

sorbents for SO2 in fluidized bed combustors. They adsorb SO2 on the basis of the 

following reaction (sulfation):  
 

)(2/1)()( 422 sCaSOOgSOsCaO →++     (11) 
 

Ryu et al. [Ryu et al. 2006] tested the CO2 capture capacity of three different 

limestones (CaCO3). Consecutive cycles of calcination and carbonation were performed 

with and without the presence of SO2. In all three cases the CO2 capture capacity 

decreased as the number of cycles increased. But this decrease occurred faster when SO2 

was present. Since reaction 11 is irreversible, under the conditions studied, the CaO that 

captures SO2 will not be available to capture CO2. On the other hand Grasa and co-

workers [Grasa et al. 2008] concluded that SO2 adsorption by CaO increases with the 

number of calcination/carbonation cycles. The large pores, typical for CaO particles after 

many cycles, are less subject to pore blockage during sulfation since the molar volume of 

the product CaSO4 is higher than CaCO3. This is an interesting result since it suggests that 

the deactivated CaO, from a CO2 capture loop, can become a more effective sorbent of 

SO2 than fresh CaO. 

According to Borgwardt and Roache [Borgwardt and Roache 1984], the sulphur 

capture might also occur by the reaction of H2S with CaO to form CaS. In fact they stress 

that CaS is thermodynamically more stable at higher temperatures than the CaSO4 formed 

under oxidizing conditions. At temperatures below the calcination temperature the CaCO3 

reacts with H2S according to the direct sulfidation reaction, equation 12. If the 

temperature is above the calcination temperature first there is calcination of CaCO3 

followed by the sulfidation of the calcined sorbent, according to equation 13. If dolomite 

is used only the Ca fraction is active since MgS is unstable at the relevant conditions 

[Diego et al. 2004].  
 

OHCOsCaSgSHsCaCO 2223 )()()( ++→+    (12) 

OHsCaSgSHsCaO 22 )()()( +→+      (13) 
 

Fenouil and Lynn [Fenouil and Lynn 1995] tested three different calcium based 

sorbents, limestone, dolomite limestone and dolomite. Above the calcination temperature 

of CaCO3, complete conversion of CaCO3 to CaS is achievable for the three sorbents. The 

reaction rate increases as the magnesium-to-calcium ratio increases in the sorbent. For 

temperatures below the calcination temperature of CaCO3, only with dolomite the 

complete conversion to CaS could be achievable. Borgwardt and Roache [Borgwardt and 
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Roache 1984] concluded that the specific reaction rate of H2S is directly proportional to 

the superficial surface area of the particles.  

CaO and MgO are also known sorbents for HCl capture. They react easily with 

HCl forming CaCl2 and MgCl2 with melting points of 774ºC and 713ºC, respectively. As 

a consequence if the temperature is higher than 800ºC these solids will melt and 

agglomerate causing the collapse of the bed and forcing the gasification process to stop. 

This means that feedstocks with high content in chlorine (above 0.5 wt%) should not be 

gasified with these bed materials [Corella et al. 2008]. 

Ammonia (NH3) and hydrogen cyanide (HCN) are the most significant nitrogen 

compounds formed in gasification. Leppälahti and co-workers [Leppälahti et al. 1991] 

studied the activity of dolomite and limestone in the decompositions of these compounds 

in the temperature range of 700-1000ºC. They concluded that these materials do not have 

any catalytic activity for decomposing NH3 (they behaved similar to the inert silicon 

carbide) although they reduced the HCN content of the gas. They also point out that the 

calcareous materials studied can increase the NH3 content in the gas at low temperatures 

by converting part of the tar organic nitrogen into ammonia.   

 

5.3 Experimental Work 

The influence of the bed material in the biomass gasification process is studied. 

The materials used were dolomite (supplied by Imerys), magnesite (supplied by Grecian 

Magnesite), calcite (supplied by Carmeuse) and alumina (supplied by Sigma-Aldrich). 

Three types of alumina were used: acidic, neutral and basic. All the materials were sieved 

to the range 0.15-0.25 mm. Their chemical composition is shown in table 5.1. 
  

Table 5.1: Chemical composition (wt%) of the different materials used 

  Dolomite Magnesite Calcite Alumina 

CaO 32.7 1.35 55.7 - 
MgO 19.8 44.9 0.34 - 

CO2 47.2 50.2 43.7 - 
SiO2 - 3.45 0.15 < 0.03 

Fe2O3 0.01 0.03 0.05 < 0.03 
Al2O3 - 0.02 0.05 > 99.5 

 

The dolomite, magnesite and calcite were calcined in-situ at 800ºC in an argon 

atmosphere. The process was assumed to be finished when CO2 ceased to evolve. Tests 

with these materials calcined at 900ºC were also performed but the results were similar to 

those when calcination occurred at 800ºC. Only the results concerning calcination in-situ 



Bed Materials: Dolomite  85 

 

at 800ºC are shown. The same type of hot treatment was applied to the aluminas. The 

physical characteristics of all the materials were analysed by N2 adsorption in a TriStar II 

3020 apparatus and the results are presented in tables 5.2 and 5.3. 
 

Table 5.2: Physical characteristics of the untreated materials 

   Dolomite Magnesite Calcite Alumina 

B.E.T. surface area m2/g 0.1 16.5 0.4 156.9 

Pore volume 1.7-300 nm cm3/g 4.8 x 10-4 2.4 x 10-2 2.1 x 10-3 2.4 x 10-1 

Average pore diameter nm 19.9 8.3 17.9 5.6 

 
Table 5.3: Physical characteristics of the treated materials 

    Dolomite Magnesite Calcite Alumina 

B.E.T. surface area m2/g 31.0 101.6 14.8 123.2 
Pore volume 1.7-300 nm cm3/g 2.0 x 10-1 2.6 x 10-1 8.7 x 10-2 2.5 x 10-1 

Average pore diameter nm 21.0 6.8 23.0 7.6 
 

As expected from literature, upon calcination dolomite becomes a porous material. 

Its surface area increases from 0.1 to 31 m2/g. Raw magnesite is already porous but after 

calcination its surface area increases more than 6 times. Calcite behaves similarly to 

dolomite and its surface area is about half of that of dolomite. Alumina has the highest 

surface area, 5 times more than dolomite, but the heat treatment seems to reduce the 

surface area of the alumina.   

The feedstock used in these experiments was cellulose. The reasons of this choice 

were already outlined in chapter 4. The cellulose used was Avicel PH-101 purchased from 

Sigma-Aldrich. Its proximate and ultimate analyses were presented in chapter 3, tables 

3.1 and 3.2 respectively. At the beginning of the experiments about 3.5 g of bed material 

is placed in the reactor. The temperature and carrier gas are chosen. When steady state is 

reached a particle of cellulose is dropped from the top into the hot fluidized bed. The 

weight of the biomass is always around 0.052 g and corresponds to 1-2% of the bed 

material weight. The gases evolved from the process are analysed on-line with a mass 

spectrometer. As soon as the gases cease to evolve from the biomass, oxygen is 

introduced into the system to combust the remaining solid. Each experiment was repeated 

at least three times, and the results presented here are an average value with the respective 

standard deviations. However, sometimes the values of the standard deviation cannot be 

seen because the symbols of the figures are larger than the respective values.  

It was noticed that, when dolomite and related compounds were used, gases were 

evolving from the bed for more than 10 minutes. The results were surprising since for 

sand this process would not take more than 30 s. In order to compare the results between 
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the different bed materials, it was decided to adjust them for the same period, called 

pyrolysis time. This time is assessed from the experiments with sand, an inert bed 

material. In the sand experiments pyrolysis is assumed to be finished when the gases 

cease to evolve from the bed. The time that this process takes corresponds to the defined 

pyrolysis period. Figure 5.4 shows a representation of this normalization. The other 

periods represented in this figure, thermal cracking and combustion, will be explained 

later in this chapter.  

sand

dolomite

1

2 3

Time (-)

Pyrolysis 
period

Thermal cracking Combustion

 
Figure 5.4: Volume of gas released by cellulose pyrolytic gasification for sand and dolomite 

experiments 

 

5.3.1 Dolomite and related compounds  

The influence of dolomite, magnesite and calcite over the pyrolytic gasification of 

cellulose is studied. Figure 5.5 shows the results concerning the composition of the 

product gas. The results are normalized to the biomass ‘as received’. The carrier agent 

was argon. The temperature of the process was 800ºC, and all components were calcined 

in-situ at this temperature prior to the experiments. The gas phase residence time was 

around 5 s. Calcination was assumed to be finished when CO2 ceased to evolve from the 

bed material. It should be pointed out that the results presented in this figure correspond 

to the respective gases evolved only during the previously defined pyrolysis period.     



Bed Materials: Dolomite  87 

 

 
Figure 5.5: Gas composition in function of bed material of cellulose pyrolytic gasification at 

800ºC and gas phase residence time of 5 s 
 

From a general overview the three materials behave very similarly. When 

compared with sand they seem to promote the water gas shift reaction. H2 and CO2 

increase at the expense of CO and H2O. Also C2H4 seems to be reformed while CH4 

remains unchanged though in the case of calcite there is a decrease in CH4 content. The 

interesting results arise when analysing the values from the overall balance of carbon, 

shown in figure 5.6. As explained in previous chapters, Cgas accounts for the carbon from 

the parent cellulose that is present in the non-condensable gases, Ccombustion accounts for 

the solid carbon that remains in the bed and Ctar accounts for the carbon that could not be 

traced and assumed to belong to tars. It should be stressed that Cgas is only related to the 

previously defined pyrolysis time and only takes into account the gases presented in 

figure 5.5. Ccombustion corresponds to the fraction of carbon traced in the process after the 

pyrolysis period. 

 
Figure 5.6: Overall carbon balance as function of the bed material of cellulose pyrolytic 

gasification at 800ºC and gas phase residence time of 5 s 
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For all bed materials Cgas decreases but this decrease seems to be balanced by the 

increase in Ccombustion. This means that the carbon that is missing in the gas phase stays in 

the bed. The plausible explanation is that a fraction of the tars that are formed during the 

pyrolysis process are immediately adsorbed by the material. Herewith, they are not 

present in the volatiles travelling through the freeboard where they would be cracked and, 

by this, producing a substantial amount of non-condensable gases, as it was concluded to 

happen in chapter 4. The bed materials work as tar holders avoiding the conversion of tars 

into gas and by that reducing the amount of carbon present in the permanent gases. 

Calcite is the material that seems to adsorb the largest amount of tars since it presents the 

largest value for Ccombustion. However, it may be premature to assume this conclusion as 

will be demonstrated later. Again, it should be stressed that Cgas concerns the gas 

generated during the previously defined pyrolysis time and Ccombustion concerns all the 

traced carbon after the pyrolysis time. 

As mentioned before, after the pyrolysis time gases were still evolving from the 

bed, when dolomite and related compounds were used, and this would occur for 

approximately 10 minutes. The main gases being released, during this period, were CO, 

CO2 and H2. This is assumed to happen due to thermal cracking of the tars stored in the 

bed. Figure 5.7 shows the results of this thermal cracking. To better understand the results, 

two new variables related with the carbon balance are defined. Ctc corresponds to the 

fraction of carbon from the feedstock that is present in the gases evolved from the thermal 

cracking of tars that are stored in the bed. Cs corresponds to the fraction of carbon from 

the feedstock that remains in the bed after pyrolysis and thermal cracking. Ccombustion 

corresponds to the sum of Cs and Ctc. According to figure 5.4, Cgas corresponds to the 

fraction of carbon traced in the pyrolysis period, Ctc to the fraction of carbon traced in the 

thermal cracking period and Cs to the fraction of carbon traced in the combustion period.  

 
Figure 5.7: a) Gas composition and b) carbon material balance from the thermal cracking of the 

stored tars as function of bed material 
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CO and H2 account for more than 90% of the volume of gases released during the 

thermal cracking of the adsorbed tars, however the materials exert different influence. 

Magnesite generates more CO2 and H2 and less CO than dolomite and calcite. Since water 

is not part of the environment this effect cannot be related with the water gas shift 

reaction. According to the values of Ctc the volume of gas released due to thermal 

cracking by the three materials is very similar. However, there are discrepancies in the 

amount of solid carbon generated. Calcite is the material that generates the largest amount 

while dolomite generates the least. These results point to a different interaction between 

the materials and the adsorbed tars.  

The results of Ctar from figure 5.6 point to a decrease of tars when the bed additives 

are used. In order to gather more information about the tar behaviour, certain tar 

compounds are analysed. These compounds are assumed to be representatives for the 

different groups of tars. Acetol (C3H6O2) is assumed as representative for primary tar. 

Toluene (C7H8) is considered as an intermediate and naphthalene (C10H8) is assumed as 

model for PAHs. Though benzene (C6H6) is not considered as tar by several researchers 

its presence is important and also analysed. Figure 5.8 shows the influence of the bed 

material on the above mentioned tar compounds. It should be pointed that the results are 

normalized to the maximum intensity measured in this set of experiments. 

  
Figure 5.8: Influence of bed material in the evolution of acetol, toluene, benzene and naphthalene 
 

As expected, from the previous results, all the materials show similar trends. The 

use of these catalysts leads to an increase of acetol and a decrease in benzene and 

naphthalene. More primary and less tertiary tars are present in the gas phase. These results 

seem to sustain a reduction in tar content in the gas phase upon the use of the different 

bed materials. From chapter 4 we know that tertiary tars are formed from the conversion 

of primary tars. With this in mind we may infer that the catalysts may work in two 
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different ways: either they reform the tertiary tars with primary tars as products; or they 

simply avoid the formation of tertiary tars and by that primary tars are not consumed.  

To assess all the information gathered about the influence of dolomite and related 

compounds it may be important to recall the main conclusions reached in chapter 4 about 

cellulose pyrolysis. Tar cracking reactions are a crucial source of permanent gases. CO is 

the main product of tar cracking reactions but also CH4, C2H4 and H2 are formed. In the 

case of CH4 and C2H4, conversion of tars seems to be the only source. It was also shown 

that the increase of the severity of the process (increase of temperature and gas phase 

residence time) leads to the conversion of acetol, primary tars, and the formation of 

naphthalene, tertiary tars. 

It seems evident from the above figures that dolomite and related compounds work 

as tar holders and that there is interaction between these materials and the adsorbed tars. It 

is also plausible to assume that not all the tars are adsorbed since, from figure 5.8, acetol, 

toluene, benzene and naphthalene are still measured in the product gas. According to 

figure 5.5 there is a clear distinction in the influence of dolomite and related compounds 

over C2H4 and CH4. The former is reformed while the latter remains unchanged. Posterior 

tests were performed to study the catalytic activity of dolomite over C2H4 and CH4 at 

800°C. It could be seen that C2H4 is reformed mainly into H2 and solid carbon, though not 

completely. CH4 remained indifferent to the dolomite. These tests are in agreement with 

the results presented in figure 5.5.  

From chapter 4 we know that CH4 is formed from tar cracking reactions. In figure 

5.5 it is shown that the CH4 content remains indifferent to the bed material used. This 

means that the fraction of tars that is adsorbed by the dolomite has to continue their 

conversion path releasing along the way CH4 and C2H4. The former is released, 

indifferently to the bed material, into the gas phase while the latter is at least partially 

reformed. This tar conversion path has to be similar to the path when sand is used, since 

the content of CH4 is the same regardless of the bed material. It seems reasonable, at this 

point, to assume that part of the C2H4 seen in the product gas, figure 5.5, belongs to the 

fraction of tars that is not adsorbed by the materials. Since the ethylene content is the 

same for all the bed materials (except sand) it seems as well plausible to assume that the 

fraction of tars adsorbed by the materials is the same. According to this, an increase in 

Ccombustion, shown in figure 5.6, does not mean that more tars are adsorbed. It may show 

instead a different interaction between the material and the stored tars. It was pointed out 

before that calcite is the material with the largest amount of carbon that remains in the bed 

after the pyrolysis time. This is sustained by the value of Ccombustion in figure 5.6. Also in 



Bed Materials: Dolomite  91 

 

figure 5.7 it is shown that more solid carbon is generated by the calcite during the thermal 

cracking of the stored tars. In figure 5.5 it is seen that the CH4 content decreases upon the 

use of calcite. Since this material did not reveal any activity, in posterior tests, towards 

CH4 cracking we may assume that this decrease occurs because CH4 is not formed. All 

these results point to a different interaction between the materials and the stored tar, that 

leads to a different tar cracking behaviour and consequently to different products. 

It has been shown that a fraction of tars is adsorbed by the dolomite and that these 

stored tars continue their cracking reactions leading to the release of permanent gases. 

Some of the gases are reformed by the dolomite while others are indifferent. If tars 

continue to be cracked while they are adsorbed in the dolomite, benzene and naphthalene 

have to be formed, as seen in chapter 4. But since there is less naphthalene and benzene 

present in the product gas, as seen in figure 5.8, then these compounds have to at least be 

partially reformed by the dolomite. Acetol seems to be a product of this reforming since 

its value increases upon the use of catalysts. After the so called pyrolysis time only CO, 

H2 and CO2 are noticed to evolve from the bed. There are no traces of acetol, toluene, 

benzene, naphthalene or even methane. This means that the adsorbed tars follow their 

conversion path reaching a final state where they are slowly, and due to thermal cracking, 

being converted into CO, H2, CO2 and solid carbon.  

Figure 5.9 summarizes the findings related with the role of dolomite in the 

pyrolytic gasification of cellulose. The numbers presented in this scheme represent the 

gases evolved during the different periods of the process defined in figure 5.4 (pyrolysis, 

thermal cracking and combustion). Table 5.4 shows the composition of these evolved 

gases. When cellulose is introduced in the hot environment it will be converted into gas, 

solid and tars. A fraction of tars will be adsorbed by the dolomite while the other fraction 

flows freely and will be converted into more gas. The adsorbed tars continue their 

conversion and the products interact with the dolomite, contributing as well to the gas 

released during the pyrolysis period. These are the different contributions to the gas 1. 

The composition of this gas is presented in figure 5.5. After the pyrolysis period, gas is 

still evolving from the dolomite, which is assumed to occur due to the thermal cracking of 

the stored tars. This gas is represented by the number 2 and its composition is presented in 

figure 5.7. When the thermal cracking is assumed to be finished, O2 is introduced in the 

reactor to combust the remaining solid carbon which will generate the gas 3, composed by 

CO and CO2. After the combustion the dolomite is considered clean. Posterior tests with 

the combusted dolomite showed that its physical characteristics did not change. It could 
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be visualised as well that the combusted dolomite had the original white colour while the 

dolomite with the stored tars was black. 

      
 

Figure 5.9: Scheme of the reactions occurring between the biomass and the dolomite 
 

Table 5.4: Gases released during the different periods 

  CO CH4 C2H4 C2H6 H2 CO2 

gas 1 x x x x x x 

gas 2 x    x x 
gas 3 x     x 

 

The energy content of the product gas released during the pyrolysis time and 

during the thermal cracking of the tars stored in the bed materials is also assessed. A new 

variable was defined in chapter 3, αenergy, which relates the energy present in the product 

gas with the energy content of the original biomass. This variable only takes into account 

the gases presented in figure 5.5, for pyrolysis, and the gases presented in figure 5.7, for 

thermal cracking. In figure 5.10 the results of αenergy are shown.  

 
Figure 5.10: Energy content of the produced gas from pyrolysis and thermal cracking of adsorbed 

tars as function of bed material at 800ºC and 5 s of residence time 
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The energy content of the product gas generated during the pyrolysis period 

follows the trend of Cgas, from figure 5.5, since αenergy is directly related with the 

composition and amount of gases released. If less gas is produced, the energy content of 

the gas also decreases. The studied catalytic bed materials generate less gas than the case 

of sand. This happens due to the physical adsorption of tars in the pores of these materials. 

Herewith, sand is the material that generates the gas with the highest energy content. In 

this figure the energy content of the gas released during the thermal cracking of tars 

adsorbed in the materials is also presented. Sand, as a non porous material, does not 

adsorb tars thus its αenergy for thermal cracking is equal to zero. It is interesting to notice 

that the gas released due to the thermal cracking of the tars adsorbed by all the materials 

has the same value of αenergy even though the composition is different, as seen in figure 5.7. 

Magnesite presents the main difference in composition, with less CO and more H2. 

However, since these gases have high heating value they balance each other which leads 

to the same values of αenergy. For a fair comparison between sand and the catalysts, the 

sum of the energies of the gases generated during the pyrolysis period and during the 

thermal cracking is also presented in figure 5.10. These “total” values may be seen as the 

energy content of a potential gas that could be released upon the use of the bed additives 

given enough time. Sand is still the bed material that generates the gas with the highest 

energy content. This can be explained by the solid carbon that remains in the bed after all 

the processes are finished. When sand is used, only 5% of the original carbon remains in 

the bed, while in the case of dolomite that value increases to 12%. For the other bed 

materials the values are even higher.  

Figure 5.11 shows the share in the energy content of each compound of the gas 

produced during the previously defined pyrolysis period. These figures exemplify the 

changes seen in the product gas composition upon the use of the dolomite. When sand is 

used, CO is the main gas and accounts for almost 40% in the share of the energy content. 

Dolomite promotes the water gas shift reaction; H2 formation at the expense of CO, which 

implies a reduction of the share of CO and an increase of the H2 share. Since CH4 remains 

unchanged with dolomite, it becomes the most important gas from the energy point of 

view.  
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Figure 5.11: Share in the energy content of each component during the pyrolysis period for sand 

and dolomite 

 

5.3.2 Alumina 

 The results with the porous catalysts (dolomite, magnesite and calcite) point to a 

physical adsorption of tars in the pores. To show further evidence of this phenomenon, 

similar tests were performed with alumina (Al2O3), a highly porous material. Three 

different types of alumina were used: basic, neutral and acidic alumina. All of them 

present the same physical characteristics that do not change substantially upon a heat 

treatment at 800ºC, as concluded from tables 5.2 and 5.3. Figure 5.12 shows the influence 

of the different aluminas in the pyrolytic gasification of cellulose. The results are 

normalized to the weight of the biomass ‘as received’. The conditions were the same as in 

the previous experiments: 5 s of gas phase residence time and 800ºC. The results 

concerning sand and dolomite are also presented in this figure as a basis for comparison. 

