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Summary  

The present Ph. D. thesis describes experimental and modeling investigations on entrained 

flow gasification of biomass and an experimental investigation on entrained flow co-

gasification of biomass and coal. A review of the current knowledge of biomass entrained 

flow gasification is presented.  

Biomass gasification experiments were performed in a laboratory-scale atmospheric pressure 

entrained flow reactor with the aim to investigate the effects of operating parameters and 

biomass types on syngas products. A wide range of operating parameters was involved: 

reactor temperature, steam/carbon ratio, excess air ratio, oxygen concentration, feeder gas 

flow, and residence time. Wood, straw, and lignin were used as biomass fuels. In general, the 

carbon conversion was higher than 90 % in the biomass gasification experiments conducted at 

high temperatures (> 1200 °C). The biomass carbon that was not converted to gas in the 

gasification process only appeared as soot particles in the syngas in all experiments, except 

for two experiments conducted at 1000 °C without steam addition where a very small amount 

of char was also left. The effects of reactor temperature, steam/carbon ratio, and excess air 

ratio on the yields of H2 and CO were noticeable, while the effects of oxygen concentration, 

feeder gas flow, and residence time on the yields of H2 and CO were negligible. The yield of 

soot could be reduced by a higher reactor temperature, higher steam/carbon ratio, higher 

excess air ratio, lower oxygen concentration, larger feeder gas flow, and longer residence time. 

Wood, straw, and lignin had similar gasification behavior except with regard to soot 

formation. The soot yield was lowest during straw gasification possibly because of its high 

potassium content. The equilibrium product compositions under the experimental conditions 

were calculated by using the FactSage Program. At high temperature with steam addition, the 

experimental product compositions were close to the calculated equilibrium gas compositions. 

Besides a comprehensive experimental investigation on biomass gasification, a few 

experiments of biomass pyrolysis were also performed with the aim to obtain a better 

understanding of the whole gasification process. In comparison to gasification, higher yields 

of H2, CO, and soot were produced during pyrolysis.  

During wood gasification, the major part of the filter sample was soot on the basis of 

simultaneous thermal analysis (STA). Soot appeared as agglomerated nano-size spherical 

particles (< 100 nm) which are very rich in carbon on the basis of scanning electron 

microscopy (SEM) images coupled with energy dispersive spectroscopy (EDS). In 
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comparison to wood gasification, the filter sample obtained from straw gasification had quite 

low content of soot while high contents of volatilizable KCl and K2SO4, and thereby appeared 

as irregular crystals (> 100 nm). During lignin gasification, the filter sample mainly consisted 

of soot and nonvolatilizable inorganic matter. The parent wood particles and the derived wood 

char samples obtained from the gasification experiment conducted at 1000 °C had similar 

structure, size, and shape according to SEM images, but the derived wood char particle 

surface looked smoother indicating some degree of melting. In STA analysis, the wood char 

was more reactive than the wood soot with respect to both oxidation and CO2 gasification. 

Besides, the wood soot produced at higher temperature was more reactive than the soot 

produced at lower temperature. 

Biomass and coal co-gasification experiments were performed in the same entrained flow 

reactor.  The effect of mixing ratio of different fuels on syngas products was investigated at 

1400 °C with steam addition. The yields of residual particulates (char and/or soot) decreased 

with increasing straw fraction during straw/wood co-gasification and with increasing biomass 

fraction (straw or wood) during biomass/coal co-gasification. Besides, their yields in the co-

gasification experiments were lower than the calculated values from their weighted yields in 

the individual fuel gasification experiments, indicating a synergistic effect on lowering the 

yields of residual particulates during co-gasification. The yields of H2, CO, and CO2 remained 

nearly unchanged with varying mixing ratio during straw/wood co-gasification, while 

increased gradually with increasing biomass mixing ratio during biomass/coal co-gasification. 

A mathematic model of biomass entrained flow gasification was developed. The model 

included mixing, drying and pyrolysis, char-gas and soot-gas reactions, detailed gas-phase 

reactions, and mass and heat transfer. The model could reasonable predict the yields of syngas 

products obtained in the biomass gasification experiments. Moreover, the simulation results 

suggest that the soot can be completely converted and thereby the H2 and CO yields can reach 

the maximum values if the reactor length is increased to 2.5 – 3 m under a reasonable 

condition (high temperature with steam addition). 
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Dansk Resumé 

Denne Ph.D.-afhandling beskriver et eksperimentelt og modelbaseret studium af forgasning af 

biomasse og biomasse-kul samforgasning i en atmosfærisk tryk laboratorieskala entrained 

flow reaktor.  

Procesbetingelsernes og biomassetypens indflydelse på syntesegasproduktet blev undersøgt 

systematisk. Kulstofomsætningen var typisk højere end 90 % ved biomasseforgasning ved høj 

temperatur (> 1200 °C). Reaktortemperaturen, damp/kulstof-forholdet og luftoverskudstallet 

havde stor betydning for H2 og CO udbytterne, mens iltkoncentrationen, fødegasflowet og 

opholdstiden havde mindre betydning. Sodudbyttet kunne reduceres ved at anvende høj 

reaktortemperatur, højt damp/kulstof-forhold, højt luftoverskudstal, lav iltkoncentration, højt 

fødegasflow og lang opholdstid. Forgasning af træ, halm og lignin gav ens 

produktgassammensætning, med undtagelse af sodudbyttet. Halm havde det laveste 

sodudbytte, muligvis pga. det høje kaliumindhold i halm. Ved høj temperatur og med 

vanddamp i gassen var produktgassen tæt på ligevægtssammensætningen. Ud over et 

systematisk eksperimentelt studie af biomasseforgasning, blev der udført nogle få 

eksperimenter om biomassepyrolyse for at opnå en bedre forståelse af hele 

forgasningsprocessen. Sammenlignet med forgasning blev der opnået højere udbytter af H2, 

CO og sod ved pyrolyse.  

Ved træforgasning var størstedelen af filterprøven sod, hvilket blev bestemt ved simultan 

termisk analyse (STA). Soden bestod af agglomerater af sfæriske nanopartikler (< 100 nm), 

med et højt indhold af kulstof, hvilket blev undersøgt med skanning elektron mikroskopi 

(SEM) koblet med energidispersiv spektroskopi (EDS). Sammenlignet med træforgasning 

indeholdt filterprøven fra halmforgasning små mængder sod, men store mængder KCl og 

K2SO4, hvilket fremstod som irregulære krystaller (> 100 nm). Ved ligninforgasning 

indeholdt filterprøven hovedsageligt sod og ikke-flygtige uorganiske forbindelser. 

Træpartiklerne og de afledte kokspartikler, der blev dannet ved forgasning ved 1000 °C, 

havde samme struktur, størrelse og facon, men overfladen af kokspartiklerne var mere glat, 

hvilket indikerer at træet delvist var smeltet. Forsøg med STA analyse viste at koks dannet fra 

træ var mere reaktivt end sod dannet fra træ, både ved oxidation og ved CO2 forgasning. 

Desuden var sod dannet fra træ fremstillet ved højere temperatur mere reaktivt end tilsvarende 

sod fremstillet ved lavere temperatur. Dette er en umiddelbart overraskende observation. 
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Sam-forgasning af biomasse og kul blev undersøgt i den samme reaktor. 

Forgasningsproduktets sammensætning blev undersøgt ved 1400 °C og med tilsætning af 

vanddamp som funktion af blandingsforholdet mellem biomasse og kul. Udbyttet af faste 

produkter (koks og/eller sod) faldt når halmmængden øgedes i halm/træ sam-forgasning og 

når biomassemængden (halm eller træ) øgedes i biomasse/kul sam-forgasning. Desuden var 

udbyttet af faste produkter lavere ved sam-forgasning end det forventede udbytte, beregnet ud 

fra forgasningsforsøgene med de enkelte komponenter, vægtet med mængden af 

komponenterne. Dette indikerer en positiv effekt der reducerer udbyttet af faste partikler ved 

sam-forgasning. Udbyttet af H2, CO og CO2 var stort set det samme ved forskellige 

halmmængder i halm/træ sam-forgasning, mens gasudbyttet øgedes gradvist når 

biomassemængden øgedes i biomasse/kul sam-forgasning.  

En detaljeret matematisk model for entrained flow forgasning af biomasse er blevet udviklet. 