 
Figure 5.12: Gas composition as function of bed material of cellulose pyrolytic gasification at 

800ºC and gas phase residence time of 5 s 
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All the three aluminas (basic, neutral and acidic) behave in a similar way with the 

exception of water. CO, C2H4 and CH4 decrease while H2, CO2 and H2O increase when 

comparing with sand. A note should be made concerning water. It is assumed that basic 

and acidic aluminas adsorb water to become neutralized and due to that there is a 

discrepancy in the values of water between the different aluminas. It is thus assumed that 

the value of water concerning neutral alumina is the correct one. To show further 

evidence of this phenomenon, similar experiments were carried out with acidic alumina 

that was exposed to water prior to the tests. These results are presented in figure 5.12 as 

‘acidic alumina (H2O)’.  It can be seen that they are very similar to the neutral alumina. 

There is a clear distinction between the influence of dolomite and alumina. The 

water gas shift effect is clearly seen with dolomite but not so evident for alumina. In fact 

we see in figure 5.12 that CO2 and H2 increase while CO decreases whereas H2O 

increases. Posterior tests done at our facilities with the aluminas showed that they are 

catalytically active for the water gas shift though with less conversion when compared 

with dolomite. This means that if there was no water gas shift effect by the aluminas the 

water content would be even higher. These results already forecast a different interaction 

between the aluminas and the dolomite. Figure 5.13 shows the carbon material balance. It 

should be stressed that the results of Cgas concern the carbon released during the pyrolysis 

period while Ccombustion concerns all the carbon traced after the pyrolysis period. These 

periods are defined in figure 5.4. 

 
Figure 5.13: Overall carbon balance of cellulose pyrolytic gasification as function of the bed 

material at 800ºC and gas phase residence time of 5 s 
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However, when compared with dolomite less carbon is present in the permanent gases 

and more carbon remains in the bed for the aluminas. This could lead to the conclusion 

that more tars are adsorbed by the aluminas however, as explained before this may be a 

premature conclusion. In fact if we attend to the values of C2H4 we see that there are no 

substantial differences between the aluminas and dolomite. According to us this happens 

because the same fraction of tars is adsorbed by the aluminas and the dolomite. The same 

conclusion was reached when analysing the results for calcite. However there is a clear 

difference in the results of CH4. Its content decreases with the use of aluminas while it 

remains unchanged with dolomite. Posterior tests showed that the used aluminas are not 

active for CH4 cracking at these conditions. Thus the decrease of CH4 upon the use of 

aluminas shows evidence of a different interaction between these materials and the 

adsorbed tars. This interaction changes the path of tar cracking which leads to less CH4 

formation. This explains in addition the lower values of CO content even though the 

water gas shift reaction is stronger for dolomite. Attending to figures 5.12 and 5.13 we 

can say that the interaction of the aluminas and the stored tars leads to the formation of 

H2O and solid carbon, and to the suppression of CO and CH4. 

 According to the values of Ctar it seems that more tars are present in the product 

gas when the aluminas are used compared to dolomite and sand. If this is true it has to be 

evidenced in the behaviour of the different tar compounds that are analysed in our 

experiments. This can be seen in figure 5.14 with the results normalized to the maximum 

intensity measured n this set of experiments. 

  
Figure 5.14: Influence of the bed material in the evolution of acetol, toluene, benzene and 

naphthalene 
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to dolomite and even sand, which is in agreement with the results from figure 5.13. Based 

on the values of the carbon material balance, it was concluded that the amount of tars 

present in the gas increases with the use of alumina. It has been shown that the aluminas 

interact with the stored tars and consequently aluminas change the tar cracking path seen 

with an inert bed material. According to figure 5.14, this change of tar cracking path leads 

to more acetol, toluene, benzene and naphthalene. This figure also shows the difference 

between the influence of dolomite and alumina over the tar composition. The use of 

dolomite leads to a decrease of benzene and naphthalene which seems to occur due to a 

catalytic effect promoted by the dolomite.  

It was also noticed, during the experiments with alumina as bed material, that after 

the pyrolysis period some gases were still being released as in the case of dolomite. This 

release is assumed to occur due to the thermal cracking of the tars adsorbed in the 

aluminas. Figure 5.15 shows the results concerning this thermal cracking of tar. As 

explained before, Ctc corresponds to the fraction of carbon from the feedstock that is 

present in the gases evolved from the thermal cracking of tars that are stored in the bed 

material. Cs corresponds to the fraction of carbon from the feedstock that remains in the 

bed after pyrolysis and thermal cracking. Ccombustion corresponds to the sum of Cs and Ctc. 

It should be stressed that the results of thermal cracking are not accounted for in figure 

5.12. 

 
Figure 5.15: a) Gas composition and b) carbon material balance from thermal cracking as 

function of bed material 
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Though in the previous figures (figures 5.12, 5.13 and 5.14) there was no clear distinction 

between the effect of the aluminas, it is seen in figure 5.15 that the acidity of the material 

has influence in the thermal cracking of the stored material. Neutral aluminas release 

more hydrogen. Figure 5.15b shows that the aluminas generate by far the largest amount 

of solid carbon. Almost 30% of the carbon from the feedstock will remain in the bed as 

solid carbon. These results show once again that the aluminas change the path of tar 

cracking reactions and that solid carbon is one of the main products of this change.    

All these factors have a pronounced impact on the energy content of the gas 

produced when aluminas are used. Figure 5.16 shows this effect. It is presented the 

energy content of the gas produced during the pyrolysis period and during the thermal 

cracking of the tars stored in the bed material.  

 
Figure 5.16: Energy content of the produced gas from pyrolysis and thermal cracking as function 

of bed material 
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is also shown that these materials interact with the tars generated during the process of 

pyrolytic gasification. A fraction of the generated tars is physically adsorbed in the pores 

of the materials. These stored tars continue their cracking conversion and the formed 

products react with the materials. Dolomite and related compounds convert benzene and 

naphthalene but do not convert methane. The experiments with alumina confirm the 

crucial role played by the pores on the catalytic activity of dolomite and related 

compounds. 

From the energetic point of view, sand seems to be the material that performs the 

best. However, one should have in mind that these experiments have been done with 

cellulose as feedstock. This solid fuel is easily converted into gas at high temperatures 

and at inert conditions. In chapter 7 the influence of dolomite over the different biomass 

components will be addressed. 

 

5.3.4 Temperature 

It was shown in chapter 4 that the tar yield from cellulose pyrolysis decreases with 

the increase of temperature. High temperatures favour tar cracking reactions which leads 

to an increase in permanent gases and a decrease in the tar yield. CO accounts as the main 

product of tar cracking reactions but C2H4, CH4 and H2 are formed as well. Assuming that 

porous materials adsorb tars as soon as they are produced it is expected that at low 

temperatures more tars will be stored in the materials due to lack of conversion. In our 

results this fact should be reflected in the values of Ccombustion.  If more tars are stored in 

the bed then the values of Ccombustion should increase. Figure 5.17 shows the carbon 

balance of cellulose pyrolytic gasification with dolomite under the influence of 

temperature. The dolomite was calcined at 800ºC prior to the experiments. The flow of 

the carrier gas was adjusted with temperature as an attempt to have constant gas-phase 

residence times. These times were around 5 s. Also the results with sand are shown as a 

basis for comparison. It should be stressed that the results of Cgas concern the carbon 

released during the pyrolysis period while Ccombustion concerns all the carbon traced after 

the pyrolysis period. These periods are defined in figure 5.4. 
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Figure 5.17: Overall carbon balance of cellulose pyrolytic gasification as function of temperature; 

S for sand and D for dolomite 
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Figure 5.18: Gas composition as function of temperature of cellulose pyrolytic gasification; S for 

sand and D for dolomite 
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Figure 5.19: a) Gas composition and b) carbon material balance from thermal cracking of the tars 

stored in the dolomite as function of temperature 
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that is converted into gas, Ctc, is higher at 600ºC. Regardless of CO2 capture the carbon 

that remains in the bed, Cs, decreases with the increase of temperature, which shows the 

clear influence of temperature over thermal cracking. The increase of temperature favours 

the conversion of tars which reduces the amount of carbon that remains in the bed after 

the thermal process. At 600ºC more than 40% of the carbon present in the cellulose 

remains in the bed while at 800ºC this value is around 12%. 

In chapter 4 it was shown that upon the increase of temperature primary tars are 

converted while tertiary tars are formed. It is expected that the same influence should 

occur when dolomite is used as bed material. Figure 5.20 shows these results and sustains 

the tar behaviour. Primary tars, represented by acetol, are converted into tertiary tars, 

represented by naphthalene and benzene, with the increase of temperature.  

 
Figure 5.20: Influence of temperature in the evolution of acetol, toluene, benzene and 

naphthalene with dolomite as bed material 
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Figure 5.21 shows the energy content of the gas produced with sand and dolomite 

as bed materials. The results of dolomite are divided into three. Pyrolysis concerns the gas 

released during the pyrolysis period and only takes into account the gases present in 

figure 5.18. Thermal cracking concerns the gas released during the thermal cracking of 

the tars stored in the dolomite, and it only takes into account the gases from figure 5.19. 

The total is the sum of the previous energies and can be seen as the energy content of a 

potential gas released by the dolomite given enough time for the reactions to proceed. 

 
Figure 5.21: Energy content of the produced gas from pyrolysis and thermal cracking of sand and 

dolomite 
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expected that with the increase of residence time, the fraction of tars that flows freely will 

be converted into gas and to other types of tars in a similar way to the experiments of sand 

shown in chapter 4. Figure 5.22a shows the influence of the residence time on the gas 
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composition. Figure 5.22b shows the influence on the overall balance of carbon. The 

results with sand are also shown as a basis of comparison. These experiments were 

carried out at 800ºC. The gas phase residence time is changed by varying the capillary 

length in the reactor. In this way the flow of carrier gas is kept constant. Appendix 4A 

explains the calculations behind the gas phase residence time.  

 
Figure 5.22: a) Gas composition and b) carbon material balance as function of gas phase 

residence time at 800ºC; S for sand and D for dolomite 
 

As we can see in both figures, the effect of the residence time is exactly the same 

regardless of sand or dolomite. These results show that a fraction of tar is not adsorbed by 

dolomite, still flows freely through the reactor and is converted into lighter gases. The 

same was already concluded from the influence of temperature and these results sustain 

that. It is seen that upon the increase of residence time all the gases increase, and this 

happens to sand and dolomite. The tars are converted into permanent gases. Cgas increases 

while Ccombustion remains the same. This trend should be reflected in the tar composition. 

Upon the increase of the gas phase residence time primary tars should be converted while 

tertiary tars should be formed. Figure 5.23 shows this behaviour and sustains the effect of 

the gas phase residence time.  
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Figure 5.23: Influence of gas phase residence time in the evolution of acetol, toluene, benzene 

and naphthalene, at 800ºC with dolomite 
 

 As seen in chapter 4, upon the increase of the gas phase residence time acetol 

decreases while benzene and naphthalene increase. This is in agreement with figure 5.23 

where it is shown that some tars still flow freely and are converted into permanent gases. 

In this figure we see that the nature of tars changes. Primary tars being converted and 

tertiary tars being formed, which shows evidence of tar cracking towards tertiary tars.  

 The trend of the energy content in the gas released is not shown but since there is 

production of gases from the conversion of tars upon the increase of the residence time it 

seems evident that the energy content of the produced gas increases as well.   

 

5.3.6 Oxygen 

The influence of oxygen as carrier agent, when dolomite is used as bed material, is 

studied. Figure 5.24a shows the influence of this agent on the composition of the 

generated gas during the previously defined pyrolysis period. The results are normalized 

to the weight of the biomass ‘as received’. Figure 5.24b shows the influence over the 

overall carbon balance. Cgas concerns the carbon traced during the pyrolysis period while 

Ccombustion concerns all the carbon traced after the pyrolysis period. In chapter 4 the 

variable ER* was defined and it relates the amount of oxygen present in the system with 

the amount of feedstock. Higher ER* ratios mean that more oxygen is present in the 

reactor. Appendix 4B explains the calculations behind the ER*. 
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Figure 5.24: a) Gas composition and b) carbon material balance as function of ER* at 800ºC and 

5 s of gas phase residence time 
 

More oxygen favours oxidation reactions which lead to an increase of CO2 and 

H2O. However, at low values of ER* CO also increases. To understand this result one 

should attend to figure 5.24b. It is seen that the introduction of oxygen into the reactor 

already oxidizes part of the adsorbed tar into gas during the pyrolysis period. With a 

deficit of oxygen CO is also produced and this is why we see an increase of the CO value 

in figure 5.24a at low ratios of ER*. We also concluded in chapter 4 that oxygen is 

extremely reactive already oxidizing char during the pyrolysis time. When dolomite is 

used as bed material there is oxidation of char and oxidation of tars during the pyrolysis 

period.  

Ctar remains unchanged except for the highest value of ER*, which seems to show 

that less tars are present in the gas. Figure 5.25 shows the influence of oxygen over the 

nature of tars. Acetol shows a clear trend since it increases with the increase of ER*. 

Acetol is analysed as a primary tar, and as that it is rich in oxygen. The oxidation of tars 

promotes the formation of acetol. The other compounds do not show any clear trend. 

Toluene seems to be increasing with the oxygen content but only slightly. Benzene 

increases and decreases, but always with high values. Naphthalene shows a similar trend 

to benzene. The results suggest that acetol is a product of the oxidation of the adsorbed 

tars and that oxygen does not have a substantial influence over the non adsorbed fraction 

of tars.  
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Figure 5.25: Influence of ER* in the evolution of acetol, toluene, benzene and naphthalene, at 

800 ºC with dolomite 
 

Figure 5.26 shows the energy content of the product gas from cellulose pyrolysis 

with dolomite under the influence of ER* during the pyrolysis period. These results only 

take into account the gases presented in figure 5.24. The increase of oxygen in the reactor 

decreases the energy content of the gas since the main products of the oxidation reactions 

are CO2 and H2O, compounds with no heating value.  

 
Figure 5.26: Energy content of the produced gas as function of ER* with dolomite 

 

5.3.7 Water 

The influence of the content of water in the carrier gas is also studied in the 

pyrolytic gasification of cellulose with dolomite. Figure 5.27a shows the influence of 

water in the composition of the product gas generated during the pyrolysis period. The 

results are normalized with the weight of biomass ‘as received’.  In these experiments it 

was not possible to assess the water produced during the process. In figure 5.27b the 
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material balance of the carbon present in the parent cellulose, for the same set of 

experiments, is shown. The temperature of these experiments was 800ºC and the gas 

phase residence time around 5 s. In chapter 4 the variable S/B* was defined and relates 

the amount of water present in the system with the amount of feedstock. Higher S/B* 

ratios mean that more water is present in the reactor. It should be stressed that it was not 

possible to test high flows of water in our system. This occurred due to inconsistencies of 

the measurements done by the mass spectrometer. 

  
Figure 5.27: a) Gas composition and b) carbon material balance as function of S/B* for cellulose 

gasification with dolomite at 800ºC and gas phase residence time of 5 s 
 

At these conditions H2O promotes the water gas shift reaction towards the 

production of hydrogen and carbon dioxide. Both these components increase with the 

increase of water content in the carrier gas. However, comparing the different contents of 

water in the carrier gas (S/B* of 0.03 and 0.09) in figure 5.27a one can see that H2 and 

CO2 increase even though CO does not decrease. This means that the source of H2 and 

CO2 is a different one than the direct water gas shift reaction. Assuming that tars are 

immediately adsorbed by the dolomite they will be available for steam cracking reactions. 

According to figure 5.27b, an S/B* of 0.03 seems to not be enough to drive the steam 

reforming reactions during the pyrolysis time since the overall balance of carbon is the 

same as when only argon is used (S/B* of 0). Upon the increase of the water content, the 

steam reforming reactions are promoted. In this way already during the pyrolysis time tars 

are steam cracked and by this, Cgas increases while Ccombustion decreases. This happens in a 

balanced way since Ctar does not show substantial changes although it seems to have a 

slight increase. At this high content of water, as soon as the tars are adsorbed they will be 

steam reformed according to the reaction (14), and immediately the CO produced will be 

converted into H2 and CO2 according to the water gas shift reaction (15) that is catalysed 
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by dolomite. This explains why the content of CO2 and H2 increase while CO remains the 

same in figure 5.27a. 
 

( ) 22 2/ HmnnCOOnHHC mn ++→+     (14) 

222 HCOOHCO +↔+       (15) 
 

In chapter 4 it was concluded that at similar S/B* ratios water was not reacting 

with the char during the pyrolysis period due to its lack of reactivity. In figure 5.27b one 

can see a decrease of Ccombustion at the highest S/B* studied which means that in the 

experiments with dolomite water is reacting with the adsorbed tars during the pyrolysis 

period. This shows evidence of the high reactivity of the adsorbed tars and that water can 

easily interact with them. It seems plausible to expect that at even higher S/B* ratios 

Ccombustion would decrease even more, and consequently Cgas would increase. 

 The values of Ctar from figure 5.27b suggest a slight increase in the tar content 

upon the introduction of water in the reactor. Figure 5.28 shows the influence of water 

over the nature of tars. The trends presented sustain the values of Ctar since all the 

analysed tar compounds increase with the introduction of water in the reactor. Already in 

chapter 4, when analysing the influence of water with sand as bed material, it was noticed 

that the tar content increased with the introduction of water. It seems plausible to assume 

that the water is interacting with the fraction of tars that is not adsorbed by the dolomite 

and that this interaction leads to less formation of permanent gases.  

  
Figure 5.28: Influence of water on the evolution of acetol, toluene, benzene and naphthalene at 

800ºC with dolomite 
 

Figure 5.29 shows the influence of water over the energy content of the produced 

gas during the pyrolysis period. The variable αenergy relates the energy present in the 
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feedstock with the energy present in the product gas generated during the pyrolysis period, 

defined in figure 5.4. It only takes into account the gases presented in figure 5.27a.  

 
Figure 5.29: Energy content of the produced gas as function of S/B* with dolomite 
 

It can be seen that upon the increase of water in the reactor there is an increase of 

the energy content in the produced gas. This occurs because water is reacting with the tars 

stored in the dolomite already during the pyrolysis period. This interaction leads to the 

formation of H2, a compound with high heating value, and by that the energy content of 

the product gas increases. It is expectable that higher S/B* ratios would lead to more H2 

and consequently would lead to an increase in the energy content of the product gas. 

Unfortunately it was not possible to study high flows of water entering our system due to 

inconsistencies in the analysis with the mass spectrometer. 

 

5.3.8 Conclusions 

Temperature affects the extension of the thermal cracking over the adsorbed tar on 

the dolomite. Low temperatures lead to an increase of stored carbon on the dolomite. The 

gas phase residence time studies show that there is still a fraction of tars that is not 

adsorbed which is converted into permanent gas along the freeboard. The increase of 

temperature and gas phase residence time leads to an increase in the energy content of the 

product gas due to the conversion of tars into valuable permanent gases. 

If oxygen is present in the carrier gas the oxidation reactions will be promoted 

leading to the formation of CO2, H2O and acetol. However, a deficit of oxygen promotes 

the formation of CO as well. If water is present in substantial amounts it can interact with 

the adsorbed tars leading to the formation of H2 and CO2. Due to the nature of the 
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products formed, water increases the energy content of the product gas while oxygen 

promotes the opposite.  
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Chapter 6 

 

Bed Materials: Olivine 

 

Abstract 

This chapter is focused on the role of the olivine as bed material in the pyrolytic 

gasification of cellulose. It is shown in this section that the pre-treatment applied to the 

olivine is crucial to its influence and that this occurs due to the iron present in the 

material. Oxidized olivine generates CO2 at the expense of CO and slightly improves the 

tar cracking reactions. Reduced olivine promotes the formation of H2 at the expense of 

H2O and has a strong impact over the tar cracking reactions that leads to the formation 

of CO. Also a comparison between the activity of olivine and dolomite is presented. The 

last part compares the performance of two dual fluidized bed gasifiers that use olivine as 

bed material: MILENA and FICFB.  

 

6.1 Introduction 

In the previous chapter the role of dolomite and related compounds was addressed. 

These are well proven materials in the gasification of biomass. They increase the gas 

yield at the expense of tars, though they do show limitations concerning methane 

elimination. The main drawback of dolomite is its mechanical strength. As reported by 

several researchers, this material, upon calcination, becomes very friable and erodes 

easily. This leads to the production of fines that will be carried over from the bed 

[Rapagnà et al. 2000] [Corella et al. 2004] [Hu et al. 2006] [Miccio et al. 2009] [Devi et al. 

2005c] [Andrés et al. 2011]. 

An alternative to dolomite is olivine, another naturally occurring mineral. Olivine 

contains magnesium, iron and silicon as a mixed silicate of Fe2SiO4 and Mg2SiO4. The 

mechanical strength of this material is comparable to that of sand, also at high 

temperatures [Rapagnà et al. 2000]. The catalytic activity of olivine for tar elimination 
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can be related to the magnesium oxide and iron oxide contents. The relative iron content 

in olivine is much larger than in the case of dolomite [El-Rub et al. 2004]. 