Modellen inkluderer blanding, tørring og pyrolyse, koks-gas og sod-gas reaktioner, 

detaljerede gasfase reaktioner og masse- og energioverførsel. Modellen kunne tilfredsstillende 

beregne udbyttet af syntesegas ved biomasseforgasning. 
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Introduction to this thesis 

Under environmental and sociopolitical considerations, there is an increasing world-wide 

interest in the use of biomass resources for energy and chemicals. It is estimated that by 2050 

biomass could supply 10 – 20 % of the global primary energy requirements. Gasification is 

one of the effective thermochemical conversion processes for biomass unitization, which 

provides a syngas that can be used to synthesize liquid fuels and chemicals or produce heat 

and power. Entrained flow gasification operates at high temperatures (> 1200 °C) with rather 

small particles to achieve a high carbon conversion within a few seconds and may provide a 

high-quality syngas especially without tar. Currently, coal gasification is the most 

commercially available technology in large scale. Biomass is an important alternative to coal 

but differs from coal in many important aspects, including lower carbon content, higher 

oxygen content, higher volatile content, lower heating value, and lower bulk density. 

Therefore, knowledge on biomass gasification is needed to support the development of 

commercial biomass entrained flow gasifiers.  

Most of the chapters of this thesis are written as manuscripts to scientific journals. A general 

introduction to the field of biomass entrained flow gasification is given through a literature 

study in Chapter 1. Chapter 2 and Chapter 3 concern biomass gasification experiments 

performed in an entrained flow reactor with the aim of testing the effects of operating 

parameters and biomass types on syngas products. Chapter 4 deals with the morphology, 

composition, and kinetics of residual particulates, char and soot, obtained from biomass 

entrained flow gasification. Chapter 5 concerns biomass and coal co-gasification experiments 

performed in the same entrained flow reactor with the aim of testing the effects of mixing 

ratio on syngas products. In order to predict gasification product and optimize gasification 

process, Chapter 6 presents the model work of biomass entrained flow gasification on the 

basis of the obtained experimental results. Finally, conclusions and suggestions for further 

work are given in Chapter 7.  

Chapter 2 has been published in Fuel: Ke Qin, Weigang Lin, Peter Arendt Jensen, and Anker 

Degn Jensen, High temperature entrained flow gasification of biomass, volume 93 (2012), 

589 – 600. 

Chapter 3 has been published in Energy and Fuels: Ke Qin, Peter Arendt Jensen, Weigang Lin, 

and Anker Degn Jensen, Biomass gasification behavior in an entrained flow reactor: gas 

product distribution and soot formation, volume 26 (2012), 5992 – 6002. 
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Chapter 4 has been published in Energy and Fuels: Ke Qin, Weigang Lin, Søren Fæster, Peter 

Arendt Jensen, Hao Wu, and Anker Degn Jensen, Characterization of residual particulates 

from biomass entrained flow gasification, volume 27 (2013), 262 – 270. 
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Chapter 1 Literature study 

Abstract 

In the present literature study, gasification technology including main processes and reactions, 

different fuel types (coal and biomass), and different gasifier types (moving bed, fluidized bed, 

and entrained flow gasifier) were discussed and summarized. Further, attention has been paid 

to the effects of operating conditions on products distribution during biomass entrained flow 

pyrolysis and gasification respectively. H2 and CO are the main gas products during pyrolysis 

and gasification, and CO2 is also the main gas product during gasification. On the whole, from 

a viewpoint of syngas utilization for fuels and chemicals, high temperature is desirable for 

providing high yields of H2 and CO and achieving a high carbon conversion. Besides, at high 

temperature, a suitable excess air ratio, longer residence time, increased reactor length, and 

smaller particles are also favored for improving the carbon conversion.  

1.1 Introduction 

Gasification is in one sense an old technology, which was firstly investigated by Thomas 

Shirley in 1659 [1,2]. Some of the important milestones in gasification development are 

depicted in Figure 1.1. More than a century ago, gasification was commercially applied for 

the production of both fuels and chemicals [3]. In accordance with the current developing 

trends in the power generation and refinery industry, the advanced stages of gasification 

technology continue to be applied toward the syngas, with an increasing number of 

applications in power, heat, fuels, and chemicals [3]. The worldwide historical growth in the 

gasification capacity since 1960s, as well as the future addition through 2010s, is illustrated in 

Figure 1.2. Today, gasification is widely deployed throughout the world in many industrial 

settings. 

Gasification is a thermochemical solid fuel conversion process by which a combustible gas is 

produced. In conventional combustion technology fuel is burned using excess air to ensure 

complete combustion. In gasification the amount of oxygen is generally one-fifth to one-third 

of the amount theoretically required for complete combustion [4]. H2 and CO are the main 

desired components of the syngas. Gasification, as a possibility of more environmentally 

friendly use of solid fuel, has been advancing in the past 25 years [1]. The focus on the 

environmental benefits of gasification can partly be contributed to the increased focus on the 
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impact of CO2, SOx, and NOx on the climate. Major environmental benefits in gasification can 

be found in Integrated Gasification Combined Cycles (IGCC) [1].  