Rapagnà et al. [Rapagnà et al. 2000] studied the influence of sand, dolomite and 

olivine as primary catalysts during biomass steam gasification. Both materials revealed 

comparably good performance in terms of the destruction of tar and the consequential 

increase in the production of permanent gases, but also revealed limitations for methane 

reforming. This group concluded as well that the mechanical strength of olivine is 

comparable to sand while in the case of dolomite the production of fines gave rise to 

problems in the whole system.  

Corella and co-workers [Corella et al. 2004] compared the effectiveness of 

dolomite and olivine as primary catalysts in biomass gasification with air. They 

concluded that both materials have one advantage and one disadvantage. Dolomite was 

1.4 times more effective for tar removal than raw olivine, but it generated at least 4 times 

more particulates in the gasification than olivine. Also some tests were performed with 

calcined olivine sintered at 1500ºC. This material behaved similarly to sand which, 

according to them, is explained by the physical transformations in the olivine. When 

sintered at 1500ºC the olivine loses its surface area due to the total loss of pore structure. 

They also found out that the NH3 content in the gasification gas was higher with dolomite 

than with olivine. They state that a probable reason for this behaviour is due to the higher 

tar cracking activity demonstrated by dolomite. If more N-tars are cracked, more NH3 is 

generated. 

Hu et al. [Hu et al. 2006] studied apricot stones steam gasification with olivine and 

dolomite placed as downstream catalysts. They indicate that, when the catalysts are added 

to the system, the gas yield increases at the expense of the liquids (condensed tars), which 

means conversion of tars into gases. Also the limitation of both additives in the CH4 

reforming is referred in this work. Their results demonstrated that calcined dolomite and 

calcined olivine were more active than the natural ones in tar conversion. They relate the 

activity of the calcined olivine with the appearance of a Fe2O3 phase at the surface. 

Concerning the calcined dolomite they relate their activity with the formation of MgO-

CaO. In the overall results, dolomite had better catalytic performance than olivine, but 

dolomite became very friable after calcination, resulting in severe pulverization during the 

reaction process, while olivine kept good mechanical stability. They concluded that the 

calcined dolomite with its high catalytic activity is suitable to be used as downstream 

catalyst, while olivine could be a better choice to be placed in the gasifier itself, due to its 

mechanical strength. 
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Miccio and co-workers [Miccio et al. 2009] performed tests with several bed 

additives in the biomass gasification. The fluidizing agent consisted of a mixture of steam 

with oxygen. They concluded that the composition of the syngas and the tar concentration 

are modified in the presence of catalytic materials. The olivine slightly improves the 

hydrogen content in the syngas and contributes to the tar conversion into lighter 

hydrocarbons while dolomite has a more marked effect in the increase of H2 and 

conversion of tars. The Ni-based catalyst exerts the largest role in improving the 

gasification performance. Only the Ni catalyst was able to steam reform CH4 and C2H4 

while the other additives showed limitations. The elutriation rate of dolomite was about 

10 times higher than in the case of olivine.    

Devi et al. [Devi et al. 2005a] studied the influence of calcined dolomite and 

untreated olivine in the biomass gasification. A slipstream from a lab scale atmospheric 

bubbling fluidized bed gasifier was passed through a secondary fixed bed where the 

additives were placed. They observed total tar conversions of 63% over calcined dolomite 

and 46% over olivine at 900ºC. They state that the low values of conversion may be 

attributed to the fact that the bed of sand only contained about 17 wt% of the additives. 

Increasing the catalyst loading may improve the conversion of tars. The lower activity of 

olivine was related to its lack of porosity and to the fact that it was not submitted to any 

type of pre-treatment. Later on this group studied the catalytic activity of olivine, when 

subjected to different types of pre-treatment, using naphthalene as model biomass tar 

compound [Devi et al. 2005b]. The olivine was oxidized in air at different temperatures 

(750-900ºC) and during different time periods (1–10 h).  The naphthalene conversion 

increased with the increase of the treatment time. The best results were achieved when the 

olivine was oxidized at 900ºC during 10 h. At these conditions more than 80% of 

naphthalene was converted, while in the case of untreated olivine this value was slightly 

above 40%. These pre-treated olivines were then characterized [Devi et al. 2005c]. It was 

observed that the calcination does not improve the porosity of this material, it remains 

non porous. The calcination in air promoted the segregation of iron at the surface, though 

uniformly, and this phenomenon may be related with the improvement of tar elimination 

activity. It was concluded that the surface is enriched with iron at the cost of magnesium. 

Another important phenomenon is the change of oxidation state of the iron present in the 

olivine. During the calcination, the oxidation state of the iron changed with the 

appearance of iron (III) phases. Finally some attrition resistance tests were performed 

with the conclusion that olivine is very similar to sand and much more attractive than 

dolomite as bed material for biomass gasifiers.   
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Kuhn et al. [Kuhn et al. 2008] examined olivine catalysts of different origin and 

the effect of treatments upon the catalytic behaviour and physico-chemical properties. In 

their tests the geographic origin of the olivine and the type of pre-treatment determined 

the catalytic activity for naphthalene reforming. The phase in which Fe was present and 

its location played a crucial role in the differences in activity. The formation of free Fe 

phases following decomposition of a Fe-bearing serpentine phase [(Mg,Fe)3Si2O5(OH)4] 

near the surface of untreated olivine catalysts was judged to be the most important factor 

for achieving high catalytic activity. Their results support the claim that the Fe is involved 

in the active sites for the reactions. Catalysts with most surface Fe and greatest 

reducibility are the most active.  

The assumption that the metallic iron is more active than the oxide phase for tar 

cracking is supported by the work of Nordgreen and co-workers. This group investigated 

the behaviour of metallic iron as a catalyst for tar cracking in biomass gasification 

[Nordgreen et al. 2006a]. According to their thermodynamic calculations there is an 

operating window where iron is neither oxidized nor contaminated by carbon deposits. 

These experimental conditions are mainly achieved by carefully controlling the 

temperature and the input of oxygen. At these conditions their tests confirmed that 

elemental iron effectively acts as a tar breakdown catalyst, resulting in an improved gas 

yield and a decrease in tar concentration. This work was then extended to study the 

capability of metallic iron and iron oxides in the cracking of tars [Nordgreen et al. 2006b]. 

When the metallic iron is utilized as tar depleting catalyst, in gasification and pyrolysis of 

biomass, the product gas has significantly lower tar content than when no catalyst is used. 

When iron oxides were employed, no catalytic effect could be observed. At pyrolysis 

conditions the capacity of iron to diminish the tar content in the product gas is 

demonstrated to be in the range of the capability of dolomite. But the total gas production 

was higher with dolomite than with metallic iron, probably because it forms less solid 

carbon. They also concluded that the product gas of biomass gasification does not have 

sufficient oxidizing power to completely transform metallic iron into its first oxide, 

wustite. Nemanova and co-workers [Nemanova et al. 2011] tested the ability of several 

iron-based granulates to decompose tars. These materials were placed in a downstream 

fixed bed reactor. Their results demonstrate a clear tar reduction capacity for all the tested 

iron-based materials, though with different activities.  From their results it is clear that tar 

reduction is not dependent on the surface area of the different materials. They asserted the 

lower tar conversion of some materials to their higher oxygen content, i.e. higher content 

of stable iron oxides.  
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6.2 Experimental Work 

The influence of iron based catalysts in the biomass gasification process is studied. 

Olivine (Austrian olivine provided by ECN) and magnetite (supplied by Minelco) were 

the materials chosen. All the materials were sieved to the size range of 0.15-0.25 mm. 

Their chemical composition is shown in table 6.1. Olivine and magnetite are non porous 

materials that after a heat treatment at 800ºC do not change their physical characteristics. 

They remain non porous materials.  
 

Table 6.1: Elemental analysis (wt%) of olivine and magnetite 

 Olivine Magnetite 

MgO 42.9 0.2 

SiO2 46.9 0.1 

Fe2O3 9.0 - 
CaO 0.3 0.1 

Cr2O3 0.4 - 

NiO 0.4 - 

Fe3O4 - 98.7 
Others - 0.9 

 

The feedstock used in these experiments was cellulose. The reasons for this choice 

were already outlined in chapter 4. The cellulose used was Avicel PH-101 purchased from 

Sigma-Aldrich. Its proximate and ultimate analyses are presented in chapter 3, tables 3.1 

and 3.2 respectively. At the beginning of the experiments about 3.5 g of bed material is 

placed in the reactor. The temperature and carrier gas are chosen. When steady state is 

reached a particle of cellulose is dropped from the top into the hot fluidized bed. The 

weight of the biomass is always around 0.052 g and corresponds to 1-2% of the bed 

material weight. The gases evolving from the process (CO, CO2, H2, CH4, C2H4, C2H6 and 

H2O) are analysed on-line with a mass spectrometer. As soon as the gases cease to evolve 

from the bed, oxygen is introduced into the system to combust the remaining solid carbon. 

During combustion CO and CO2 are measured with the mass spectrometer. Each 

experiment was repeated at least three times, and the results presented here are an average 

value with the respective standard deviations. It should be pointed out that sometimes the 

standard deviation values cannot always be seen because the symbols of the figures are 

larger than the respective values. 
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6.2.1 Olivine 

Devi et al. [Devi et al. 2005b] report that the activity of the olivine depends on the 

type of pre-treatment. They oxidized the olivine in air at different temperatures (750-

900ºC) and during different time periods (1-10 h) and their best results, concerning 

naphthalene conversion, were achieved when olivine was oxidized at 900ºC during 10 h. 

Based on this we started our study by analysing the influence of the oxidation time period 

over the activity of the olivine. The material was subjected to different periods of 

oxidation, 0.5-20 h, at 800ºC. There were no substantial changes in the effect of the 

olivine over the pyrolytic gasification of cellulose and therefore it was considered that 30 

min of oxidation, as pre-treatment, was enough to activate the olivine in our experiments. 

The main reason for this may be the different origins of the olivine used by Devi and co-

workers and the olivine used in our work. The former one is from Norway while the latter 

one is from Austria.    

Figure 6.1 shows the influence of the olivine in the gas composition of cellulose 

pyrolytic gasification. The results are normalized with the weight of biomass “as 

received”. The temperature of the process is 800ºC and the gas phase residence time is 

around 5 s. The carrier gas is argon. The results with sand are presented as well, as basis 

for comparison. The olivine is subjected to two different in situ pre-treatments: oxidation 

and reduction. Oxidation is performed at 800ºC in 20% O2 in argon during 30 min (Oxi 

Oliv). Reduction is done at 800ºC in 10% H2 in argon during 30 min (Red Oliv). It should 

be stressed that prior to the reduction, the olivine is oxidized during 30 min. 

 
Figure 6.1: Gas composition in function of bed material of cellulose pyrolytic gasification at 

800ºC and gas phase residence time of 5 s 
 

 It is clear from this figure that different pre-treatments subjected to the olivine lead 

to different gas compositions. With the oxidized olivine, CO2 is increased while CO is 
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decreased. With the reduced olivine, H2 increases while H2O decreases. To understand 

these results one should have in mind the different states of iron that may be present in the 

olivine, which are shown in the following scheme. 
 

          
Figure 6.2: Different forms of iron oxide, adapted from [Hacker et al. 1998] 

 

Hematite is the most oxidized form while iron is the most reduced form. When the 

olivine is placed in an oxidizing environment as pre-treatment, its iron content will be 

driven towards the hematite state. When in contact with the produced gas the oxidized 

iron present in the olivine will be reduced. In this way the oxygen present in the iron 

oxide is transferred to the product gas. CO reduces the olivine releasing CO2. This 

explains why, comparing the results with sand, the oxidized olivine generates more CO2 

at the expense of CO. A similar approach can be taken in the case of the reduced olivine. 

When the olivine is placed in a reductive environment as pre-treatment, its iron content 

will be driven towards the iron state. In contact with the product gas the reduced iron will 

be oxidized by H2O releasing H2. That is why the reduced olivine produces the highest 

amount of H2 at the expense of H2O. Figure 6.3 exemplifies these reactions between the 

gas released by the biomass and the iron present in the olivine. 
 

  
 

Figure 6.3: Redox reactions between the product gas and the iron present in the olivine 
 

The increase of CO, with the reduced olivine, cannot be explained with the redox 

reactions of the iron. Compared with sand there is more CO but also CO2 increases. Since 

there is some reduction in C2H4 and CH4 one may already expect an influence of the 

reduced material in the tar cracking reactions. Figure 6.4 shows the overall carbon 

material balance. Cgas accounts for the carbon from the parent cellulose that is present in 

the non-condensable gases, Ccombustion accounts for the solid carbon that remains in the bed 

and Ctar accounts for the carbon that could not be traced and assumed to belong to tars. 
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Figure 6.4: Overall carbon balance of cellulose pyrolytic gasification as function of the bed 

material at 800ºC and gas phase residence time of 5 s 
 

 According to the overall balance of carbon the differences between sand and the 

oxidized olivine are not substantial, though they suggest that less carbon is present in the 

condensable gases with a slight increase in the solid carbon that remains in the bed. The 

value of Ctar is slightly higher in the case of the oxidized olivine. In the case of reduced 

olivine the results are more striking. More carbon is present in the gas, more remains in 

the bed and the overall carbon that could not be traced is almost meaningless. These 

results point to an influence of the reduced olivine over tar cracking reactions which leads 

to the production of permanent gas. If we compare both figures 6.1 and 6.4 we can say 

that the reduced iron exerts influence on the path of tar cracking leading to CO instead of 

CH4 and C2H4. These results suggest a catalytic effect by the reduced iron in the tar 

cracking, an assumption already made by Nordgreen et al. [Nordgreen et al. 2011]. There 

are several reasons that may explain the increase of CO2 for the reduced olivine when 

compared with sand. The Boudouard reaction is known to be catalyzed by metallic iron 

which leads to the formation of CO2 and solid carbon out of CO.  This assumption is 

supported by a slight increase in Ccombustion in figure 6.4.  CO2 can also be formed from the 

reduction of the iron by CO.  It may be that some of the iron oxidized by water is reduced 

again with the CO present in the produced gas and by that releasing CO2. 

The previous results point to a different effect of the olivine depending on the pre-

treatment. This is seen in the product gas composition (figure 6.1) and seen in the overall 

carbon balance (figure 6.4). This effect should be reflected in the nature of tars as well. In 

order to gather more information about the tar behaviour, certain tar compounds are 

analysed. These compounds are assumed to be representatives for the different groups of 

tars. Acetol (C3H6O2) is assumed as representative for primary tar. Toluene (C7H8) is 
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considered as an intermediate and naphthalene (C10H8) is assumed as model for PAHs, 

tertiary tars. Though benzene (C6H6) is not considered as tar by several researchers its 

presence is important and also analysed. Figure 6.5 shows the influence of the bed 

material on the above mentioned tar compounds. These experiments were performed at 

800ºC and with 5 s of gas phase residence time. It should be stressed that due to the 

complexity of the process, it was not possible to calibrate the mass spectrometer to 

measure quantitatively these tar compounds. However the intensity measured is directly 

linked to the amount of gas produced and even though it is not possible to know the real 

amount of tar compounds produced it is possible to compare the quantities of tars 

generated under different conditions. Thus, the results presented in figure 6.5 are 

normalized to the maximum intensity measured in this set of experiments. 

   
Figure 6.5: Influence of bed material in the evolution of acetol, toluene, benzene and naphthalene 
 

It is clear from this figure that the olivine, regardless of the pre-treatment, has 

influence over the tar composition. Different pre-treatments lead to different results 

however. Acetol has a slight increase with the oxidized olivine which may be related with 

some oxidation of the tars when in contact with the olivine. Toluene, benzene and 

naphthalene are reduced with the oxidized material. It may be that the oxidation of tars 

leads to more acetol but suppresses the formation of toluene, benzene and naphthalene. 

The reduced olivine has a deeper effect. Basically all the compounds decrease upon the 

use of reduced olivine. More than 80% of naphthalene present in the sand experiments is 

converted. These results sustain the lowest value of Ctar from figure 6.4 seen for the 

reduced olivine. The results suggest that when the olivine is oxidized, the tars generated 

by the biomass pyrolytic gasification will reduce the olivine and acetol is one product of 

this process. When the olivine is reduced then the tars will oxidize the olivine and since 

the primary tars generated have a high content of oxygen, this oxidation of the olivine by 
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the tars will occur in a great extent. Hereby the content of tar is greatly reduced by the 

reduced olivine.   

The energy content of the product gas is assessed as well. A new variable was 

defined in chapter 3, αenergy, which relates the energy present in the product gas with the 

energy content of the original biomass. This variable only takes into account the gases 

presented in figure 6.1. In figure 6.6 the results concerning the energy content when 

olivine subjected to different pre-treatments is used are shown.  

 
Figure 6.6: Energy content of the produced gas in function of the bed material 

 

The gas produced by the oxidized olivine has the lowest energy content. Attending 

to figure 6.1 this is an expected result since the oxidized olivine promotes CO2 formation 

(no heating value) at the expense of CO (high heating value). The gas produced by the 

reduced olivine has the highest energy content. This result is explained by the increase of 

CO and H2 even though CH4 and C2H4 decrease. The reduced olivine promotes the 

formation of gases with high heating value and is able to transfer the energy bounded to 

tars into permanent gases. Figure 6.7 shows the share of each compound in the total 

energy content of the produced gas. These figures exemplify the changes seen in figure 

6.1 upon the use of the olivine. Comparing sand with the oxidized olivine there are no 

substantial changes though there is a slight decrease in the share of CO and an increase in 

the share of H2. With the reduced olivine, H2 becomes the second most important 

compound in the share of energy and this occurs at the expense of the share of C2H4 and 

CH4. In all cases CO has the highest share of energy in the produced gas.  
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Figure 6.7: Share of energy of each component with different bed materials 

 

6.2.2 Mimicking Olivine  

The results presented in the previous section suggest that the iron is the key 

compound responsible for the catalytic effect of olivine. To confirm this influence of iron 

there was an attempt to mimic the olivine behaviour with mixtures of magnetite (Fe3O4) 

and sand. If iron is responsible for the activity of olivine it should be possible to mimic 

the olivine behaviour. Several mixtures, subjected to oxidation as pre-treatment, were 

tested and it was concluded that 15 wt% of Fe3O4 in sand could generate a gas similar to 

the gas generated with olivine. The same mixture was then subjected to a reductive 

environment as pre-treatment and its influence was compared with the reduced olivine. 

Figure 6.8 shows these comparisons between olivine and the mixture magnetite/sand 

(15/85). These tests were performed at 800ºC and with 5 s of gas phase residence time. 

The results are normalized to the weight of the biomass “as received”.  

 
Figure 6.8: Gas composition in function of bed material of cellulose pyrolytic gasification at 

800ºC and gas phase residence time of 5 s; Mix corresponds to the mixture magnetite/sand (15/85) 
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There is a very good agreement between the olivine and the magnetite/sand 

mixture when they are subjected to an oxidizing environment as pre-treatment. In both 

cases CO2 is promoted at the expense of CO. These results show that the iron is 

responsible for the behaviour of the oxidized olivine over the gas composition. 

Comparing the reduced materials one can see large discrepancies. However one should be 

careful with the conclusions. It was noticed that the magnetite, when placed in a reduced 

environment, agglomerates. In fact in the experiments with pure magnetite it 

agglomerated immediately into a single block after being placed in the reductive 

environment. The same agglomeration phenomenon was seen in the mixture 

magnetite/sand, and this may explain the discrepancy of results for the reduced materials. 

The results for the reduced magnetite/sand are very similar to those of sand which shows 

that when the magnetite agglomerates it will have less contact with the product gas, thus 

the effect of the iron is hindered. These results do not allow concluding that iron is the 

only compound responsible for the behaviour of the olivine; however they do not prove 

the opposite either. It may be that the great advantage of the olivine is that it allows the 

use of the properties of the iron while avoiding the agglomeration phenomenon.  

Figure 6.9 shows the influence of the mixture magnetite/sand (15/85) and olivine 

over the tar composition. Also here the similarities between oxidized olivine and oxidized 

magnetite/sand are seen. This shows evidence of the role played by the iron. The results 

suggest that there is interaction between the material and the tars, with transference of 

oxygen from the material into tars and in this way improving the acetol content. The 

reduced mixture leads to the decrease of all tar compounds, which is not in completely 

agreement with the results from figure 6.8. It was concluded that, due to the 

agglomeration of the metallic iron, the reduced mixture behaves like sand. However when 

analysing the tar composition one can see a clear effect towards reduction of the tar 

content even though not in the same proportions as the reduced olivine. Attending to the 

results it seems clear that the reduced materials perform better than the oxidized ones with 

the reduced olivine having the highest performance in terms of tar cracking. 
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Figure 6.9: Influence of bed material in the evolution of acetol, toluene, benzene and naphthalene 

 

Figure 6.10 shows the influence of the bed materials over the energy content of the 

gas produced. αenergy relates the energy present in the product gas with the energy content 

of the original biomass. This variable only takes into account the gases presented in figure 

6.8. It can be seen in figure 6.10 that the reduced materials always generate a gas with 

higher energy content than the respective oxidized materials. The reduced olivine 

generates the gas with the highest energy content due to the increase of H2 and CO 

content in the gas composition. All these results suggest that the olivine uses the 

properties of iron even better than the iron itself and this occurs because the 

agglomeration phenomenon is avoided.   

 
Figure 6.10: Energy content of the produced gas in function of the bed material 

 

6.2.3 Iron Oxidation 

We have seen that different types of pre-treatments may lead to different states of 

iron and consequently to different effects of the olivine over the biomass thermochemical 

process. Figure 6.2 shows the different states of iron oxide but do not specify the 
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necessary conditions to reach those states. The equilibrium gas composition for the redox 

reactions between iron, hydrogen and carbon monoxide are shown in the so-called Bauer-

Glaessner diagram, depicted in figure 6.11. The reducing potential of the gas applied in 

the pre-treatment depends on the ratio CO/CO2 or H2/H2O. The equilibrium data given in 

this diagram shows that the reduction is positively influenced with the increase of 

temperature. This figure shows, for example, that at 800ºC and a ratio of 0.5 of CO over 

CO and CO2, the iron cannot reach the metallic state, Fe. In appendix 6A the calculations 

and explanations behind the Bauer Glaessner diagram are exposed.  