 

Figure 1.1 Milestones in gasification development [2] 

 

Figure 1.2 Worldwide gasification capacity and planned growth (cumulative by year) [5] 

Now, after oil, coal, and gas, biomass has become the fourth largest energy resource in the 

world [6,7]. Biomass resources are a major component of strategies to mitigate global climate 

change since they are considered as sustainable CO2-neutral energy sources [8]. In recent 

years, taking into consideration the environmental and sociopolitical issues, biomass 

resources are regarded as priority resources to substitute fossil fuels in the energy and 

transport sectors, and thereby their utilization for energy and chemicals have attracted 

growing worldwide interest [6,9-11]. Among the various thermochemical conversion 
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technologies for biomass utilization, gasification is currently considered as a flexible and 

effective technology [12]. 

1.2 Gasification Technologies 

1.2.1 Gasification process and reaction  

Gasification is a thermochemical process for converting carbonaceous material, such as coal 

and biomass, to a combustible or synthetic gas by partial oxidation at elevated temperatures 

[3,13]. The gasification of solid fuel involves a series of heterogeneous and homogeneous 

reactions, for example, the reactions of carbon with O2, CO2, H2O, or their mixtures, O2 with 

H2 and CO, and CO with H2O. Generally the final desired components in the syngas are H2, 

CO, and CH4. Mixtures of H2 and CO at various ratios in the syngas are necessary for many 

syntheses. The primary CH4 formation is of great significance for the substitute natural gas 

(SNG) production [3]. The produced syngas can be used to provide electric power and heat or 

synthesize liquid fuels and chemicals. As fuel enters a gasifier, the following physical, 

chemical, and thermal processes may take place sequentially or simultaneously, depending on 

fuel and gasifier types and operating conditions. 

1.2.1.1 Drying and pyrolysis 

As the fuel is heated by the hot gases in the gasifier, moisture is the first component to evolve 

with increasing temperature. 

���� + ℎ��� = 
��	���� + ��� (1.1) 

As the temperature of the dry fuel continuously increases to approximately 300 – 400 °C, 

pyrolysis takes place and the dry fuel is converted to char and volatiles.  


��	���� + ℎ��� = ��������� + �ℎ�� ( 1.2 ) 

Depending on the properties of fuel and gasifier, the volatiles may include H2, CO, CO2, H2O, 

CH4, C2H6, H2S, NH3, some olefins, aromatics, and tar, and certain amounts of soot. Char is 

solid particles consisting of organic (e.g. carbon) and inorganic (e.g. ash) materials. 

Sometimes, due to the high heating rate in the gasifier, drying and pyrolysis take place 

simultaneously and complete almost instantaneously. 
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1.2.1.2 Oxidation and gasification  

In general, some limited oxygen is injected into the gasifier as oxidant, thus the thermal 

energy for gasification reactions are provided by oxidizing some of the pyrolysis products. 

The following main reactions may take place when the pyrolysis products are burned. 

� + 1 2⁄ �� = �� + ℎ���	(123.1��/ ��) (1.3) 

�� + 1 2⁄ �� = ��� + ℎ���	(282.8��/ ��) (1.4) 

�� + 1 2⁄ �� = ��� + ℎ���	(241.1��/ ��) (1.5) 

��$ + 2�� = ��� + 2��� + ℎ���	(801.1��/ ��) (1.6) 

When the temperature of the remaining particles (e.g. char and soot) exceeds approximately 

600 – 700 °C, they can be gasified by H2O and CO2. At elevated pressure, they also can be 

gasified by H2. Compared with pyrolysis and oxidation, the heterogeneous gasification 

reactions are much slower, so they are the rate controlling step. Thus, the design and 

construction of gasifiers should be primarily dependent on these reactions. Besides, some 

homogeneous gasification reactions between the gases products also may take place. The 

main possible gasification reactions are shown below. 