 
Figure 6.11: Bauer-Glaessner diagram 

 

This diagram shows that with the right conditions it is possible to drive the iron 

oxide into the desired state. The previous experiments were done at the extremes of this 

diagram. The oxidation of the olivine was performed at 800ºC in O2 which is equivalent 

to a ratio equal to zero. The reduction of the olivine was done at 800ºC in H2 which is 

equivalent to a ratio equal to one. In order to study the effect of the different iron states 

over the cellulose pyrolytic gasification, different CO/CO2 mixtures were subjected to the 

olivine during 30 min, as pre-treatment. The olivine is always oxidized during 30 minutes 

before the pretreatment with the mixtures CO/CO2. Figure 6.12 shows the influence of the 

pre-treatment in the gas composition. The variable γ represents the ratio CO/(CO+CO2). It 

should be stressed that γ equal to zero was done with oxygen and γ equal to one was done 

with hydrogen. All the experiments were performed at 800ºC and with 5 s of gas phase 

residence time. The pre-treatments applied are signalized with dots in figure 6.11. 
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Figure 6.12: Gas composition in function of pre-treatment applied to the olivine of cellulose 

pyrolysis at 800 ºC and gas phase residence time of 5 s 
 

The increase of γ promotes the increase of H2 and CO and the decrease of H2O and 

CO2. This occurs because with the increase of γ the iron in the olivine will be closer to the 

metallic iron state, which means that it is less oxidized. In this way upon the increase of γ 

more H2O is converted into H2 (due to oxidation) and less CO is converted into CO2 (due 

to reduction). However the differences between the intermediate values of γ (0.2, 0.5 and 

0.8) are not substantial. Probably this occurs because 30 minutes are not enough to drive 

the iron in the olivine into the desired state. The results suggest than when the olivine is 

oxidized or reduced in a pure environment the transformations in the iron occur faster 

than when done with a mixture. With this in mind a new set of experiments, to test the 

different oxidation states of iron, were performed. The olivine was subjected to reduction 

in 10% H2 in Ar (no oxidation) during different periods of time as pre-treatment. Prior to 

the reduction the olivine was always subjected to oxidation during 30 min. All the 

experiments were done at 800ºC and 5 s of gas phase residence time. Figure 6.13a shows 

the influence over the gas composition and figure 6.13b shows the influence over the 

carbon material balance.   
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Figure 6.13: a) Gas composition and b) carbon material balance in function of the time of 

reduction as pre-treatment applied to the olivine at 800 ºC and gas phase residence time of 5 s 
 

This figure clearly shows the changes in the gas composition that are related to the 

state of oxidation of the iron. The trend seen here is the same as with the increase of γ in 

figure 6.12. H2 and CO increase and CO2 and H2O decrease upon the increase of the time 

of reduction. In this figure the results are separated into two groups. At 2.5 min there is a 

steep increase of H2 and CO. Longer times of reduction do not bring substantial changes. 

These results suggest that at 2.5 min there is a change in the oxidation state of the iron 

into metallic iron and longer times do not improve the results. Figure 6.13 clearly shows 

that the reduction in pure H2 occurs much faster than with the mixture CO/CO2. The 

results show that 2.5 min of reduction in H2 are enough to drive the olivine into a reduced 

state able to have a clear influence in the cellulose pyrolytic gasification. A small note 

should be added concerning the Ccombustion, the solid carbon that remains in the bed. 

Metallic iron is a known catalyst for the Boudouard reaction, formation of CO2 and Cs 

(solid carbon) at the expense of CO. This effect is not clear in the results even though 

there is a slight increase of Ccombustion with the increase of the reduction state. The 

influence of the reduced olivine over the Boudouard reaction should be studied in detail 

since this reaction may create runway conditions. 

According to the values of Ctar there is a clear influence over tars with the olivine 

reduced for 2.5 min or longer. This shows evidence of the interaction between the reduced 

olivine and tars. To assess this effect the influence of the period of reduction as pre-

treatment over acetol, toluene, benzene and naphthalene was analysed and the results are 

presented in figure 6.14. The results are normalized to the maximum intensity measured 

in this set of experiments. 
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Figure 6.14: Influence of the time period of reduction in the evolution of acetol, toluene, benzene 

and naphthalene 
 

 All the analyzed tar compounds decrease with the increase of the reduction period 

which means that less tars will be present in the product gas. The results from this figure 

are in agreement with those from figure 6.13. At 2.5 min there is a clear reduction in 

benzene and naphthalene and longer periods of time of reduction do not improve the 

results. At 2.5 min and above more than 80% of the naphthalene and around 50% for the 

other compounds are converted. In this figure it is clearly seen the influence of the 

reduced olivine over the nature of tar. With both figures, 6.13 and 6.14, in mind, we may 

say that after 2.5 min of reduction the olivine is able to crack the tars and this cracking 

path leads to the formation of CO. It is assumed that the primary tars have a great 

potential of oxidation over the iron which is more evident upon the increase of the 

reduction state of the iron. The tars will oxidize the iron which leads to a decrease of the 

tar content in the product gas. 

The trend of the energy content in the product gas is not shown but since there is 

an increase of the H2 and CO contents at the expenses of H2O and tars it seems evident 

that the energy content of the gas increases with the increase of the reduction time applied 

as pre-treatment. However this increase occurs only till 2.5 minutes of reduction time 

since it is shown that longer times of reduction do not improve the results. 

 

6.2.4 Olivine with water 

We have seen that the oxidized olivine when used in the gasifier will promote CO2 

at the expense of CO, due to redox reactions. If H2O is also present in the environment it 

is expected that after the reduction, by the CO, the olivine will be oxidized again by the 

H2O and in this way H2 will be promoted. Figure 6.15 exemplifies these reactions. 
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Figure 6.15: Redox reactions between hematite and magnetite 
 

The influence of the water when present in the carrier gas is assessed. Experiments 

were performed changing the amount of water introduced with the argon. This amount of 

water is represented by the variable S/B*, that was defined in chapter 4. Basically, the 

increase of S/B* implies that more water is being introduced into the reactor. Figure 6.16 

shows the influence of water on the gasification of cellulose. These experiments were 

done at 800ºC and with 5 s of gas phase residence time. It should be stressed that the 

olivine is subjected to oxidation during 30 min as pre-treatment. 

   
Figure 6.16: a) Product gas composition and b) overall balance of carbon as function of S/B* 

 

In the range of S/B* studied the only difference in the results concerns H2. It 

increases with the increase of S/B*. CO and CO2 remains unchanged in all experiments 

which shows that the extension of reduction of the olivine does not change with the water 

present in the system. This means that the olivine is reduced by the CO, immediately 

oxidized by H2O but not further reduced by the CO, as depicted in the figure 6.15. More 

water present in the system means that the oxidation of the olivine is stronger and more 

H2 is formed, but does not mean that more reduction of the olivine by the CO is occurring. 

However this may happen because the biomass is not fed continuously. It would be 

0

4

8

12

16

20

C₂H₄ H₂ CO₂ CH₄ CO

m
m

ol
/g

bi
om

as
s 

'a
s 

re
ce

iv
ed

'

a
0.00
0.03
0.09

.

0

20

40

60

80

100

C gas C combustion C tar

C
 %

 b
io

m
as

s

b

0.00
0.03
0.09



Bed Materials: Olivine  133 

 

expected that in a continuous process the content of CO would decrease (while H2 and 

CO2 would increase) until equilibrium is reached. In the overall balance of carbon the 

changes are not substantial. These results suggest that H2O is only influencing the olivine 

and not the gas phase reactions. If this is true it is expected that the S/B* ratio is not 

influencing the tar composition. Figure 6.17 shows the behaviour of tar under the 

influence of S/B*.  

  
Figure 6.17: Influence of S/B* in the evolution of acetol, toluene, benzene and naphthalene 

 

These results show a very limited effect of the water over the nature of tars which 

is in agreement with the results presented in figure 6.16. These results suggest that the 

effect of the water in the experiments with olivine is only related with the iron oxide 

present in the olivine. The CO reduces the iron oxide and H2O oxides the iron back. In 

this process CO2 and H2 are promoted. Of course it may be that at higher S/B* ratios 

different reactions like steam reforming and water gas shift may be promoted. 

Unfortunately due to limitations in the mass spectrometer it was not possible to study the 

influence of high flows of water in the reactor. 

The trend of the energy content in the produced gas is not shown but since there is 

an increase of the hydrogen content while all the other gases remain at the same level it 

seems evident that the energy content of the gas increases with the increase of S/B* ratio.  

 

6.3 Properties of the olivine 

The results from the previous sections point to iron as the key element in the 

behaviour of olivine. If the olivine is placed in an oxidizing environment the iron will be 

oxidized and if the olivine is placed in a reductive environment then the iron will be 

reduced. When the pre-treated olivine is used as bed material in the biomass gasification 

process then the oxidized or reduced iron will interact with the gas released from the 
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devolatilization of the biomass. This interaction will lead to different product yields and 

to different product gas compositions. To show further evidence of this phenomenon I 

refer to a study by Fredriksson et al. [Fredriksson et al. 2012] performed at our facilities at 

Eindhoven University, where bulk and surface properties of the olivine were analysed ex-

situ.  

In this study, all pre-treatments of the olivine were done in a quartz tube flow 

reactor at 750ºC. The samples were first heated to 750ºC under argon flow. At this 

temperature the gas flow was switched to the reactive gas mixtures (oxygen or hydrogen) 

for a specific time. After the treatment the gas mixture was switched back to argon and 

the reactor quickly cooled to room temperature. All characterizations were performed ex-

situ.  

The surface elemental composition of the olivine when subjected to different 

environments during different periods of time was analysed using XPS (X-ray photo-

electron spectroscopy). Figure 6.18 shows their results for olivine exposed up to 1 h in O2 

followed by up to 1 h in H2. 

 

Figure 6.18: Surface elemental composition of olivine measured with XPS. The material was first 

exposed to O2 and then to H2. Data reproduced from [Fredriksson et al. 2012] 
 

They found that upon exposure to O2 the amount of iron on the surface increases at 

the expense of Si and Mg. Switching the gas environment from O2 to H2 reverses the 

process, iron surface content decreases and is replaced by Si and Mg. The changes in 

surface elemental composition are fast, significant already after one minute. This shows 

that the iron bearing phases in olivine are dynamic compounds, interacting with the gas 

environment. To investigate the changes in bulk phase composition they also performed 
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XRD (X-ray diffraction) measurements on olivine subjected to different pre-treatments. 

Figure 6.19 shows the XRD spectra of olivine when subjected to 1h in O2 and 1h in O2 

followed by 1h in H2 at 750°C. All spectra have been normalized to the main diffraction 

peak of olivine at 2θ=36.5. Figure 6.20 shows the close-ups of regions of interest 

presented in the spectra of figure 6.19. 

 

 

Figure 6.19: XRD spectra of olivine before and after treatment at 750°C. Data reproduced from 

[Fredriksson et al. 2012] 
 

     
Figure 6.20: Close-ups of regions where changes are observed in the spectra shown in figure 6.19. 

Data reproduced from [Fredriksson et al. 2012] 
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These two regions of interest clearly show that the oxidation state of the iron 

changes with the gas applied as pre-treatment. Hematite (Fe2O3) is formed when the 

olivine is placed in an oxidizing pre-treatment. This phase disappears when the olivine is 

placed afterwards in a reductive environment. However when the olivine is reduced an 

iron metallic (Fe) phase appears which is absent in the raw and oxidized olivine. These 

spectra show that the iron oxides present after the initial oxidation disappear when the 

olivine is further reduced and metallic iron takes their place.  

The XPS and XRD measurements prove the assumptions done in previous sections. 

The iron present in the olivine reacts to the pre-treatments applied. An oxidizing 

environment drives the iron into the hematite state while a reductive environment drives it 

into the metallic iron state. For more information about bulk and surface properties of the 

olivine the reader is referred to the work of Fredriksson et al. [Fredriksson et al. 2012]. 

 

6.4 Olivine vs. Dolomite 

 “Naturally occurring” minerals are abundant, relatively inexpensive and 

disposable which makes them attractive to be used in the gasifier as bed material. 

Dolomite, a calcium magnesium ore (MgCO3·CaCO3), has been extensively investigated 

as catalyst for tar conversion. Olivine, a magnesium aluminosilicate ([Mg,Fe]2SiO4), is 

considered an interesting alternative to dolomite. It is recognised by the scientific 

community that dolomite is more active than olivine in the tar conversion; however 

dolomite after calcination becomes friable and it easily erodes which compromises its use 

in the gasifier as bed material. Olivine is a robust material and its mechanical strength is 

equivalent to sand even at high temperatures. As we have seen in this chapter, the pre-

treatment applied to the olivine is crucial to its influence in the biomass gasification. In 

this section the behaviour of olivine is compared with the behaviour of dolomite. 

Dolomite was calcined in-situ at 800ºC prior to the experiments. The olivine was placed 

in an oxidizing environment and in a reducing environment as pre-treatments. Figure 

6.21a shows the influence of these materials over the gas composition in the pyrolytic 

gasification of cellulose and figure 6.21b shows the influence over the overall carbon 

balance. These experiments were performed at 800ºC and with 5 s of gas phase residence 

time. 
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Figure 6.21: a) Gas composition and b) carbon material balance as function of bed material 

 

Olivine and dolomite exert a clear influence over the pyrolytic gasification of 

cellulose; however their activity is related to different causes. Dolomite upon calcination 

becomes a porous material and this characteristic plays a crucial role in its influence. It 

was shown in chapter 5 that dolomite adsorbs tars and that these tars continue their 

conversion while adsorbed on the material. It was also shown that the dolomite interacts 

with the products of the tar conversion. Due to this physical adsorption of tar, dolomite 

presents the largest value of Ccombustion in figure 6.21. Olivine is a non-porous material 

herewith tars are not adsorbed by the olivine which is reflected in the low values of 

Ccombustion. Iron is the key compound in the behaviour of the olivine. Depending on the 

pre-treatment applied, the olivine either will be reduced (CO2 formation) or oxidized (H2 

formation) by the produced gas. Dolomite has a clear effect over the water gas shift 

reaction, H2 and CO2 formation at the expense of CO and H2O. The reduced olivine 

promotes the formation of H2 at the expense of only H2O, since the value of CO is even 

higher than in the case of sand.  

According to the values of Ctar the reduced olivine and the calcined dolomite are 

the materials that minimize the tar content. This should be reflected in the nature of tars 

produced. Figure 6.22 shows the influence of these bed materials in the evolution of 

acetol, toluene, benzene and naphthalene.  
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Figure 6.22: Influence of the bed material in the nature of tars 

 

The analysis of this figure sustains the previous conclusions. Oxidized olivine 

behaves slightly better than sand and dolomite performs better than oxidized olivine. 

However the reduced olivine outperforms the dolomite and this is clearly seen in the case 

of naphthalene. It has been stated elsewhere that dolomite is more active than olivine in 

tar conversion [Corella et al. 2004] [Hu et al. 2006] [Miccio et al. 2009] [Devi et al. 

2005a]. It should be pointed out that there is some lack of information in literature 

concerning the pre-treatment applied to the olivine. Our results indicate that the olivine 

when oxidized has a worse performance than dolomite but the reduced one performs 

better. It may happen that the comparison made in literature between dolomite and olivine 

has been made too often with the oxidized material. However one should not forget that 

our comparison has been done with cellulose as feedstock. It may happen that different 

feedstocks proportionate different conclusions. This will be asserted in chapter 7. 

The energy content of the product gas is assessed as well. Figure 6.23 shows the 

influence of the bed materials in the energy content of the gas produced. Figure 6.24 

shows the share of each component in the energy content.  
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Figure 6.23: Energy content of the produced gas in function of the bed material 

 

As expected, the reduced olivine is the material that generates the gas with the best 

quality. Attending to the results of figure 6.21 the reduced olivine promotes H2 and CO 

(gases with high heating value) at the expense of H2O and tars; herewith it is the material 

that maximizes the conversion of the energy bounded to the parent feedstock into 

permanent gases. A note should be added here concerning dolomite. It was shown in 

chapter 5 that tars are adsorbed on the dolomite and that gas is emitted from the bed for a 

long period, approximately 10 minutes. The results here presented do not take into 

account the gas generated during the thermal cracking of the adsorbed tars. This means 

that the results presented for dolomite are normalized for a so called pyrolysis time. This 

was the procedure taken in chapter 5 when analysing the influence of dolomite over the 

pyrolytic gasification of cellulose. However even accounting all the gas generated with 

dolomite as bed material till the introduction of O2 in the system, the energy content will 

be lower than in the case of sand and consequently lower than the reduced olivine.  

   
 

Figure 6.24: Share of energy by each compound as function of bed material 
 

CO is the main component when olivine is used, either oxidized or reduced, while 

in the case of dolomite CH4 has the highest share of energy. This figure also reflects the 
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main changes in gas composition upon the use of different bed materials. The reduced 

olivine promotes H2 formation only at the expense of H2O, and by that CO and H2 are the 

main components in the produced gas accounting for almost 70% in the energy content. 

Dolomite promotes H2 formation due to the water gas shift reaction which means that CO 

is consumed. That is why the CO share of energy decreases to 28% in the case of 

dolomite. The oxidized olivine and dolomite do not have influence in the methane and 

therefore CH4 stands as an important component from the energetic point of view. In fact 

for dolomite CH4 has the highest share in the energy content. The reduced olivine leads to 

a reduction of CH4 and that is why its share of energy is reduced to less than 20%. 

The comparison made in this section suggests that the reduced olivine is a better 

option than dolomite in the pyrolytic gasification of cellulose. It converts more tar and it 

generates more gas with increased energy content. However one should have in mind that 

if the reduced olivine promotes the Boudouard reaction (formation of solid carbon) that 

will create runway conditions and therefore this material cannot be used in the bed. This 

effect is not clear in our results and should be studied in more detail. One should also 

have in mind that these experiments were performed only with cellulose. It may be that 

different feedstocks lead to different conclusions. This will be asserted in chapter 7. A 

final note should be added concerning the influence over methane. If this compound is the 

goal then dolomite is a better option than the reduced olivine since it reveals more 

limitations in the conversion of CH4.  

 

6.5 MILENA vs. FICFB 

The dual fluidized bed gasifier, figure 6.25, has been receiving attention since it 

allows the use of pure steam for the gasification process which enables the generation of a 

product gas rich in hydrogen and low in tar content. This type of gasifiers separates the 

gasification of the biomass from the combustion of the remaining char. The char and the 

bed material are separated from the producer gas through a cyclone and are transported to 

the combustor. The heat generated by the combustion of the char is transported with the 

bed material to the gasifier providing the necessary heat to drive the endothermic 

gasification reactions. In this way pure steam can be used to gasify the biomass. This 

process is known as Indirect or Allothermal gasification [Corella et al. 2007]. Figure 6.25 

depicts a scheme of a dual fluidized bed gasifier. 
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Figure 6.25: Scheme of a dual fluidized bed gasifier 

 

 Examples of Indirect gasifiers in Europe are the FICFB gasifier developed by The 

Vienna University of Technology and the MILENA gasifier developed by the Energy 

research Centre of the Netherlands (ECN). These two gasifiers apply a similar technology, 

however upon the use of olivine as bed material they generate product gases with 

different compositions as can be seen in table 6.3. 
 

Table 6.3: Product gas composition generated from the Milena and FICFB gasifiers 

    Milena1 FICFB2 Milena1 FICFB3 

Thermal output kWth 30 100 30 100 

Bed material  sand sand Olivine Austria Olivine Austria 

Feedstock  beech wood chips beech wood pellets 

Tgasifier (ºC) 861 754 880 850 

S/B kg/kg 0.3 0.5 0.5 0.63 

CO vol% dry 39.3 22.7 27.5 29.1 

H2 vol% dry 21.4 31.5 27.3 38.9 

CO2 vol% dry 13.9 27.5 24.8 17.5 

N2 + Ar vol% dry 6 2.8 3.4 - 

CH4 vol% dry 12.8 11.2 9.8 11.4 

C2Hy vol% dry 5.1 4.1 3.8 - 

tar (C8+) g/mn
3 dry 32 < 1 18 3.5 - 4.5 

1) adapted from [Meijden et al. 2009] 

2) adapted from [Hofbauer et al. 1998] 

3) adapted from [Pfeifer et al. 2004] 
 

Attending to the results in the MILENA gasifier, with sand as bed material, the 

main conclusion is that the product gas composition resembles the results from pyrolytic 

gasification. CO is the main gas, almost two times more than H2, and CH4 and C2Hy are 

present in large quantities. This is assumed to occur due to the low steam/biomass ratio as 
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well as to the short gas phase residence time in the gasifier. In this way there is not 

enough time for the H2O to enter the steam reforming reactions as well as the water gas 

shift reaction. This explains the high values of CO, CH4 and C2Hy and the low values of 

H2 and CO2. This also explains the high value of tar content in the product gas. The 

results in the FICFB gasifier are very different from those in the MILENA. H2 and CO2 

are the main gases and CO is almost two times less than in the case of MILENA. This 

may be related to the high steam/biomass ratio and to the higher gas phase residence time. 

These results show that in the FICFB the water gas shift reaction is promoted (H2 and 

CO2 high and CO low) and steam reforming reactions are also favoured since the tar 

content is extremely low.  However it should be stressed that, if tars are steam reformed, 

it would be expected to see the same behaviour for CH4 and C2Hy which is not the case 

since they appear in substantial amounts. It is also strange that the reason pointed out to 

the change of bed material in the FICFB gasifier was the fact that the olivine was more 

active for tar cracking than sand [Rauch et al. 2004], which according to table 6.3 is not 

true. Unfortunately it was not possible to find in the literature other results concerning the 

use of sand as bed material for the FIFB gasifier.   

When olivine is used in the MILENA gasifier, CO decreases while H2 and CO2 

increase. The olivine seems to catalyse the water gas shift reaction by redox reactions 

with iron oxide. CO reduces the iron oxide generating CO2 and immediately H2O oxidizes 

the reduced iron generating H2. This phenomenon was shown in section 6.2.5. The olivine 

also reduces the tar content in the produced gas into almost 50%. However if we compare 

the performance of both gasifiers we see a clear discrepancy. The FICFB produces a gas 

with more H2 and CO and less CO2 and tar than the MILENA gasifier. It has been pointed 

out that this discrepancy occurs due to the steam/biomass ratio which is much higher in 

the FICFB than in the MILENA gasifier [Meijden et al. 2009]. This hypothesis is 

sustained by the results in table 6.3, however may not be the only difference. Both 

gasifiers apply the dual fluidized bed technology but they operate in a different mode. In 

the MILENA gasifier the combustion is done in a fluidized bed while the gasification is 

done in a riser. The FICFB operates in the opposite way. The combustion occurs in the 

riser and the gasification occurs in the fluidized bed. The main consequence of this is that 

the gas phase residence time is higher in the FICFB than in the MILENA gasifier. 

Herewith the olivine spends more time in the reductive environment, due to the 

gasification, in the case of FICFB. The iron content in the olivine is being driven into its 

metallic form which has been shown in this thesis to promote tar cracking reactions. This 
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may be a reason as well for the lower tar content in the FICFB when compared with the 

MILENA.  

 

6.6 Conclusions 

The pre-treatment subjected to the olivine is crucial to the effect of this material. 

Oxidized olivine generates CO2 at the expense of CO and slightly improves the tar 

cracking reactions. Reduced olivine promotes the formation of H2 at the expense of H2O 

and has a strong impact over the tar cracking reactions that leads to the formation of CO. 

The properties of the olivine are assumed to depend on its iron content and consequential 

oxidation state. Oxidized olivine interacts with CO releasing CO2 while reduced olivine 

interacts with H2O releasing H2. If water is used as carrier gas then the H2O will oxidize 

the iron reduced by the CO that is released by the devolatilization of the biomass. As a 

consequence H2 is formed.  

The results suggest as well that the generated tars from cellulose pyrolytic 

gasification have a strong oxidation power and due to that the reduced olivine performs 

better than the oxidized olivine in terms of tar cracking. In this way rather than promoting 

the direct cracking of the tertiary compounds the reduced olivine interacts with the 

primary tars changing the tar cracking behaviour and leading to the suppression of tertiary 

tars formation. 

Dolomite performs better than the oxidized olivine however the reduced olivine 

has an even better performance than dolomite in the conversion of tars. In our 

experiments, 2.5 minutes of reduction in 10% H2 at 800ºC were enough to activate the 

olivine. Longer periods of reduction did not improve its activity. If CH4 is the goal then 

dolomite is better option than reduced olivine since it presents more limitations in the 

conversion of methane. The presence of reduced iron led to a reduction of CH4 content in 

20% while the use of dolomite did not affect the content of methane. The comparison 

between the MILENA and the FICFB gasifiers shows that the latter one has a better 

performance in terms of tar cracking even though they apply a similar technology and use 

olivine as bed material. The main difference between them is that the gas phase residence 

time is higher in the FIFB than in the MILENA. Herewith the olivine spends more time in 

the reductive environment, due to the gasification, in the case of FICFB. The iron content 

in the olivine is being driven into its metallic form which has been shown to promote tar 

cracking reactions.  

 

 



144  Chapter 6 

 

References 

Andrés, J.M., Narros, A., Rodríguez, M.E., 2011: ‘Behaviour of dolomite, olivine and alumina as 

primary catalysts in air-steam gasification of sewage sludge’. Fuel, 90, pp. 521-527 

Bleeker, M.F., 2009: ‘Pure hydrogen from pyrolysis oil by the steam-iron process’. PhD Thesis, 

Twente University (ISBN 978-90-365-2888-7) 

Corella, J., Toledo, J.M. and Padilla, R., 2004: ‘Olivine or dolomite as in-bed additive in biomass 

gasification with air in a fluidized bed: Which is better?’. Energy & Fuels, 18, pp. 713-720 

Corella, J., Toledo, J.M. and Molina, G., 2007: ‘A review on dual fluidized bed biomass 

gasifiers’. Industrial & Engineering Chemistry Research, 46, pp. 6831-6839 

Devi, L., Ptasinski, K.J., Janssen, F.J.J.G., van Paasen, S.V.B., Bergman, P.C.A. and Kiel, J., H., 

A., 2005a: ‘Catalytic decomposition of biomass tars: use of dolomite and untreated olivine’. 

Renewable Energy, 30, pp. 565-587 

Devi, L., Ptasinski, K.J. and Janssen, F.J.J.G., 2005b: ‘Pretreated olivine as tar removal catalyst 

for biomass gasifiers: investigation using naphthalene as model biomass tar’. Fuel 

Processing Technology, 86, pp. 707-730 

Devi, L., Craje, M., Thüne, P., Ptasinski, K.J. and Janssen, F.J.J.G., 2005c: ‘Olivine as tar 

removal catalyst for biomass gasifiers: Catalyst characterization’. Applied Catalysis A: 

General, 294, pp. 68-79 

El-Rub, Z.A., Bramer, E.A. and Brem, G., 2004: ‘Review of catalysts for tar elimination in 

biomass gasification processes’. Industrial & Engineering Chemistry Research, 43, pp. 

6911-6919 

Fraser, S.D., Monsberger, M. and Hacker, V., 2006: ‘A thermodynamic analysis of the reformer 

sponge iron cycle’. Journal of Power Sources, 161, pp. 420-431 

Fredriksson, H.O.A., Lancee, R.J., Thüne, P.C., Veringa, H.J. and Niemantsverdriet, H.J.W., 

2012: ‘Olivine as tar removal catalyst in biomass gasification: Catalyst dynamics under 

model conditions’. (Submitted to Applied Catalysis B)  

Hacker, V., Faleschini, G., Fuchs, H., Fankhauser, R., Simader, G., Ghaemi, M., Spreitz, B. and 

Friedrich, K., 1998: ‘Usage of biomass gas for fuel cells by the SIR process’. Journal of 

Power Sources, 71, pp. 226-230 

Hofbauer, H., Veronik, G., Fleck, T., Rauch, R., Mackinger, H. and Fercher, E., 1998: ‚The 

FICFB- gasification process’. Developments in Thermochemical Biomass Conversion, Vol. 

2, pp. 1016-1025 

Hu, G., Xu, S., Li, S., Xiao, C. and Liu, S., 2006: ‘Steam gasification of apricot stones with 

olivine and dolomite as downstream catalysts’. Fuel Processing Technology, 87, pp. 375-

382 

Kuhn, J.N., Zhao, Z., Felix, L.G., Slimane, R.B., Choi, C.W. and Ozkan, U.S., 2008: ‘Olivine 

catalysts for methane- and tar-steam reforming’. Applied Catalysis B: Environmental, 81, 

pp. 14-26 

Meijden, van der C.M., Veringa, H.J., Vreugdenhil, B.J. and Drift, van der B., 2009: ‘Bioenergy 

II: Scale-up of the Milena biomass gasification process’. International Journal of Chemical 

Reactor Engineering, Vol. 7, Article A53 



Bed Materials: Olivine  145 

 

Miccio, F., Piriou, B., Ruoppolo, G. and Chirone, R., 2009: ‘Biomass gasification in a catalytic 

fluidized reactor with beds of different materials’. Chemical Engineering Journal, 154, pp. 

369-374 

Nemanova, V., Nordgreen, T., Engvall, K. and Sjöström, K., 2011: ‘Biomass gasification in an 

atmospheric fluidised bed: Tar reduction with experimental iron-based granules from 

Höganäs AB, Sweden’. Catalysis Today, 176, pp. 253-257 

Nordgreen, T., Liliedahl, T. and Sjöström, K., 2006a: ‘Elemental iron as a tar breakdown catalyst 

in conjunction with atmospheric fluidized bed gasification of biomass: A thermodynamic 

study’. Energy & Fuels, 20, pp. 890-895 

Nordgreen, T., Liliedahl, T. and Sjöström, K., 2006b: ‘Metallic iron as a tar breakdown catalyst 

related to atmospheric, fluidised bed gasification of biomass’. Fuel, 85, pp. 689-694 

Nordgreen, T., Nemanova, V., Engvall, K. and Sjöström, K., 2012: ‘Iron-based materials as tar 

depletion catalysts in biomass gasification: Dependency on oxygen potential’. Fuel, 95, pp. 

71-78 

Pfeifer, C., Rauch, R., Hofbauer, H., Świerczyński, D., Courson, C. and Kiennemann, A., 2004: 

‘Hydrogen-rich gas production with a Ni-catalyst in a dual fluidized bed biomass gasifier’. 

Proceedings of the Conference for Science in Thermal and Chemical Biomass Conversion, 

30th August - 2nd September, Victoria, Canada 

Rapagnà, S., Jand, N., Kiennemann, A. and Foscolo, P.U., 2000: ‘Steam-gasification in a 

fluidized-bed of olivine particles’. Biomass and Bioenergy, 19, pp. 187-197 

Rauch, R., Bosch, K., Hofbauer, H., Swierczynski, D., Courson, C. and Kiennemann, A., 2004: 

‘Comparison of different olivines for biomass steam gasification’. Science in Thermal and 

Chemical Biomass Conversion, Victoria, Canada, 30th August to 2nd September 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



146  Chapter 6 

 

Appendix 6A: Bauer-Glaessner diagram 

 There are four different forms of iron oxide as depicted in figure 6A.1. The most oxidized 

form is hematite and the most reduced form is metallic iron [Hacker et al. 1998].  
 

     
Figure 6A.1: Different forms of iron oxide 

 

 Before drawing the Bauer-Glaessner diagram the reduction reactions of iron oxide with 

carbon monoxide, carbon and hydrogen will be described. All the calculations are based on 

thermodynamic data available in the Nist-Janaf tables (www.kinetics.nist.gov/janaf/) and on the 

work of Bleeker [Bleeker 2006, PhD thesis] and Fraser et al. [Fraser et al. 2006]. 

 

Reduction of hematite to magnetite 

 Hematite can be reduced by CO, H2 and C to magnetite according to the following 

equations:  

( ) ( ) 24332 23 COsOFeCOsOFe +↔+   (6A.1) 

( ) ( ) OHsOFeHsOFe 243232 23 +↔+   (6A.2) 

( ) ( ) COsOFeCsOFe +↔+ 4332 23    (6A.3) 

 

 From these equations the Gibbs free energy for the reactions can easily be calculated from 

the data available in the Nist-Janaf tables. The results from these calculations are presented in 

figure 6A.2. 

 

Figure 6A.2: Gibbs free energy for the reduction of hematite to magnetite with CO, H2 and C 
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Reduction of magnetite to wustite 

 Different Fe/O ratios for wustite are given in the literature. The formula of wustite is 

normally denoted by Fe1-vO, with 0.05 < v < 0.17. In the Nist Janaf tables the wustite structure of 

Fe0.947O is given and is therefore used in the thermodynamic calculations. The reduction reactions 

are as following: 

 
( ) ( ) 2947.043 8.32.1 COsOFeCOsOFe +↔+   (6A.4) 

( ) ( ) OHsOFeHsOFe 2947.0243 8.32.1 +↔+   (6A.5) 

( ) ( ) COsOFeCsOFe +↔+ 947.043 8.32.1   (6A.6) 

 
From these equations the Gibbs free energy for the reactions can easily be calculated from the 

data available in the Nist-Janaf tables. The results from these calculations are presented in figure 

6A.3. 

 
Figure 6A.3: Gibbs free energy for the reduction of magnetite to wustite with CO, H2 and C 

 

Reduction of wustite to iron 

The reduction of wustite is as following: 

 
( ) ( ) 2947.0 947.0 COsFeCOsOFe +↔+   (6A.7) 

( ) ( ) OHsFeHsOFe 22947.0 947.0 +↔+   (6A.8) 

( ) ( ) COsFeCsOFe +↔+ 947.0947.0    (6A.9) 

 

The Gibbs free energy is presented in the following figure: 
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Figure 6A.4: Gibbs free energy for the reduction of wustite to iron with CO, H2 and C 

 

Bauer-Glaessner diagram 

 The individual reactions are all gas solid and for all these reactions the equilibrium 

constant can be defined as: 
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The equilibrium constants can be calculated from the Gibbs energy according to the 

following equation: 
 

( )KRTGr ln=∆−      (6A.12) 
 

The fraction of H2 and CO at equilibrium can easily be calculated according to the 

following relations: 
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Combining this data results in the Bauer-Glaessner diagram presented in figure 6A.5. 
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Figure 6A.5: Bauer-Glaessner diagram 
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Biomass Composition 

 

Abstract 

This chapter addresses the influence of the properties of the biomass on the pyrolytic 

gasification process. In this section the different biomass components as well as a 

lignocellulosic material are tested and its effect on the pyrolytic gasification is analysed. 

A feedstock with high content of cellulose will generate a large amount of gas, while a 

feedstock rich in lignin will generate a gas rich in tars with high thermal stability. 

Cellulose and lignin generated similar amounts of CH4. There is also an attempt to 

correlate the behaviour of beechwood through the individual behaviour of the biomass 

components.  The effect of the mineral matter present in the feedstock is analysed as well. 

These compounds can promote tar cracking reactions leading to the formation of H2O, 

CO2 and solid carbon and suppressing the formation of CO, CH4 and C2H4. The last part 

is focused on the influence of torrefaction as pre-treatment in the thermochemical process.  

 

7.1 Introduction 

In the previous chapters the role of the operational conditions (temperature, gas 

phase residence time and gasifying agent) and the effect of additives were investigated in 

the biomass gasification process. In this chapter the focus will be on the influence of the 

properties of the biomass.  

Biomass consists mainly of hemicellulose, cellulose and lignin together with 

extractives and minerals. Cellulose is a glucose polymer with an average molecular 

weight of around 100,000. Hemicellulose is a mixture of polysaccharides with an average 

molecular weight lower than 30,000. It differs from cellulose in consisting primarily of 

xylose and other five carbon monosaccharides. Lignin can be regarded as an agglomerate 

of amorphous, high molecular weight, chemically related compounds [McKendry 2002]. 

For lignocellulosic biomass hemicellulose, cellulose and lignin cover, in general, 20-40, 
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40-60 and 10-25 wt% respectively of the biomass total weight [Yang et al. 2006]. The 

main elemental constituents of biomass minerals are, in general, Si, Ca, K, Na and Mg, 

with smaller amounts of S, P, Fe, Mn and Al. These constituents occur as oxides, silicates, 

carbonates, sulphates and phosphates [Raveendran et al. 1995]. 

The thermal analysis of the individual biomass components shows evidence of 

different behaviours. In figure 7.1 the results of thermogravimetric experiments of 

cellulose, xylan and lignin are presented. Xylan is often used as a model compound for 

hemicellulose since it is very difficult to obtain this material from biomass [Couhert et al. 

2009a] [Yang et al. 2006] [Raveendran et al. 1996] [Biagini et al. 2006].  

  
Figure 7.1: Pyrolysis characteristics, TG (wt%) and DTG (mass loss rate, wt% / °C) of cellulose, 

xylan and lignin. 
 

These results show that xylan and lignin start their devolatilization before cellulose 

though the weight loss of cellulose occurs in a narrower range of temperatures. From the 

TG curves one can see that cellulose exhibits the highest weight loss while lignin has the 

lowest weight loss. From the DTG curves it can be seen that lignin decomposes in a wider 

range of temperatures than the other components while cellulose decomposes in a 

narrower range. In both curves xylan shows an intermediate behaviour. From this study it 

can be inferred that lignin has the highest thermal stability among the components while 

hemicellulose is the most reactive. Cellulose is the component that releases the most 

volatiles.  

Yang et al. [Yang et al. 2007] studied the pyrolysis of hemicellulose, cellulose and 

lignin in a thermogravimetric analyser and a packed bed. In this work the samples were 

heated up to 900ºC at a constant heating rate of 10 ºC/min. They analysed the different 

components with FTIR (Fourier Transform Infrared Spectroscopy) and tried to ascribe the 

released product gas to the different chemical structures of the components. According to 

them, hemicellulose, with higher carboxyl (-COOH) content, accounted for a higher CO2 
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yield. Cellulose displayed a higher CO yield, mainly attributed to the thermal cracking of 

carbonyl (-CO) and carboxyl groups. With a higher presence of aromatic rings and 

methoxyl (-OCH3) groups, the cracking and deformation of lignin released more H2 and 

CH4 than cellulose and hemicellulose.  Similar conclusions are reported by Qu et al. [Qu 

et al. 2011] when analysing the gas composition from the pyrolysis of the individual 

components. 

Nunn and co-workers [Nunn et al. 1985a] studied the evolution of major products 

from batch pyrolysis of milled wood lignin, from sweet gum hardwood, for the 

temperature range 600-1400 K at heating rates of 1000 K/s. In this work there was an 

attempt to minimize the secondary reactions. Tar is a major product at temperatures above 

800 K reaching a maximum of 53 wt% at 900 K. They report that this value is higher than 

the tar maximum obtained previously for wood [Nunn et al. 1985b] and cellulose 

[Hajaligol et al. 1982] rapid pyrolysis. This result suggests that the tar formed from lignin 

has greater thermal stability than the tar formed from cellulose or wood pyrolysis. It is 

reported that the secondary tar cracking reactions above 850 K contribute to the yields of 

CO, CH4, C2H4 however not as strong as in the rapid pyrolysis of cellulose and the parent 

sweet gum hardwood. The char yield from lignin is higher than with cellulose and wood 

which is ascribed to the aromatic structure of the lignin.  

Several studies, based on thermogravimetric analysis, showed that biomass 

pyrolysis can be divided into four individual stages: moisture evolution (< 220ºC), 

hemicellulose decomposition (220-315ºC), cellulose decomposition (315-400ºC) and 

lignin decomposition (> 400ºC) [Yang et al. 2006] [Raveendran et al. 1996] [López et al. 

2002]. Based on these observations it has been considered that the overall rate of biomass 

pyrolysis could be related to the sum of the individual rates of the three components. 

Yang and co-workers [Yang et al. 2006] studied the pyrolysis of synthesized biomass 

containing two or three of the biomass components. Their results indicate negligible 

interaction among the three components. They concluded that pyrolysis of biomass could 

be regarded as a simple superposition of the three components that play individual roles 

during biomass pyrolysis. 

Raveendran and co-workers [Raveendran et al. 1996] performed studies of 

biomass pyrolysis in a thermogravimetric analyser and a packed bed. Thirteen different 

types of biomass as well as the individual components were studied. Their results show 

that each kind of biomass has a characteristic behaviour based on its individual 

component characteristics. They concluded that the interactions among the components 

are not as important as their actual amounts in a particular biomass. According to them 
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direct summative correlations based on biomass component pyrolysis adequately explain 

both the pyrolysis characteristics and product distribution of biomass. However they point 

out that the ash present in the biomass seems to have a strong influence on both the 

pyrolysis characteristics and the product distribution.  

Qu et al. [Qu et al. 2011] investigated the relationship between biomass and the 

three components (hemicellulose, cellulose and lignin) in fast pyrolysis at temperatures 

between 350 and 650ºC. For all tested feedstocks char yields decrease and gas yields 

increase with the increase of temperature. The bio-oil (primary tars) yield shows a 

parabolic trend with the increase of temperature. It increases to a maximum and it 

decreases afterwards. The maximum bio-oil yields for cellulose, xylan and lignin are 65, 

53 and 40% respectively and the corresponding temperatures are 400, 450, and 500ºC, 

respectively. From the analysis of the bio-oil they concluded that its composition depends 

on the feedstock. Aldehydes are mainly from hemicellulose, carbohydrates mainly from 

cellulose and phenols mainly from lignin. Like other studies Qu and co-workers tried to 

correlate the biomass pyrolysis products with the content of hemicellulose, cellulose and 

lignin by an additive law. Although the overall trends of the calculated results are in 

agreement with the experimental data, there is a quantitative discrepancy. Several reasons 

are pointed out: the hemicellulose and lignin extracted from different samples yield 

different product distributions; the three components in the biomass possess a compact 

organizational structure resulting in a higher thermal stability; the product distribution is 

affected by the mineral matter in the ash of the biomass. 

Couhert et al. [Couhert et al. 2009a] tried to correlate, from an additive law, the 

gas yields from flash pyrolysis at high temperature of any biomass based on its 

composition in cellulose, hemicellulose and lignin. For this purpose several types of 

biomass as well as the individual components were pyrolyzed. The gas yields generated 

are very different depending on the nature of the biomass. They failed to predict the gas 

yields of the biomass based on the additive law. Several reasons are pointed out: the 

components in different biomasses may not be similar and may form different quantities 

of gases; components interact during pyrolysis; ash influences pyrolysis reactions. 

Posterior tests showed that cellulose extracted from different biomasses leads to similar 

gas yields during pyrolysis while hemicellulose and lignin can produce different yields.  

However, it could not be established whether these results are due to differences of 

original structures or whether the extraction process has affected the structure of 

hemicellulose and lignin. They also studied the influence of mineral matter and concluded 

that it can significantly influence the pyrolysis reactions occurring inside the particle. 
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Less CO and CH4 are produced and a larger amount of CO2 is released. The H2 yield is 

not affected by ash enrichment.  