� + ��� + ℎ���	(118.9��/ ��) = �� + �� (1.7) 

� + ��� + ℎ���	(159.7��/ ��) = 2��� (1.8) 

� + 2�� = ��$ + ℎ���	(87.4��/ ��) (1.9) 

�� + ��� = ��� +�� + ℎ���	(40.9��/ ��) (1.10) 

�� + 3�� = ��$ + ��� + ℎ���	(206.3��/ ��) (1.11) 

Reaction (1.10) is the water gas shift reaction, which is important because it can be used to 

shift the H2/CO ratio, and reaction (1.11) is the methanation reaction, which is important if 

methane is the desired product. In these two exothermic reactions, low temperature is 

favorable. However, the reactions proceed very slowly at low temperature in the absence of 

catalysts. At high temperature, the reactions may follow their reverse directions. In addition, 

reaction (1.11) also prefers higher pressure. 
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1.2.2 Types of fuels 

Historically the fuel mostly used for gasification is coal [14,15]. In recent years, using a 

renewable energy resource, biomass, as fuel in gasification, has an increased interest [1]. 

Comparing coal with biomass, there are some general differences that could affect their 

behaviors during gasification [16]. One of the principal differences is that coal is 

predominantly an aromatic fuel, while the aromatic component is a relatively minor 

constituent for most biomass. Besides, biomass has much high oxygen content, and the 

oxygen is present as ether, hydroxyl, carboxyl, aldehyde, and ketone functionalities [17]. 

Biomass usually has a higher volatile content. In the gasification process, ash properties of a 

fuel must be taken into consideration. The ash softening and melting temperatures are 

important variables for all gasifiers, since some gasifiers should operate above the ash melting 

temperature and some should operate below. Therefore fuels with high ash melting 

temperature are preferred in dry ash gasifiers, while fuels with low ash melting temperature 

are preferred in slagging gasifiers.  

1.2.2.1 Coal 

Worldwide, coal plays a significant direct role as energy resource, which accounted for 

approximate 28 % of world energy consumption [18]. The global proven coal reserves are 

estimated at 860 billion tons, and at current combustion rates the world’s coal reserves will 

last 155 years [1,19]. All coal has been formed from biomass. Over time, this biomass has 

been turned into peat. As covered under a layer of overburden, the influence of time, pressure 

and temperature converts this material into lignite. Subsequently, lignite further turns into 

subbituminous coal, then into bituminous coal, and finally into anthracite. Coal is often 

classified in terms of its rank, which increases from lignite to anthracite. Lignite and 

subbituminous coals are called low-rank coals, whereas bituminous coals and anthracite are 

called high-rank coals.  

The coal composition is very complex, and the types of coal differ considerably. The 

important coal properties for gasification are its rank, water content, caking properties, and 

ash properties [1]. The composition of selected coal in different ranks is list in Table 1.1. It 

can be seen in the table that comparing with high rank coals, low rank coals usually have high 

moisture and volatile contents but low fixed carbon content and heating value. In addition, 

low rank coals tend to be more reactive because of their less ordered structure and higher 

content of heteroatoms (particularly oxygen). Coal ash is generally very high in silicon and 
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aluminum, which lead to a high ash melting point. Some coal ash is also rich in calcium and 

iron, which can decrease the ash melting point to some extent. On the whole, the relationship 

between ash melting characteristics and ash composition is complicated and is dependent 

largely on the quaternary SiO2-Al2O3-CaO-FeO system [1]. Apart from the major ash 

components listed in Table 1.1, the presence of many trace components does not contribute 

much to the ash melting characteristics but has a major effect on environment associated with 

coal use, for example, mercury, arsenic, zinc, lead, cadmium, chromium, chlorine, and 

fluorine. 

1.2.2.2 Biomass  

Biomass as a term covers a wide range of materials, encompassing all kinds of plants, animals, 

and their wastes and residues, especially utilized to produce energy and chemicals [20]. As 

the fourth largest energy resource in the world and the largest and most important renewable 

energy resource now, biomass is widely recognized to have a high potential to meet the 

increased world energy demand [21]. In the present review, the biomass scope is limited to 

plants including agricultural and forestry wastes. The benefits of biomass utilization are its 

widespread availability, renewable nature, and potential CO2 neutrality [22]. In Denmark, the 

most abundant biomasses used for power and heat production are wood and straw [23] . 

The composition of selected biomass from different origins is list in Table 1.2. The biomass 

fuels are divided into four primary classes: wood, straw, grass, and residues. Their properties 

are as diverse as the sources from which they come. However, compared with coal, biomass 

usually has high volatile and oxygen contents, but low carbon content and heating value. 

Additionally, the sulfur content in biomass is much low, mostly less than 0.5 wt %. Major 

components of biomass ash are calcium, potassium, and phosphorous, and further sodium, 

magnesium, iron, silicon, and trace elements. The main difference between biomass and coal 

ash is that the ash mainly consists of salts (e.g. KCl and NaCl) in the majority of biomass. 

Therefore, biomass ash usually has a low melting temperature. 

 

 

 



  

 
 

Table 1.1 Composition of selected coal [24,25] 

fuela 
Mb Vb FCb Ab C H O N S HHVc LHVd SiO2 Al2O3 Fe2O3 MgO CaO K2O Na2O TiO2 SO3 

wt % 
(ar) 

wt % 
(db) 

MJ/kg 
(db) 

wt %e 
(db)  

lignite                     
min value 8.3 28.0 24.4 9.2 30.2 2.7 10.5 0.5 0.2 12.3 11.7 32.0 11.3 6.8 2.0 5.2 1.2 0.3 0.6 3.2 
max value 12.5 50.8 40.0 52.0 58.3 4.7 27.1 1.0 5.5 22.7 21.7 57.0 20.9 13.2 2.9 27.8 2.1 0.7 1.1 13.2 
elhovo-bg 8.3 32.1 24.4 43.5 36.3 3.2 10.5 1.0 5.5 15.3 14.6 48.7 19.6 13.2 2.7 6.0 1.6 0.3 0.9 7.1 

maritza East-bg 8.6 32.7 27.6 39.7 39.5 3.4 12.7 0.6 4.1 16.3 15.6 57.0 18.3 10.2 2.6 5.2 2.1 0.7 0.7 3.2 
maritza west-bg 10.7 28.0 20.0 52.0 30.2 2.7 10.5 0.5 4.1 12.3 11.7 40.9 15.7 13.2 2.0 14.1 1.1 0.5 0.6 11.8 

sofia-bg 12.5 40.7 31.8 27.5 45.6 4.0 19.6 0.7 2.5 18.3 17.5 32.0 11.3 10.7 2.9 27.8 1.2 0.2 0.8 13.2 
usibelli-us 12.4 50.8 40.0 9.2 58.3 4.7 27.1 0.5 0.2 22.7 21.7 46.2 20.9 6.8 2.4 12.5 1.5 0.7 1.1 8.0 

subbituminous coal                     
min value 2.4 22.0 24.5 6.3 36.8 2.6 8.0 0.3 0.2 14.2 13.7 38.5 16.3 1.6 1.4 2.4 0.7 0.3 0.8 0.7 
max value 20.2 51.8 53.1 50.4 72.8 4.8 20.1 1.8 2.1 29.3 28.2 64.4 29.9 8.4 4.0 18.4 2.7 2.9 1.2 14.4 
akabira-jp 2.7 25.3 24.5 50.3 38.0 3.0 8.0 0.5 0.2 15.2 14.6 63.0 21.2 5.6 2.1 2.4 2.3 1.4 0.8 1.3 
beluga-us 18.9 51.8 33.8 14.4 60.1 4.6 19.7 1.0 0.2 24.0 23.0 48.5 29.9 6.0 1.5 9.8 0.9 0.5 0.9 1.9 

black Thunder-us 20.2 45.6 48.1 6.3 68.0 4.7 20.1 0.7 0.4 26.9 25.9 38.5 16.3 5.7 4.0 18.4 0.7 0.8 1.2 14.4 
bobov Dol-bg 6.3 31.7 37.1 31.2 50.9 4.2 9.8 1.8 2.1 21.4 20.5 59.8 22.1 8.4 2.2 2.0 2.7 0.3 1.0 1.6 
colowyo-us 9.1 41.1 53.1 5.7 72.8 4.8 14.8 1.5 0.4 29.3 28.2 46.9 24.6 8.0 1.8 8.9 1.0 2.9 1.0 4.9 
horonai-jp 2.6 34.5 32.5 33.0 51.4 4.0 10.6 0.3 0.7 21.1 20.3 64.4 23.0 3.2 1.4 3.3 2.1 0.7 1.1 0.7 

montana-us 8.4 40.7 46.4 12.9 61.5 4.3 20.0 0.6 0.8 24.2 23.2 44.5 20.3 1.6 3.5 15.7 1.1 1.3 0.8 11.1 
pernik-bg 6.0 22.0 27.6 50.4 36.8 2.6 8.0 1.4 0.7 14.2 13.7 63.9 21.9 6.0 1.5 1.5 2.4 0.3 1.1 1.4 