According to Evans et al. [Evans et al. 1986], among the major components of 

biomass, lignin presents the greatest difficulty in understanding the relationship between 

structure and the devolatilization mechanisms that occur during typical thermochemical 

conversion processes. This phenomenon is ascribed to the complex structure of lignin and 

to the difficulty in isolating this material, from the parent biomass, without significantly 

altering its structure. Their results show that the most common methods of separating 

lignin from biomass alter its structure substantially. It is suggested in this work that 

methane is derived from the methoxy groups. This is probably one of the few sources of 

methane as a primary pyrolysis product from biomass constituents.  

In the work of Biagini et al. [Biagini et al. 2006] the results of TG-FTIR analysis 

of different lignocellulosic materials are studied, the main volatile compounds are 

identified, and the main devolatilization steps are characterized. A constant heating rate of 

20 ºC/min is used in all experimental runs. The aim of this work was to predict the profile 

of the gas evolved during the devolatilization of any biomass fuel from the analysis of 

gases released by cellulose, hemicellulose and lignin. This correlation is a simple 

weighted sum law, assuming that there are no interactions between the components and 

that the effect of ash is negligible in the devolatilization. The correlation was validated 

with a good agreement between the modelled and the experimental values. However they 

postulate that more work is needed to evaluate the effect of the operating conditions, the 

presence of mineral matter and the gaseous reactants.   

Raveendran and co-workers [Raveendran et al. 1995] studied the effect of mineral 

matter present in biomass on the product distribution and properties. Thirteen types of 

biomass with different characteristics were used. Tests were performed with untreated, 

demineralised and synthetic biomasses. From the thermal analysis it is seen that, in 

general, the removal of mineral matter increases the yield of volatiles and reduces the 

char. They concluded that the mineral matter, in combination with the organic 

composition, plays a major role in determining pyrolysis product distribution and product 

properties.  

Baker and Mudge [Baker and Mudge 1984] studied the possible mechanisms for 

the pyrolytic reaction of biomass with steam in the presence of alkali carbonates. These 

catalysts alter the reaction pathways during pyrolysis so that the yield of tar and CH4 is 

significantly reduced and the yield of char and of gases other than methane is 

substantially increased. Alkali carbonates also increase the rate of steam gasification of 
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char. The addition of alkali catalysts such as K2CO3, Na2CO3 and KOH dramatically 

reduces formation of levoglucosan during pyrolysis. These catalysts apparently inhibit 

transglycosylation which is the primary pathway for decomposition of cellulose to tar. 

This appears to be one mechanism by which alkali carbonates reduce the tar yield. By 

inhibiting the transglycosylation pathway, alkali carbonates allow other decomposition 

pathways to predominate resulting increased char production. They suggest that alkali 

carbonates alter the pyrolysis reaction pathways so as to reduce the formation of methane, 

rather than acting as a secondary catalyst for reforming methane to hydrogen and carbon 

monoxide. 

Elliot et al. [Elliot et al. 1984] investigated the effect of alkali in the biomass steam 

gasification. Gasification feedstocks studied included cellulose, holocellulose 

(hemicellulose and cellulose), kraft lignin and Douglas fir. The effect of adding dry mixed 

sodium carbonate was to decrease the amount of carbon converted to gas during 

volatilization and to increase the rate of char gasification. A concurrent effect of the alkali 

catalysts is the inhibition of the formation of C1 and C2 hydrocarbon gases. The effect is 

judged to be inhibition, i.e. redirection of the decomposition pathway away from 

hydrocarbon gas products.  

Rolin et al. [Rolin et al. 1983] investigated the effect of various additives on the 

fast pyrolysis of biomass at short residence times. The biomass used was Douglas fir 

sawdust. Additives like Na2CO3, K2CO3, NaHCO3 and KHCO3 were used over the 

temperature range 700-900ºC. The additives were impregnated in the feedstock. 

Carbonates and hydrogen carbonates gave similar effects: an increase in CO2 and H2 and 

a decrease in CO and hydrocarbons. It is noted that only at 900ºC these catalysts increase 

the mass yield of gasification. At lower temperatures they decrease the mass yield of 

gasification. The presence of carbonates and hydrogen carbonates decreases the heating 

value of the produced gas which is a consequence of the increase in CO2. 

Fahmi and co-workers [Fahmi et al. 2008] investigated a range of woody and non 

woody feedstocks with different lignin and metal contents. The aim of the work was to 

identify biomass variables which determine pyrolysis oil stability. The total liquid 

(primary tars) yield increases as the ash content decrease. This result shows that ash 

(alkali metals) increases char and gas yields at the expense of the organic liquids. The 

removal of alkali metals improves the organic liquid yield. It was also observed that the 

water content in the pyrolysis oil increased with the ash content suggesting that the 

catalytic cracking of the vapours produces water. They concluded that the alkali metals 

present in the biomass have the dominant effect on pyrolysis yields compared to lignin. 
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The alkali metals sodium and potassium showed the greatest contribution. Another 

conclusion from this work is that the higher molecular weight compounds present in the 

pyrolysis oil were due to the lignin derived compounds. 

Elliot and Baker [Elliot and Baker 1986] studied the effect of potassium carbonate 

in the tar formed from steam gasification of biomass at 750ºC. The alkali was 

impregnated on wood to make a feedstock containing 8 wt% K2CO3 after drying. The 

uncatalyzed biomass gasification tar is a mixture of phenols and aromatic hydrocarbons 

with only small amounts of the highly oxygenated components from primary pyrolysis of 

biomass. With the addition of potassium carbonate to the gasifier, the amount of the 

phenolic tar components is generally reduced by a factor 5 while the polycyclic aromatic 

hydrocarbons are reduced by a factor of 10. The alkali catalyst within the gasifier is 

generally effective in reducing the production of all components. The mechanism of this 

reduced production could be either stopping their formation initially or by catalyzing their 

decomposition.  

Besides catalytic properties, alkali metals present in the biomass increase the 

agglomeration tendency of fluidized beds. The formation of low melting ash derived 

compounds such as alkali silicates creates problems in fluidized bed reactors at high 

temperatures. The formation of a sticky glassy melt causes bed particle agglomeration. 

The growth and accumulation of agglomerates may lead to a loss of fluidization 

(defluidisation) and unscheduled shutdowns with consequential high operational and 

maintenance costs. Two different routes for agglomeration have been suggested: (i) 

“melt-induced” agglomeration, for bed materials directly glued together by a separate ash 

derived melt phase, and (ii) “coating-induced” agglomeration, for the sequential process 

of coating formation on the bed particles, followed by adhesion and agglomeration 

[Öhman et al. 2005].  

Fryda and co-workers [Fryda et al. 2008] studied the agglomeration phenomena of 

the biomass fuels in quartz sand and olivine. Silica sand does not hinder agglomeration, in 

contrast to materials like limestone that are reported to improve the situation by 

chemically interacting with low temperature eutectics, increasing their melting 

temperatures. The addition of alkali earth metals (Mg, Ca) inhibits agglomeration by 

decreasing the melt fraction at elevated temperatures. The high potassium content of 

Giant Reed and Sweet Sorghum bagasse causes formation of melt responsible for total 

defluidisation in the fluidized bed agglomeration trials at relatively low temperatures (790 

and 810ºC, respectively). Fluidized bed gasification of olive bagasse resisted 

defluidisation up to higher temperatures because of its lower potassium and higher 
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calcium contents, especially in the case of olivine. MgO interacts with the fuel ash and 

shifts the melting temperature to higher levels. 

The information gathered from literature shows that several attempts have been 

made to correlate the gasification products of any lignocellulosic biomass from its 

composition in cellulose, hemicellulose and lignin. These correlations consist in a simple 

juxtaposition (additive law) of the behaviour of the individual components according to 

their proportions in the lignocellulosic biomass. There have been contradictive 

conclusions with some groups achieving a fair agreement between the correlated values 

and the experimental results while other groups point out the failure of the correlation. 

However, all research groups highlight the importance of the mineral matter in the 

gasification process since these compounds have the ability to shift the product yields. 

The presence of mineral matter may have a positive side since it can improve the cracking 

of tars but may have a downside as well since it promotes the formation of agglomerates 

in the bed. This agglomeration phenomenon may lead to the shutdown of the gasifier with 

the consequential economical burden. In this chapter the individual behaviour of the 

biomass components as well as the influence of the mineral matter in the pyrolytic 

gasification process will be addressed.  

 

7.2 Spectroscopic Measurements 

The chemical structures of the three biomass components that are used in this work 

are analysed using FTIR (Fourrier Transform InfraRed) spectroscopy. The IR spectra of 

cellulose, xylan (model compound for hemicellulose) and lignin are presented in figure 

7.2. The spectra were obtained in the mid-infrared region (4000-400 cm-1).  

  
Figure 7.2: FTIR spectra of the three typical components of biomass 
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Cellulose is a glucose polymer, consisting of linear chains of β(1→4)-D-

glucopyranose units (units linked 1-4 in the β-configuration), figure 7.3. The infrared 

spectrum of cellulose shows a clear peak in the region 3600-3000 cm-1 attributed to OH 

stretching vibrations. The band absorbed in the region 2970-2860 cm-1 corresponds to CH 

and CH2 stretching vibrations. In the region 1430 to 1022 cm-1, there is a series of sharp 

bands which are due to various C-H, OH and C-O stretching and bending motions 

[Hurtubise and Krässig 1960].  

 
Figure 7.3: Chemical structure of cellulose, adapted from [Ullmann’s 2011] 

 

Xylans are composed principally of a linear backbone of β,1-4 linked 

anhydroxylose units with occasionally attached 4-O-methyl-D-glucoronopyranosyl side 

groups, figure 7.4. Wood xylans differ according to the number of the side groups per 

xylose. The infrared spectrum of xylan bears a great deal of similarity to that of cellulose. 

However, a big discrepancy is seen in the OH stretching region (3600-3000 cm-1). 

Cellulose presents a clear peak in this region while xylan presents a wider curve. Another 

notable difference is at around 1600 cm-1. This absorption band becomes a relatively 

sharp and intense peak in the xylan. These differences are attributed to the presence of the 

4-O-methyl-D-glucuronic acid side chain in the xylan structure [Marchessault and Liang 

1962] [Buslov et al. 2009]. 

 
Figure 7.4: Chemical structure of xylan, adapted from [Marchessault and Liang 1962] 

 



160  Chapter 7 

 

Lignin contains several functional chemical groups, such as hydroxyl (phenolic or 

alcoholic), methoxy, methyl, carbonyl and carboxyl in various amounts, depending on 

origin and the applied isolation process [Boeriu et al. 2004]. The chemical structure of the 

lignin used in our experimental work is shown in figure 7.5. In figure 7.2 the infrared 

spectrum of lignin shows that this material presents several discrepancies with the other 

components. The broad band at around 3400 cm-1 is attributed to the hydroxyl groups in 

phenolic and aliphatic structures. The bands centred around 2938 and 2842 cm-1 are 

attributed to the CH stretching in aromatic methoxy groups and in methyl groups of side 

chains. Aromatic skeleton vibrations at 1600, 1515 and 1426 cm-1 and the C-H 

deformation combined with aromatic ring vibration at 1462 cm-1 are common features for 

lignins [Boeriu et al. 2004] [Hergert 1960] [Rumyantseva et al. 1994]. 

 
Figure 7.5: Chemical structure of lignin, adapted from the supplier (Sigma & Aldrich)  

 

Comparing the different spectra some conclusions can be made. Xylan and 

cellulose have a similar structure. The main difference is the presence of 4-O-methyl-D-

glucoronopyranosyl side groups in the xylan. The highest infrared absorbance of OH and 

C-O is found with cellulose while xylan contains higher C=O compounds. Lignin is very 

different from the other components. According to its spectrum it is rich in methoxy (O-

CH3) and aromatic compounds. Similar observations are reported elsewhere [Yang et al. 

2007] [Bilba and Ouensanga 1996].  

  

7.3 Experimental Work 

The influence of the feedstock in the biomass pyrolytic gasification process is 

studied. Cellulose, xylan and lignin (purchased from Sigma Aldrich) and beechwood 

(supplied by ECN) are the fuels tested. Xylan is used as model for hemicellulose since 

this component is very difficult to obtain. This is a procedure followed by several 

researchers [Couhert et al. 2009a] [Yang et al. 2006] [Raveendran et al. 1996] [Biagini et 

al. 2006]. The proximate and ultimate analyses of these materials are presented in tables 

7.1 and 7.2 respectively. 
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Table 7.1: Proximate analysis, material “as received” (wt%) 

Feedstock Moisture Ash Volatile matter Fixed carbon 

Beechwood 6.4 0.9 77.8 14.9 
Cellulose 4.2 0.3 91.9 3.6 
Xylan 3.4 4.7 72.1 19.8 

Lignin I 3.6 2.1 57.0 37.3 

Lignin II 9.2 13.7 42.7 34.4 
 
 

Table 7.2: Ultimate analysis, material “dry ash free” (wt%) 

Feedstock Carbon Hydrogen Oxygen Rest 2 

Beechwood 1 49.3 6.1 45.0 0.1 

Cellulose 44.1 5.6 50.4 0.0 

Xylan 45.4 5.3 49.3 0.0 
Lignin I 65.5 5.1 26.5 2.9 

Lignin II 61.4 4.4 37.7 0.5 
1) Data from Phyllis database ( www.ecn.nl/phyllis/ ) 

2) It comprises nitrogen (N), sulphur (S) and chloride (Cl) 
 

To start the experiments about 3.5 g of bed material is placed in the reactor. The 

temperature and carrier gas are chosen. When steady state is reached a particle of 

feedstock is dropped from the top into the hot fluidized bed. The weight of the biomass 

particle is always around 0.052 g and corresponds to 1-2% of the bed material weight. 

The gases evolved from the process (CO, CO2, H2, CH4, C2H4, C2H6 and H2O) are 

analysed on-line with a mass spectrometer. As soon as the gases cease to evolve from the 

process, oxygen is introduced into the system to combust the remaining solid carbon. 

During combustion, CO and CO2 are measured with the mass spectrometer. As soon as 

the combustion is finished a new experiment can be performed without the necessity to 

cool down the reactor. Each experiment was repeated at least three times, and the results 

presented here are an average value with the respective standard deviations.  

 

7.3.1 Biomass Components 

The first set of experiments was performed at inert conditions, with argon as 

carrier gas and sand as bed material. The temperature of the process was 800ºC and the 

gas phase residence time around 5 s. Figure 7.6a shows the influence of the biomass 

components and beechwood in the gas composition of pyrolytic gasification. The results 

are normalized to the weight of biomass “as received”. Figure 7.6b shows the influence of 

the biomass composition over the carbon material balance. Cgas is the fraction of the 

original carbon present in the permanent gases; Ccombustion is the fraction of carbon that 



162  Chapter 7 

 

remains in the bed after pyrolysis and Ctar corresponds to the fraction of carbon that could 

not be detected and assumed to belong to tars.  

   
Figure 7.6: a) Gas composition and b) carbon overall balance in function of the feedstock of 

pyrolytic gasification at 800ºC and gas phase residence time of 5 s 
 

The results clearly show that different feedstocks lead to different products. 

Cellulose is the component that gives the highest yield of CO. This may be due to the 

conversion of tars into CO (as seen in chapter 4) but also due to the characteristics of 

cellulose. Investigators like Yang et al. [Yang et al. 2007] and Qu et al. [Qu ate al. 2011] 

associate the high values of CO released to the high amount of carbonyl (C-O-C) groups 

present in the cellulose. However according to our work this high amount of CO results 

from the conversion of tars and not due to the direct formation from cellulose 

devolatilization. This was our conclusion when analysing the influence of temperature 

and gas phase residence time on the pyrolytic gasification of cellulose in chapter 4. Xylan, 

used as model for hemicellulose, is the component that gives the largest amount of CO2. 

We have seen that the structure of xylan is very similar to cellulose so one should expect 

similar results. However when comparing cellulose with xylan the results are very 

different. CO, CH4 and C2H4 decrease while CO2 and H2O increase. It is our assumption 

that the minerals present in the ash are responsible for this shift in products. As seen in 

table 7.1, xylan has a large amount of mineral matter in its composition. The minerals 

seem to play a role in the tar cracking which changes the reaction path. CO2 and H2O are 

promoted and the formation of CO, CH4 and C2H4 are suppressed. This is also reflected in 

the overall carbon balance since xylan generates a large amount of solid carbon, almost 8 

times more than in the case of cellulose. The role played by the minerals in the pyrolytic 

gasification process will be addressed later in this chapter. 

Comparing lignin with cellulose one can see main differences in CO and C2H4. 

These components are produced in larger quantities with cellulose. This may be due to the 
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type of tars generated and their cracking behaviour. It is described in the literature that the 

tars produced by lignin are thermally more stable than the ones generated by cellulose 

[Nunn et al. 1985a]. This is also reflected in the high value of Ctar seen for lignin. The 

spectrum of lignin, presented in figure 7.2, shows that this material contains aromatic 

compounds in its structure and this may be the reason why it generates tars with higher 

thermal stability. In chapter 4 of this thesis the influence of temperature and gas phase 

residence time was assessed in the pyrolytic gasification of cellulose. It was concluded 

that CO, CH4 and C2H4 are main products from the thermal cracking of tars. Assuming 

then that tars from cellulose are easier to crack than tars from lignin it is expected that 

cellulose generates a product gas with more CO and C2H4.  The same would be expected 

for CH4 which is not the case. But this may be due to the different sources of the methane. 

In the case of cellulose, methane is mainly formed from the tar cracking reactions, as 

shown in chapter 4. In the case of lignin a large amount of methane may be already 

formed from the devolatilization of the particle due to the methoxy groups present in the 

structure of the lignin, as pointed out by Evans and co-workers [Evans et al. 1986] and 

Biagini et al. [Biagini et al. 2006]. The methoxy groups are present in the lignin but 

absent in the cellulose as seen in the infrared spectra presented in figure 7.2.   

Beechwood is used as a representative of lignocellulosic biomass. The results 

generated by the pyrolytic gasification of beechwood are intermediate values between 

cellulose and lignin. This is seen in the product gas composition and in the overall balance 

of carbon. These results are in agreement with the work of Raveendran and co-workers 

[Raveendran et al. 1996] which shows that cellulose and lignin account as upper and 

lower limits in the results of the lignocellulosic biomass. This is occurring with 

beechwood because it contains a low amount of mineral matter in its composition as seen 

in table 7.1. 

The overall balance of carbon, figure 7.6b, shows that cellulose generates the 

largest amount of gases and the least amount of solid carbon. Lignin generates the least 

amount of gas and a large amount of solid carbon. Xylan generates an intermediate value 

of gas. These results are in agreement with the TG and DTG curves presented in figure 

7.1. According to the values of Ctar the tars generated by lignin have higher thermal 

stability. This does not mean that lignin releases the largest amount of tars. It suggests 

instead that fewer tars generated by lignin are converted when compared with the other 

components. It has been part of our procedure to analyse certain tar compounds and 

ascribe them to the different groups that may represent. Therefore acetol (C3H6O2) is 

assumed as representative for primary tar. Toluene (C7H8) is considered as an 
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intermediate tar. Naphthalene (C10H8) is assumed as model for PAHs, tertiary tars. 

Though benzene (C6H6) is not considered as tar by several researchers its presence is 

important and also analysed. Figure 7.7 shows the influence of the different feedstocks 

over the above mentioned tar compounds. Unfortunately, due to the complexity of the 

process, it was not possible to calibrate the mass spectrometer to measure quantitatively 

these tar compounds. However the intensity measured is directly linked to the amount of 

gas produced and even though it is not possible to know the real amount of tar compounds 

produced it is possible to compare the quantities of tars generated under different 

conditions. Thus, the results presented in figure 7.7 are normalized to the maximum 

intensity measured in this set of experiments. 

   
Figure 7.7: Influence of the feedstock over acetol, toluene, benzene and naphthalene at 800ºC and 

5 s of gas phase residence time 
 

 Lignin is the compound that generates the largest amount of toluene, benzene and 

naphthalene, components that are more difficult to crack than acetol. This shows evidence 

of the high thermal stability of the tars released by the lignin and is in agreement with the 

high value of Ctar in figure 7.6b. For example, almost 4 times more naphthalene is present 

with lignin than with the other components. As explained before, this is assumed to occur 

due to the presence of aromatic compounds in the structure of lignin. Xylan and cellulose 

generate similar amounts of tar compounds with the exception of acetol. Xylan generates 

the largest amount of acetol which may be related to the mineral matter that changes the 

tar cracking reactions. Beechwood behaves as an intermediate, which corroborates the 

results presented in figure 7.6. The amount of acetol that is generated by the beechwood is 

similar to the amount generated by cellulose and lignin, which may show a limited effect 

of the minerals present in the beechwood.  

The energy content of the product gas is also assessed. The variable αenergy, defined 

in chapter 3, relates the energy present in the product gas with the energy content of the 
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original biomass. This variable only takes into account the gases presented in figure 7.6a. 

In figure 7.8 the results concerning the energy content of the product gas for the different 

feedstocks used are shown.  

 
Figure 7.8: Energy content of the produced gas in function of the feedstock 

 

The trend of the energy content follows the trend of Cgas presented in figure 7.6b. If 

more gas is being produced from the cracking of tars then the energy content is also 

supposed to increase. The energy bounded chemically to tars is transferred into the 

permanent gases. Cellulose releases a product gas with high energy content due to the 

nature of the tars that are easily cracked into permanent gases. The mineral matter present 

in xylan leads to a decrease in CO, CH4 and C2H4 and an increase in CO2 and H2O when 

compared to cellulose. The shift that occurs in the distribution of gases leads to an 

increase of gases with no heating value at the expense of gases with a high heating value. 

In this way the product gas generated by xylan has lower energy content than cellulose.  

Lignin pyrolysis reveals a low conversion into gas, figure 7.6b, which leads to a gas with 

low energy content. One note should be added. The variable αenergy informs about the 

amount of energy present in the original feedstock that will be converted into the 

permanent gases. Since different solid fuels have different higher heating values it is not 

possible to conclude just based on αenergy that the gas produced with lignin has lower 

energy content than the gas generated by cellulose. However since the higher heating 

values of the different feedstocks are known and were presented in chapter 3 it is possible 

to reach such conclusion. 

Figure 7.9 shows the share in the energy content of each gas component present in 

figure 7.6a. CO is the main component for cellulose and xylan, accounting for about 40% 

of the energy content. In the case of lignin, CH4 has the largest share with 41% and this 
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happens because CH4 represents more than 20% on a volume basis of the gas generated 

by the lignin.   

     
 

Figure 7.9: Share of energy of each component with different feedstocks 

 

7.3.2 Lignin 

We have seen in the previous section that amongst the other biomass components 

lignin generates the least amount of product gas (Cgas in figure 7.6b) and the largest 

amount of tars (Ctar in figure 7.6b). This is assumed to occur due to the structure of lignin. 

According to its infrared spectrum, lignin contains aromatic rings in its structure which 

gives rise to more thermally stable tars and consequently tars that are more difficult to be 

converted into gas. It was shown in chapter 5 that dolomite has the ability to reform tars. 

In chapter 6 it was concluded that, when reduced, the olivine has the ability to convert tars 

as good as dolomite. In this section the influence of the dolomite and the reduced olivine 

is analysed when lignin is used as feedstock. The dolomite was calcined in-situ at 800ºC 

prior to the experiments and the calcination was considered finished as soon as CO2 

ceased to evolve from the dolomite.  The olivine was oxidized for 30 minutes followed by 

reduction during 10 minutes (it was shown in chapter 6 that 10 minutes of reduction are 

enough to activate the olivine for our type of experiments). Figure 7.10a shows the 

composition of the product gas of the pyrolytic gasification of lignin under the influence 

of the different bed materials. Figure 7.10b shows the influence of the bed materials over 

the overall carbon balance. These experiments were performed at 800ºC and with 5 s of 

gas phase residence time. It should be pointed out that the results concerning dolomite are 

normalized according to a so-called pyrolysis period. This was the approach used in 

chapter 5 when analysing the influence of the dolomite and related compounds over the 

pyrolytic gasification of cellulose. Hereby the results for dolomite in figure 7.10a concern 

the gas generated during the pyrolysis period and account for the results of Cgas in figure 

7.10b. Ccombustion concerns all the carbon that is traced after the pyrolysis period. In Figure 

5.4 (chapter 5) this pyrolysis period is defined. 
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Figure 7.10: a) Gas composition and b) carbon overall balance in function of the bed material of 

pyrolytic gasification of lignin at 800ºC and gas phase residence time of 5 s 
 

Dolomite clearly affects the water gas shift reaction since H2 and CO2 increase 

while CO and H2O decrease. It was shown in chapter 5 that a fraction of the generated 

tars is adsorbed on the dolomite and this fact is reflected in an increase of the Ccombustion 

values. According to figure 7.10b, Ccombustion almost doubles which shows evidence of tar 

adsorption in the pores of the dolomite. Ctar seems to be mitigated which shows evidence 

of the catalytic effect of dolomite over tar conversion. Interesting to notice is that Cgas 

does not have a substantial change which means that even though tars are adsorbed on the 

dolomite the production of gas is not really influenced. When analysing the effect of 

dolomite in the pyrolytic gasification of cellulose it was concluded that since a fraction of 

tars is adsorbed less gas is produced because the adsorbed tars do not travel freely through 

the freeboard and consequently are not converted into gas. In the case of lignin, Cgas does 

not decrease which shows that even if the adsorbed tars travelled freely through the 

freeboard they would not be converted into gas. This is another evidence of the high 

thermal stability of the tars generated by the lignin.  

It is interesting to notice that the content of C2H4 and CH4 decreases upon the use 

of dolomite. In earlier tests it was concluded that at these conditions dolomite has the 

ability to reform C2H4 but it has severe limitations in reforming CH4. The results from 

figure 7.10a imply, then, that the dolomite is interacting with the generated tars and this 

interaction leads to the formation of different products. This may explain as well the 

content of CO which has only a slight decrease. It may be that CO is a product of this 

interaction and is immediately converted into CO2 in the water gas shift reaction.  

The reduced olivine improves the H2 content at the expense of H2O and this occurs 

due to redox reactions as shown in chapter 6. The H2O generated by the pyrolytic 
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gasification process oxidizes the reduced iron present in the olivine and H2 is released as 

product. The CO and CO2 contents increase as well which shows interaction between the 

reduced iron and the tars, as concluded in chapter 6. However, according to the overall 

carbon balance the reduced olivine does not behave as dolomite towards tar reduction. Ctar 

is reduced but a substantial amount is still present while in the case of dolomite Ctar is 

almost mitigated. This discrepancy could be visualised as well during the experiments. In 

the tests with sand and reduced olivine, tars were condensing in the capillaries while in 

the case of dolomite the capillaries remained clean. This is assumed to occur due to the 

nature of the tars formed by the lignin. It was shown in the previous section that the tars 

generated by the lignin have higher thermal stability than the ones formed by the cellulose. 

The pyrolytic gasification of lignin generates tars rich in aromatics. This implies that the 

metallic iron present in the reduced olivine cannot handle aromatic tars as well as 

dolomite. These results show that dolomite and reduced olivine promote tar reduction in 

different ways. Dolomite has the ability to crack directly the aromatics. The reduced 

olivine may avoid the formation of aromatics by interacting with the primary tars rich in 

oxygen. The primary tars generated by the cellulose are very reactive and have a high 

content of oxygen. If the conditions are suitable these primary tars will be converted into 

secondary and tertiary tars as shown in chapter 4. If reduced olivine is the bed material 

then the primary tars released by the cellulose will oxidize the metallic iron leading to 

different products and by that avoiding the formation of aromatics. This explains why the 

reduced olivine behaves as well as dolomite in the pyrolytic gasification of cellulose. It is 

assumed that a large amount of aromatic tars is already formed directly from the lignin 

since it contains aromatic rings in its structure. This type of tars does not have the 

potential to oxidize the reduced olivine and consequently the tars are not converted. This 

can explain why the reduced olivine works as well as dolomite in the pyrolytic 

gasification of cellulose but performs worse when lignin is used as feedstock. To get more 

insight into the nature of the tars, the evolution of acetol, toluene, benzene and 

naphthalene is analysed under the influence of the bed material. Figure 7.11 shows these 

trends. The results are normalized to the maximum intensity measured in this set of 

experiments.   
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Figure 7.11: effect of the bed material over the nature of tars in the pyrolytic gasification of lignin  
 

It can be seen that upon the use of dolomite acetol increases while all the other 

compounds have a strong reduction. Already in chapter 5 it was noticed that the content 

of acetol increases and it was concluded that this is due to the conversion of aromatic tars 

that lead to the production of acetol. These results are in agreement with Ctar from figure 

7.10. The results with reduced olivine show an increase of all tar compounds which is not 

in agreement with figure 7.10. Attending to the values of Ctar one would expect a slight 

decrease of toluene, benzene and naphthalene compared with sand. These results are 

contradictory. However, it is clear from these experiments that dolomite performs better 

than reduced olivine in the cracking of the tars generated from lignin, a phenomenon not 

see with cellulose. It should be stressed that lignin revealed itself as a very difficult 

material to work with. The large amount of tars generated, condensed and blocked the 

capillaries that connect the reactor to the MS and even the valves that are inside the MS. 

This created a range of different problems and difficulties in getting proper results. This is 

the reason why the standard deviations in figure 7.10 are so high.  

Figure 7.12 shows the energy content of the gas produced from the pyrolytic 

gasification of lignin with different bed materials. The variable αenergy relates the energy 

present in the product gas with the energy content of the feedstock. It only takes into 

account the gases presented in figure 7.10. It should be pointed out that two values 

concerning dolomite are presented. ‘Dolomite pyrolysis’ concerns the gas released during 

the pyrolysis period. ‘Dolomite total’ concerns all the gas released till the introduction of 

oxygen into the system. This is the same approach applied in chapter 5 when studying the 

influence of dolomite over the pyrolytic gasification of cellulose. 
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Figure 7.12: Energy content of the produced gas in function of the bed material 
 

The reduced olivine is the bed material that gives rise to the gas with the highest 

energy content. This occurs because this material promotes H2 formation at the expense of 

H2O and CO formation at the expense of tars. The favoured products have high calorific 

value. The same conclusion was reached in the experiments with cellulose as feedstock.  

Dolomite generates a gas with lower energy content if we account only the gas produced 

during the pyrolysis period. However if we take into account all the gas generated till the 

introduction of O2 in the system then dolomite gives rise to a gas with better quality than 

sand.  In the experiments with cellulose, sand always generated the gas with highest 

quality when compared with dolomite. This discrepancy is assumed to occur, once again, 

due to the nature of the tars formed. Cellulose generates tars that are easily converted into 

gas under inert conditions. Lignin generates tars with high thermal stability that under 

inert conditions are not easily converted into gas. These results show that dolomite exerts 

a catalytic effect over the thermochemical process of lignin with the potential to increase 

the energy content of the product gas.  

 

7.3.3 Beechwood 

Beechwood is used as a feedstock representative of lignocellulosic biomass. It 

belongs to the class of hardwoods and by that it contains a higher ratio of cellulose over 

lignin when compared with the softwoods [McKendry 2002]. The beechwood used in 

these experiments was supplied by ECN but originally purchased from Rettenmaier. Its 

biochemical composition was assessed from literature and is presented in table 7.3.  

 

 

0.0

0.2

0.4

0.6

sand dolomite 
pyrolysis

red oliv dolomite 
total

α e
ne

rg
y

(-
)



Biomass Composition  171 

 

 

Table 7.3: Composition of the beechwood [Völker and Rieckmann 2001] 

  cellulose hemicellulose lignin H2O solubles ash 

% dry matter 46.4 22.3 25.4 5.1 0.7 
 

 Figure 7.6 suggests that beechwood behaves as an intermediate between cellulose 

and lignin in the pyrolytic gasification. This means that the results obtained when 

beechwood is used as feedstock are intermediate values with those obtained when 

cellulose and lignin are used as feedstock. It is pointed out in literature that the behaviour 

of the lignocellulosic biomass is dependent on the proportions of the single components. 

Based on this, several researchers have tried to correlate the behaviour of the 

lignocellulosic fuels by juxtaposition of the behaviour of the individual components. 

Some groups concluded that this correlation is possible [Yang et al. 2007] [Raveendran et 

al. 1996] [Biagini et al. 2006] while other groups reached the opposite conclusion [Qu et 

al. 2011] [Couhert et al. 2009a]. The same type of correlation is done here. Figure 7.13 

compares the results obtained experimentally and theoretically for beechwood pyrolytic 

gasification. These results are assessed for experiments at 800ºC, 5 s gas phase residence 

time and sand as bed material. The theoretical results are based on a superposition of the 

behaviour of the individual components according to the proportions presented in table 

7.3. Equation (1) provides an example for the theoretical result of CO. 
 

ligninxylancelluloseltheoretica COCOCOCO 254.0223.0464.0 ++=   (1) 

  
Figure 7.13: a) Gas composition and b) carbon overall balance of pyrolytic gasification of 

beechwood; experimental and theoretical results 
 

The theoretical results are in fair agreement with the experimental results. This is 

seen in the product gas composition and in the overall carbon balance. The behaviour of 

the beechwood can be modelled by juxtaposition of the behaviour of the individual 
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components at the experimental conditions studied. This occurs due to the limited effect 

of the mineral matter since it is present in low amounts in the beechwood as can be seen 

in table 7.1. This result also indicates that if there are interactions between the different 

components in the beechwood then this effect is negligible when compared to the actual 

amount of each component.   

The same correlation is applied when dolomite and olivine are used as bed 

materials and the results are presented in figure 7.14. Again, there is a fair agreement 

between the experimental results and the theoretical ones. The major discrepancy occurs 

between the values of CO when reduced olivine is used but this may be related with the 

difficulty of performing experiments with lignin as pointed out in the previous section.  

However, one may assume that regardless of the bed material, the results of the 

beechwood can be modelled with a reasonable agreement according to the content of 

hemicellulose, cellulose and lignin. Nevertheless one should not forget that this 

correlation only applies to the studied conditions, 800 °C and 5 s of gas phase residence 

time. It may be that at different conditions the behaviour of beechwood cannot be 

correlated based on its composition of cellulose, hemicellulose and lignin. 

  
Figure 7.14: a) Gas composition and b) carbon overall balance experimental and theoretical for 

dolomite and olivine. 

 

7.3.4 Mineral matter 

The infrared spectra of cellulose and xylan, presented in figure 7.2, show that these 

two components have similar chemical structures, yet the pyrolytic gasification of these 

two compounds gave rise to very different products, as seen in figure 7.6. When analysing 

these results it was our assumption that these deviations occurred due to the role played 

by the mineral matter present in the feedstock. Table 7.1 shows that xylan contains a high 
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amount of minerals (approximately 4.7 wt%) while cellulose contains a meaningless 

amount (approximately 0.3 wt%). It is pointed out in literature that the minerals present in 

the biomass can participate in the thermochemical process by improving the cracking of 

tars and catalyzing the char gasification reactions [Elliot et al. 1984] [Baker and Mudge 

1984] [Fahmi et al. 2008]. To show further evidence of the role played by the ash in the 

pyrolytic gasification process some experiments were performed with cellulose 

impregnated with minerals. Sodium (Na) and potassium (K) are important minerals 

present in the biomass and hereby they were selected. These minerals were impregnated 

on the cellulose to make a feedstock containing 5 wt% NaOH or KOH. Figure 7.15 shows 

the influence of the ash over the pyrolytic process. These experiments were carried at 

800ºC and with 5 s of gas phase residence time. Argon was the carrier gas and sand was 

the bed material. The results with xylan as feedstock are also present as basis for 

comparison.  

  
Figure 7.15: a) Gas composition and b) carbon overall balance in function of the feedstock. 

Cellulose impregnated with 5 wt% of NaOH and 5 wt% KOH. 
 

It is clear that the minerals present in the feedstock can play a decisive role in the 

products distribution. The presence of sodium or potassium leads to a sharp decrease of 

CO and a clear increase of CO2 and H2O. There is also a decrease in CH4 and C2H4. 

Another important feature related with the presence of the minerals is the increase of solid 

carbon that remains in the bed, reflected in the high value of Ccombustion. These experiments 

are carried out at inert conditions and by that the char gasification reactions do not play a 

role. Also the minerals remain in the bed so it is not expected that they affect the gas 

phase reactions. This leads to the conclusion that the presence of sodium and potassium is 

changing the tar cracking path. This change leads to more CO2, H2O and solid carbon and 
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to less CO, CH4 and C2H4. Hydrogen does not seem to be affected by the mineral content, 

a peculiar behaviour already noticed by Couhert and co-workers [Couhert et al. 2009a]. 

The results concerning xylan are also presented in figure 7.15. It can be seen that 

the impregnation of sodium or potassium in the cellulose leads this material to behave 

similarly to xylan. This proves that the main differences in the results at these 

temperatures between xylan and cellulose are due to the mineral matter and not to the 

differences in the chemical structure. A note should be added concerning water. It is seen 

in figure 7.15a that the cellulose impregnated with minerals releases a larger amount of 

water than the xylan. This is assumed to happen due to the moisture content present in the 

parent feedstock. According to the proximate analysis performed at our facilities, the 

cellulose with minerals contains around two times more moisture than the xylan. Since 

more water enters the system with the biomass it is plausible to expect more water present 

in the product gas.  

It was noticed that agglomerates were formed in the bed during the experimental 

work. This phenomenon occurred in the experiments with xylan and with the cellulose 

impregnated with sodium or potassium. This shows the possible side effect of the 

presence of minerals in the biomass gasification process: the agglomeration of the bed. 

This can be a problem since bed agglomeration may lead to a loss of fluidisation and 

consequently to an unscheduled shutdown of the gasifier. 

It seems clear from the above figures that the minerals can play a crucial role in the 

pyrolytic gasification of cellulose. They change the paths of tar cracking leading to the 

formation of CO2, H2O and solid carbon. This behaviour raises the question if the same 

influence would be applied in the case of lignin since this compound releases tars with 

higher thermal stability. Two types of lignin were purchased from Sigma-Aldrich. The 

main difference between them is the content of ash. Lignin I has less mineral matter than 

lignin II. The main component of the ash present in both lignins is sodium. The proximate 

and ultimate analyses of these components are presented in tables 7.1 and 7.2 respectively. 

Figure 7.16 shows the influence of the mineral content present in the lignin over the 

product gas composition and the overall carbon balance in the pyrolytic gasification 

process. These experiments were performed at 800 ºC and with 5 s of gas phase residence 

time. Sand was the bed material and argon the carrier agent. 
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Figure 7.16: a) Gas composition and b) carbon overall balance in function of the feedstock 

 These results show that the conclusions reached with cellulose as feedstock can be 

applied in the case of lignin. CO, CH4 and C2H4 are reduced while CO2 and H2O are 

increased upon the increase of ash content in the lignin. Interesting to notice is that the H2 

content remains indifferent to the ash, an effect already outlined in the experiments with 

cellulose. Attending to the overall carbon balance, Ccombustion increases and Cgas decreases, 

which show that solid carbon is promoted by the presence of the ash at the expense of the 

product gases. Ctar is almost mitigated which points to a strong reduction of the tar content 

in the product gas. These results point to a conversion of tars into solid carbon. This is a 

striking result since the experiments with cellulose did not show such an effect of the ash 

content over the absolute amount of tar. As seen in figure 7.15, Ctar does not decrease 

upon the increase of the amount of mineral matter. To gather more information about the 

nature of tars under the influence of the minerals present in the lignin, some tar 

compounds were analysed. Figure 7.17 shows this influence over acetol, benzene, toluene 

and naphthalene.  

 
Figure 7.17: Influence of the ash content over acetol, toluene, benzene and naphthalene in the 

pyrolytic gasification of lignin 
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These results are in agreement with Ctar from figure 7.16. Besides acetol, all the 

analysed tar compounds are reduced in more than 90 % which shows a strong reduction in 

the tar content by the mineral matter present in lignin II. This shows that the mineral 

matter present in the lignin II has a strong effect over the aromatic tars, characteristic tars 

released by the lignin. Acetol remains indifferent but since the amount of this compound 

at 800°C is not substantial (as shown in chapter 4 when analysing the influence of 

temperature) it does not have a real influence over the total amount of tar.  

It seems clear that the mineral matter has a strong effect in the pyrolytic 

gasification process. It may be interesting to analyse this effect in the presence of bed 

additives like dolomite or olivine. Figure 7.18 shows this effect. The dolomite was 

calcined in-situ at 800°C and the olivine was subjected to a reductive environment prior to 

the experiments. Xylan contains a high amount of ash (4.7 wt%) and by that it is used as 

feedstock.  

 

Figure 7.18: a) Gas composition and b) carbon overall balance of xylan pyrolytic gasification 

under the influence of bed material at 800°C and 5 s of gas phase residence time 
 

The influence of dolomite is not as sharp as seen for cellulose or lignin and this is 

evident in the overall carbon balance; Ccombustion does not have a sharp increase. However 

it seems clear that the dolomite is interacting with the produced gas since the water gas 

shift reaction is promoted. H2 and CO2 increase while CO and H2O decrease. It is also 

plausible to assume that adsorption of tars is occurring since Cgas decreases, although 

slightly, and Ccombustion increases.  Ctar is reduced as well which indicates reduction of the 

tar content. The content of CH4 and C2H4 does not change which shows that the dolomite 

is not interfering with the effect of the minerals. The results suggest that tars are adsorbed 

into the pores of the dolomite together with the mineral matter and that both promote tar 

cracking reactions. In these experiments there was no formation of agglomerates in the 
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bed which shows further evidence of the interaction between the minerals and the 

dolomite.    

The reduced olivine promotes a sharp increase of the H2 content at the expense of 

H2O. As concluded from chapter 6 this occurs because the H2O oxidizes the reduced iron 

present in the olivine releasing H2 as product. CO increases as well which shows that the 

reduced olivine is interacting with the generated tars converting them into gas. This 

explains the increase of Cgas and the decrease of Ctar. Since CO2, CH4, C2H4 and Ccombustion 

do not change it is reasonable to assume that the olivine is not interfering with the effect 

of the minerals. The same conclusion was reached for dolomite. The results suggest that 

the reduced olivine and minerals work in parallel, not hindering the effect of each other.  

The phenomenon of agglomeration was not noticed in these experiments.  

It seems clear that the minerals and the bed additives interact at the same time with 

the products of the pyrolytic gasification and that the final outcome leads to a reduction of 

the tar content. Figure 7.19 shows the evolution of acetol, toluene, benzene and 

naphthalene upon the use of the different bed materials.  

 

Figure 7.19: Influence of the bed material over acetol, toluene, benzene and naphthalene in the 

pyrolytic gasification of xylan  
 

The results of dolomite and the reduced olivine are very similar. Acetol increases 

while all the other compounds decrease. More than 80% of the naphthalene is converted. 

These results are in agreement with figure 7.19 and show that the dolomite and olivine are 

also interacting with the tars produced.  

Figure 7.20 shows the energy content of the gas produced from the pyrolytic 

gasification of xylan with different bed materials. The variable αenergy relates the energy 

present in the product gas with the energy content of the feedstock. It only takes into 

account the gases presented in figure 7.18. It should be pointed out that two values 
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concerning dolomite are presented. ‘Dolomite pyrolysis’ concerns the gas released during 

the pyrolysis period. ‘Dolomite total’ concerns all the gas released till the introduction of 

oxygen into the system. This is the same approach applied in chapter 5 when studying the 

influence of dolomite over the pyrolytic gasification of cellulose. Figure 5.4 defines these 

time periods. 