sunagawa-jp 2.4 32.8 37.1 30.1 54.7 4.4 9.2 0.9 0.6 22.9 22.0 60.7 23.4 5.0 2.0 2.7 2.3 1.4 0.9 1.6 
taiheiyo-jp 5.3 42.4 34.3 23.2 56.7 4.8 14.4 0.7 0.2 23.6 22.6 57.8 26.1 3.5 1.4 5.9 1.3 1.2 1.2 1.8 

bituminous coal                     
min value 0.4 12.4 36.1 8.2 52.9 2.5 2.8 0.6 0.3 21.3 20.6 44.1 18.5 2.6 0.3 0.4 0.3 0.1 0.6 0.4 
max value 7.8 43.1 68.1 38.3 76.7 5.6 13.2 2.0 2.9 31.4 30.8 68.4 35.2 16.4 3.2 22.2 3.8 2.2 1.6 5.5 
ashibetsu-jp 2.1 31.8 36.1 32.2 54.8 4.1 8.0 0.7 0.3 22.7 21.8 62.4 19.8 4.8 2.0 4.7 1.6 2.2 0.8 1.6 
asturias-es 1.7 17.7 52.5 29.8 61.0 2.5 4.8 0.9 1.0 23.2 22.6 52.7 26.0 7.2 2.8 3.8 3.8 1.0 1.0 1.8 
balkan-bg 0.4 14.8 47.0 38.3 52.9 2.9 2.8 0.6 2.5 21.3 20.6 57.8 22.9 7.3 1.4 2.7 4.2 0.3 0.8 2.7 

coal Mountain-ca 1.2 26.5 56.2 17.3 70.3 4.0 7.1 1.0 0.3 28.1 27.3 39.9 27.3 2.6 3.2 22.2 0.6 0.7 1.5 2.0 
coal Valley-ca 3.3 32.5 57.3 10.2 73.2 4.3 9.3 1.9 1.0 29.3 28.4 59.4 20.0 4.8 1.2 9.2 0.6 0.6 0.8 3.4 

datong-cn 2.6 28.5 58.2 13.2 71.4 4.0 10.0 0.7 0.7 28.3 27.4 63.3 19.7 9.6 0.5 2.1 1.6 0.2 0.9 2.0 
donbass-ua 1.8 17.3 68.1 14.6 74.0 3.7 3.8 1.3 2.7 29.7 28.9 53.8 20.4 15.1 1.3 2.8 3.1 0.7 0.9 2.1 
ebenezer-au 3.4 39.9 47.4 12.7 69.7 5.2 10.9 1.0 0.4 29.1 28.0 62.8 22.7 5.8 1.1 3.2 0.9 0.8 1.4 1.3 
entham-au 7.8 30.6 58.5 11.0 76.2 4.3 6.9 1.2 0.4 30.7 29.7 51.7 29.2 10.7 1.4 3.7 0.3 0.3 1.2 1.5 
ermelo-za 6.6 36.2 53.1 10.7 70.4 4.5 13.2 1.0 0.3 28.2 27.2 44.1 31.8 6.7 2.9 8.7 0.8 0.4 1.3 3.2 
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fuela Mb Vb FCb Ab C H O N S HHVc LHVd SiO2 Al2O3 Fe2O3 MgO CaO K2O Na2O TiO2 SO3 
wt % 
(ar) 

wt % 
(db) 

MJ/kg 
(db) 

wt %e 
(db)  

fording River-ca 3.3 30.4 59.3 10.3 74.8 4.5 9.1 0.9 0.4 30.2 29.3 62.4 24.1 4.7 1.0 3.1 2.0 0.2 1.4 1.3 
illinois-us 3.8 40.6 47.7 11.6 69.1 5.1 10.6 0.6 2.9 29.2 28.1 49.7 19.1 16.4 1.1 5.6 2.0 1.1 0.9 4.1 
lithgow-au 1.8 29.2 49.5 21.3 66.0 3.8 7.2 1.1 0.6 26.4 25.5 68.3 25.6 0.8 0.3 0.4 2.8 0.1 1.3 0.4 
moura-au 1.2 31.9 57.8 10.3 76.7 4.7 6.6 1.3 0.4 31.4 30.4 54.6 24.0 6.1 2.1 5.5 1.9 1.3 1.3 3.3 
natal-za 1.9 12.4 71.8 15.8 69.3 4.5 8.1 1.7 0.7 28.3 27.4 50.5 30.8 6.0 1.8 4.3 1.7 1.3 1.6 2.1 