 

Figure 7.20: Energy content of the gas generated by the pyrolytic gasification of xylan as 

function of the bed material 
 

Like in the experiments with cellulose and lignin the reduced olivine is the 

material that generates the gas with the best quality. This occurs because this material 

favours the formation of H2 and CO at the expense of H2O and tar. Dolomite generates 

the gas with the worst quality if only the gas released during the pyrolysis period is 

accounted for. However if we account for all the gas generated till the introduction of O2 

into the system, the gas has a similar quality to the one generated with sand. Based on all 

these results one may say that reduced olivine is a better additive than dolomite in the 

pyrolytic gasification of xylan since it produces similar yields of tars with similar nature 

but it generates a gas with higher quality, richer in H2 and CO. 

 

7.3.5 Torrefaction 

Torrefaction is a thermochemical treatment of biomass performed in the 

temperature range of 200 to 300°C and characterized by a low particle heating rate (< 

50 °C/min). It is carried out under atmospheric conditions and in the absence of oxygen. 
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A typical mass and energy balance for woody biomass torrefaction is provided in figure 

7.21. Typically, 70% of the mass is retained as a solid product, containing 90% of the 

initial energy content. The other 30% of the mass is converted into torrefaction gas, which 

contains only 10% of the energy of the biomass. In this way, an energy densification with 

a factor of 1.3 can be achieved [Bergman et al. 2005]. 

 
 

Figure 7.21: Scheme of mass and energy balance of torrefaction (E = energy unit, M = mass unit), 

adapted from [Bergman et al. 2005] 
 

Torrefaction destructs the structure and tenacity of the biomass, increasing in this 

way its grindability. This phenomenon makes torrefied biomass attractive for co-firing in 

existing coal-fired power stations. As seen before, torrefaction improves the energy 

densification of the biomass which makes it more suitable for transportation. Also after 

torrefaction the biomass has more hydrophobic characteristics that make storage of 

torrefied biomass more attractive than the fresh biomass since the biological degradation 

is avoided [Stelt 2011]. During torrefaction the biomass loses relatively more oxygen and 

hydrogen than carbon and in this way the properties of the biomass change and it 

becomes more coal like [Prins 2005].  

Torrefaction seems a promising pre-treatment for the biomass hereby its effect in 

the pyrolytic gasification process is studied. The torrefied birch wood was provided by 

ECN and was produced in their pilot torrefaction plant Patrig. This Patrig, consisting of a 

moving bed reactor, a recycle loop for torrefaction gases and accompanying heat 

integration, was operated in a specific test campaign at three different temperatures (245, 

260 and 280°C). Within the process, pre-dried birch wood (12.5% moisture content) is 

rapidly heated to torrefaction temperature and also rapidly cooled down after torrefaction. 

The birch wood is under torrefaction conditions during almost the whole solid fuel 

residence time in the Patrig, i.e. approximately 40 minutes. Table 7.4 shows the 

composition of the different feedstocks. These analyses were provided by ECN as well. It 

can be seen that the increase of the torrefaction temperature leads to a decrease in the 
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moisture content and to an increase of the carbon content. As expected the characteristics 

of the biomass move towards those of coal. The carbon content increases while hydrogen 

and oxygen are reduced. 
  

Table 7.4: Composition of the raw and torrefied birch wood (analysis provided by ECN) 

Feedstock Moisture Ash Carbon Hydrogen Oxygen 

Birch wood (raw) 12.5 0.3 50.0 6.3 44.0 

Birch wood (245ºC) 3.7 0.2 52.0 6.2 43.0 
Birch wood (260ºC) 3.0 0.2 52.0 6.1 42.0 

Birch wood (280ºC) 0.1 0.4 55.0 6.0 38.0 
 

 The experiments with these feedstocks were performed at 800°C and with 5 s of 

gas phase residence time. Sand was the bed material and argon the carrier gas. Figure 7.22 

shows the product gas composition and the overall balance of carbon. 

  
Figure 7.22: a) Gas composition and b) carbon overall balance in function of the feedstock 

 

There is a clear trend in the content of water. It decreases upon the increase of 

torrefaction temperature. This result is a consequence of the decrease of the moisture in 

the biomass upon the increase of the temperature of torrefaction, as seen in table 7.4. Less 

water enters into the system and consequently less water is present in the product gas. It is 

interesting to notice that even though the material torrefied at 280°C contains a 

meaningless amount of moisture (around 0.1 wt%) it still gives rise to a product gas 

containing a substantial amount of water. This shows evidence of the formation of water 

during the pyrolytic gasification process. Already in chapter 4 it was pointed out that 

water was a product from the reactions occurring during the pyrolytic gasification of 

cellulose.  

The overall balance of carbon shows that Cgas decreases while Ccombustion increases. 

This shows that less gas is produced and more solid carbon is formed upon the increase of 
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the torrefaction temperature. This can be explained by the changes that occur in the 

biomass with the increase of the torrefaction temperature. As seen in table 7.4, the 

biomass becomes more coal like and in this way the volatile matter released by the 

torrefied birch decreases while the amount of fixed carbon increases. The same effect was 

pointed out by other researchers [Bridgeman et al. 2008] [Couhert et al. 2009b]. It could 

be as well that the increase of solid carbon is due to the decrease of the moisture content 

in the torrefied material. The steam char gasification reaction is being prevented since less 

water is entering the system, contributing to the production of less gas and more solid 

carbon.  

The values of Ctar do not show a clear trend however it seems that the yield of tar is 

not affected by torrefaction, regardless of the temperature applied during the pre-

treatment. Figure 7.23 shows the effect of torrefaction over acetol, toluene, benzene and 

naphthalene. It can be seen that there are no major shifts in these tar compounds which is 

in agreement with the results from the overall balance of carbon. Torrefaction is not 

influencing the yield and nature of the tars. 

  
Figure 7.23: Influence of torrefaction over the nature of tars in the pyrolytic gasification process 

 

7.4 Conclusions 

The properties of the feedstock play a decisive role in the products distribution 

from the pyrolytic gasification process. A feedstock with high content of cellulose will 

generate a large amount of gas, while a feedstock rich in lignin will generate a gas rich in 

tars with high thermal stability. Cellulose and lignin generated similar amounts of CH4. 

The minerals present in the feedstock can promote tar cracking reactions leading to the 

formation of CO2 and solid carbon and suppressing the formation of CO, CH4 and C2H4. 

However, the mineral matter did not affect the content of H2. The ash present in the lignin 
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led to a reduction of more than 90% of toluene, benzene and naphthalene. When present 

in high amounts (> 1 wt%) minerals may promote agglomeration of the bed which can 

lead to unwanted shutdowns of the gasifier. Dolomite and olivine hinder the 

agglomeration phenomenon. However, these materials do not affect the effect of the 

minerals over the pyrolytic gasification.  

At specific conditions the behaviour of the lignocellulosic biomass can be 

correlated by juxtaposition of the behaviours of the individual components, according to 

their proportions, if the mineral matter is present in low amounts. Dolomite performs 

better than the reduced olivine in the cracking of aromatic tars.  This shows that dolomite 

and olivine exert catalytic activity in different forms. Dolomite can promote direct 

cracking of naphthalene and benzene while reduced olivine can only suppress their 

formations by interacting with the primary tars which have a high oxidizing power.  

Torrefied biomass generates more solid carbon and less gas than the raw material. 

The increase of the torrefaction temperature leads to an increase of the solid carbon 

formed during the pyrolytic process. Torrefaction did not influence the yield and nature of 

tars. All these studies were based on experiments performed at 800 °C and with 5 s of gas 

phase residence time. 
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Chapter 8 

 

Conclusions & Recommendations 

 

8.1 Conclusions 

The content of this thesis has been focused on the influence of the operational 

conditions on the biomass gasification process. This work was conducted with the Energy 

research Centre of the Netherlands (ECN) with the aim to improve the efficiency of their 

overall process from biomass into SNG. Their studies concluded that this could be 

achieved with an increase of the methane content in the product gas released during the 

gasification process. It is important as well to convert the generated tars into permanent 

gases with high energy value. The methods that can be applied inside the gasifier and 

were studied through this thesis are: temperature, gas phase residence time, carrier gas, 

bed additives and biomass composition. For this purpose a new set-up was designed and 

built to study the influence of the primary methods on the biomass gasification process. 

Special emphasis is given to methane and tars formation. 

The increase of the gas phase residence time or/and the temperature leads to the 

conversion of tars into permanent gas in the pyrolytic gasification of cellulose. Under 

inert conditions CO accounts as the main product but CH4, C2H4, H2 and CO2 are formed 

as well. According to our work, the carbon from tars that is converted through the 

freeboard of the reactor into permanent gases follows equation 1: 
 

2424 05.012.015.069.0 COHCCHCOtar CCCCC +++→   (1) 
 

This equation shows that CO is a major product of tar conversion. Almost 70% of 

the carbon converted from tars goes into CO. Only a small fraction of it goes into CO2. 

This tar conversion leads also to the formation of different types of tars. Low 

temperatures and low gas phase residence times favour the formation of primary tars rich 

in oxygen but the increase of the severity of the process (increase of temperature and/or 

gas phase residence time) promotes the formation of aromatics with naphthalene and 
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benzene standing as important compounds. Acetol behaves as a typical primary tar 

compound. Its content reaches a maximum at 600ºC and at 800ºC it gets almost 

completely converted. Toluene behaves as an intermediate, being converted at very high 

temperatures (800ºC) and its presence starts being noticed at 600ºC. Naphthalene, as 

model for PAHs, starts being produced at high temperatures (800ºC) and reaches its 

maximum at the highest temperature studied, 900ºC. Benzene is formed at milder 

conditions than naphthalene. It is formed at lower temperatures and at lower gas phase 

residence times. These last results suggest that benzene is formed from the cracking of 

primary tars while naphthalene is formed from the rearrangement of intermediate tars.  

The experiments with temperature show that CH4 is formed mainly from tar 

cracking reactions rather than from the methanation reaction (production of CH4 and H2O 

at the expense of CO and H2). This reaction is kinetically favoured at low temperatures 

and CH4 is hardly noticed at temperatures below 600ºC. From 500 ºC to 600 ºC the 

content of CH4 increases more than 5 times and from 600 ºC till 900 ºC it more than 

doubles. The experiments with lignin show that methane can also be directly produced 

from the devolatilization of this material since it contains methoxy groups in its structure. 

These groups are absent in the structure of cellulose. 

At 800ºC and 5 s of gas phase residence time almost 90% of the carbon and 90% 

of the energy from the parent cellulose are transferred into the permanent gases.  

Oxygen as a carrier agent promotes the formation of CO2 and H2O. Water as a 

carrier agent promotes the formation of H2. Water seems to hinder the tar cracking 

reactions at the conditions studied. From an energetic point of view an inert carrier gas 

seems to be the best option. Steam yields less gas and more tar while oxygen yields more 

gas at the expense of char but this gas has lower quality than the pyrolytic gas. Oxygen is 

a stronger reactant than water which is seen in both char and tar reactions.  An inert 

environment is better for methane formation since the presence of O2 or H2O led to a 

decrease of CH4 content in the product gas. 

Dolomite, magnesite and calcite perform similarly in the pyrolytic gasification of 

cellulose. These materials exert a clear influence over the water gas shift reaction. 

Hydrogen and carbon dioxide are formed at the expense of carbon monoxide and water. It 

is also shown that these materials interact with the tars generated during the process of 

pyrolytic gasification. A fraction of the generated tars is physically adsorbed in the pores 

of the materials. These stored tars continue their cracking conversion and the formed 

products react with the materials. Dolomite and related compounds convert benzene and 

naphthalene but do not convert methane. The tests with lignin show that dolomite has the 
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ability to crack aromatics very effectively. More than 80% of the naphthalene produced 

under inert conditions was converted with dolomite. The experiments with alumina 

corroborate the role played by the porosity in the catalytic activity of dolomite. Figure 8.1 

summarizes the findings related with the role of dolomite in the pyrolytic gasification of 

cellulose. The numbers presented in this scheme represent the gases evolved during the 

different periods of the process defined in figure 5.4 (pyrolysis, thermal cracking and 

combustion). Table 8.1 shows the composition of these evolved gases. When cellulose is 

introduced in the hot environment it will be converted into gas, solid and tars. A fraction 

of tars will be adsorbed by the dolomite while the other fraction flows freely and will be 

converted into more gas. The adsorbed tars continue their conversion and the products 

interact with the dolomite, contributing as well to the gas released during the pyrolysis 

period. These are the different contributions to the gas 1. After the pyrolysis period, gas is 

still evolving from the dolomite, which is assumed to occur due to the thermal cracking of 

the stored tars. This gas is represented by the number 2. When the thermal cracking is 

assumed to be finished, O2 is introduced in the reactor to combust the remaining solid 

carbon which will generate the gas 3, composed by CO and CO2. After the combustion 

the dolomite is considered clean. Posterior tests with the combusted dolomite showed that 

its physical characteristics did not change. It could be visualised as well that the 

combusted dolomite had the original white colour while the dolomite with the stored tars 

was black. 

 
 

Figure 8.1: Scheme of the reactions occurring between the biomass and the dolomite 
 

Table 8.1: Gases released during the different periods 

  CO CH4 C2H4 C2H6 H2 CO2 

gas 1 x x x x x x 

gas 2 x    x x 

gas 3 x     x 
 

Temperature affects the extension of the thermal cracking over the adsorbed tars 

on the dolomite. Low temperatures lead to an increase of stored carbon on the dolomite. 
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The gas phase residence time studies show that there is still a fraction of tars that is not 

adsorbed which is converted into permanent gas along the freeboard. The increase of 

temperature and gas phase residence time leads to an increase in the energy content of the 

product gas due to the conversion of tars.  

If oxygen is present in the carrier gas the oxidation reactions will be promoted 

leading to the formation of CO2, H2O and acetol. However, a deficit of oxygen promotes 

the formation of CO as well. If water is present in substantial amounts it can interact with 

the adsorbed tars leading to the formation of H2 and CO2. Due to the nature of the 

products formed, water increases the energy content of the product gas while oxygen 

promotes the opposite. 

The pre-treatment subjected to the olivine is crucial to the effect of this material. 

Oxidized olivine generates CO2 at the expense of CO and slightly improves the tar 

cracking reactions. Reduced olivine promotes the formation of H2 at the expense of H2O 

and has a strong impact over the tar cracking reactions that leads to the formation of CO. 

The properties of the olivine are assumed to depend on its iron content and consequential 

oxidation state. Oxidized iron interacts with CO releasing CO2 while reduced iron 

interacts with H2O releasing H2. Figure 8.2 exemplifies these reactions between the gas 

released by the biomass and the iron present in the olivine. 

  
 

Figure 8.2: Redox reactions between the product gas and the iron present in the olivine 
 

 The experiments with cellulose show that the reduced olivine reduces more 

effectively the tar content than the oxidized olivine. It is assumed that the tars generated 

by the cellulose have a high oxidizing power and by that interact with the reduced olivine 

leading to a decrease of the amount of tar. In this way the formation of tertiary tars is 

suppressed. The experiments with lignin show that the reduced olivine does not handle 

the aromatics so well. This is assumed to occur due to the lack of oxidizing power of the 

tars rich in aromatics that are generated by lignin. In this way the product gas from lignin 

pyrolytic gasification contains a high amount of tars, mainly aromatics.  

The comparison between the MILENA and FICFB gasifiers shows that the latter 

one produces a gas with lower tar content even though they apply a similar technology 



Conclusions & Recommendations  189 
 

 

and use olivine as bed material. This is assumed to occur due to the higher gas phase 

residence time seen in the FICFB gasifier. This increase of time promotes steam 

reforming of tars but also influences the oxidation state of the olivine used as bed material. 

The olivine spends more time in the reductive environment of the gasifier and 

consequentially its iron content is driven towards the metallic state which is shown in this 

work to have a stronger impact in tar conversion compared to the oxidized state. 

Dolomite performs better than the oxidized olivine however the reduced olivine 

has an even better performance than dolomite in the conversion of tars when cellulose is 

used as feedstock. However, the experiments with lignin revealed that dolomite performs 

better than the reduced olivine in the cracking of aromatic tars. This shows that dolomite 

and olivine exert catalytic activity in different forms. Dolomite can promote direct 

cracking of naphthalene and benzene while reduced olivine can only suppress their 

formations by interacting with the primary tars which have a high oxidizing power.    

If CH4 is the goal then dolomite is better option than reduced olivine since it 

presents more limitations in the conversion of methane. The presence of reduced iron led 

to a reduction of CH4 content in 20% while the use of dolomite did not affect the content 

of methane. 

The properties of the feedstock play a decisive role in the products distribution 

from the pyrolytic gasification process. A feedstock with high content of cellulose will 

generate a large amount of gas, while a feedstock rich in lignin will generate a gas rich in 

tars with high thermal stability. Cellulose and lignin generated similar amounts of CH4. 

The minerals present in the feedstock can promote tar cracking reactions leading to the 

formation of CO2 and solid carbon and suppressing the formation of CO, CH4 and 

C2H4.However, the mineral matter did not affect the content of H2. The ash present in the 

lignin led to a reduction of more than 90% of toluene, benzene and naphthalene. When 

present in high amounts (> 1 wt%) minerals may promote agglomeration of the bed which 

can lead to unwanted shutdowns of the gasifier. Dolomite and olivine hinder the 

agglomeration phenomenon. However, they do not affect the effect of the minerals over 

the pyrolytic gasification.  

The behaviour of the lignocellulosic biomass can be correlated by juxtaposition of 

the behaviours of the individual components, according to their proportions, if the mineral 

matter is present in low amounts and at specific conditions. There was a fair agreement 

with this correlation at 800°C and 5 s regardless of the bed material. Sand, dolomite and 

olivine were tested. 
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Torrefied biomass generates more solid carbon and less gas than the raw material. 

The increase of the torrefaction temperature leads to an increase of the solid carbon 

formed during the pyrolytic process. Torrefaction did not influence the yield and nature of 

tars. These conclusions are valid for the conditions studied, 800°C and 5 s of gas phase 

residence time. 

 

8.2 Recommendations 

The goal of this project was to assess an operational window in the gasification 

that can increase the overall efficiency of the process from biomass into SNG. For that 

purpose it is necessary to increase the content of methane and to transfer the energy 

bounded to tars into permanent gases. Based on our work it is recommended to use an 

inert gas as carrier agent. Methane is formed from the conversion of tars and the presence 

of H2O or O2 changes the path of the tar conversion which leads to the suppression of CH4. 

From 800°C till 900°C the content of CH4 increases for about 10%. However at 900°C 

the content of PAHs also increases which may be a problem since these tars are difficult 

to destroy. Based on this, temperatures of at least 800°C should be used. The residence 

time should be at least 5 s. Higher residence times seem to not bring substantial 

improvement. The biomass should be rich in cellulose. Although in our work cellulose 

and lignin gave rise to similar amounts of CH4, cellulose generates more gas and less tar 

while lignin generates less gas and more tars rich in aromatics. The biomass should not 

contain a high content of minerals, at least not above 1%. Minerals like sodium or 

potassium have the power to shift the tar cracking paths conversion and by that can 

promote the suppression of methane formation. They also promote agglomeration of the 

bed which may lead to the shutdown of the gasifier.  Among the tested bed additives 

dolomite seems the best choice from the point of view of methane and tars. These 

catalysts do not interfere with the methane formation and catalyse the conversion of 

benzene and naphthalene. The problem of dolomite is that this material becomes friable 

which creates fines that are carried away from the bed. However, our work shows that 

calcite and magnesite present similar properties to dolomite. If these materials reveal 

better mechanic properties than dolomite then they may be a good solution to use in the 

gasifier as bed material.  Table 8.2 shows the operational window recommended for the 

improvement of the process from biomass into SNG. 
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Table 8.2: Operational window recommended to the improvement of the overall efficiency of the 

process from biomass into SNG 

Temperature 800 - 900 ºC 

Gas phase residence time 5 - 6 s 
Bed material dolomite / magnesite / calcite 

Carrier gas inert 
Biomass rich in cellulose 

Mineral matter < 1 wt% 

 

8.3 Future Work 

This works has answered some open questions but the experimental results have 

also shown other paths for future research in biomass gasification. In the following 

paragraphs some ideas are exposed. 

Dolomite has a good performance. It can convert tars very well, especially the hard 

ones and it does not influence the methane content. However the dolomite erodes easily 

which creates fines. This may lead to problems in the gasifier. It was shown that 

magnesite and calcite behave similarly to dolomite. It is important to study the 

mechanical strength of calcite and magnesite. If these materials are more robust than 

dolomite then they may be a good solution to be applied in the gasifier.  

The reduced olivine has an interesting performance however the metallic iron may 

promote the Boudouard reaction which leads to the formation of solid carbon. This may 

lead to runway conditions. It is very important to study in more detail the influence of the 

reduced olivine in the Boudouard reaction. 

The minerals reveal an important effect over the cracking of tars, and this is 

especially evident in the case of lignin which produces tars with high thermal stability. 

However the minerals tend to agglomerate which may lead to shutdowns of the gasifier. It 

was seen that the presence of dolomite and olivine hinder the agglomeration. The effect of 

agglomeration needs to be studied in more detail. 

The mass spectrometer is a reliable analytical tool in the studies of cellulose 

pyrolytic gasification. However, the experiments with lignin were difficult to realise. This 

material releases a large amount of tars that condenses inside the MS and blocks the 

sample entering into the ion source. In this way the measurements lose its accuracy. This 

system is not recommended for studies with dirty materials like lignin. 
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