newlands-au 1.7 27.9 57.1 15.1 71.4 4.1 8.1 0.9 0.4 28.6 27.7 52.2 35.2 6.6 0.6 2.2 0.5 0.1 1.6 0.9 
plateau-us 6.0 42.4 47.8 9.8 71.9 5.1 10.9 1.4 0.8 29.8 28.7 65.0 19.1 3.7 1.3 4.8 1.1 0.8 1.0 3.2 

takashima-jp 1.7 43.1 48.6 8.2 75.4 5.6 8.8 1.1 0.8 32.0 30.8 46.6 27.3 7.1 2.0 7.4 1.0 1.6 1.5 5.5 
wallarah-au 1.3 30.2 55.8 14.0 72.3 4.2 8.3 0.9 0.3 29.0 28.1 57.9 29.6 5.2 1.1 2.5 0.9 0.5 1.3 1.0 
wambo-au 3.5 35.4 52.3 12.2 71.9 4.7 9.7 1.3 0.3 29.3 28.3 68.4 18.5 4.1 1.7 3.2 0.9 1.1 0.6 1.5 
witbank-za 2.5 34.5 53.1 12.4 75.8 3.6 4.9 2.0 1.3 29.8 29.1 55.1 22.1 7.9 3.0 5.1 2.2 1.2 0.8 2.6 
anthracite                     
min value 1.9 4.6 86.3 5.5 85.5 2.6 0.7 1.2 0.5 32.3 31.7 48.3 28.2 4.6 1.6 2.3 1.4 0.8 1.8 1.0 
max value 3.6 8.3 86.9 8.5 87.3 2.6 1.6 3.5 0.5 32.8 32.2 56.9 30.6 6.9 1.8 5.1 1.7 1.8 2.0 3.3 

mt. Klappan-ca 1.9 8.2 86.3 5.5 87.3 2.6 0.7 3.5 0.5 32.8 32.2 56.9 28.2 4.6 1.8 2.3 1.4 1.8 2.0 1.0 
pencilvania-us 3.6 4.6 86.9 8.5 85.5 2.6 1.6 1.2 0.5 32.3 31.7 48.3 30.6 6.9 1.6 5.1 1.7 0.8 1.8 3.3 

a:  us - United States, ca - Canada, au - Australia, es - Spain, ua - Ukraine, bg - Bulgaria, cn - China, jp - Janpan, za - South Africa 

b: M - moisture, VM - volatile matter, FC - fixed carbon, A - ash 

c: HHVdry = 0.342 × Cdry + 1.322 × Hdry - 0.120 × Odry - 0.120 × Ndry + 0.123 × Sdry - 0.015 × Ashdry [26] 

d: LHVdry = HHVdry - 2.326 × 9.270 × Hdry / 100 [27] 

e: Normalized to 100 % 
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Table 1.2 Composition of selected biomass [28-41] 

fuel 
Ma Va FCa Aa C H O N S HHV LHV SiO2 CaO K2O P2O5 Al2O3 MgO Fe2O3 SO3 Na2O TiO2 

wt %  
(ar) 

wt % 
(db) 

MJ/kg 
(db) 

wt %b 
(db)  

wood                      
min value 2.4 72.4 12.3 0.1 47.4 5.3 38.0 0.03 0.01 18.5 17.3 0.1 7.9 4.5 0.2 0.1 2.4 0.2 1.2 0.3 0.00 
max value 15.3 86.2 25.3 6.0 52.5 6.4 44.8 0.70 0.08 21.0 19.7 68.3 65.2 36.1 14.7 7.9 20.5 5.5 5.3 3.7 0.55 

beech sawdust 7.4 84.2 14.9 0.9 49.5 6.1 43.4 0.13 0.01 19.6 18.3 21.8 43.0 18.5 1.8 1.1 7.8 1.0 4.4 0.4 0.16 
beech wood 14.2 75.2 24.2 0.6 48.1 6.4 44.8 0.08 0.01 19.5c 18.1d 2.7 36.8 35.5 4.8 0.3 12.4 2.7 2.0 2.8 0.05 
birch wood 11.1 78.7 20.9 0.4 48.7 6.4 44.5 0.08 0.01 19.7c 18.3d 0.1 44.9 36.1 8.3 0.1 8.6 0.3 1.7 0.1 0.01 

eucalyptus bark 12.0 78.1 17.1 4.8 47.4 5.5 42.0 0.30 0.05 18.5 17.3 10.0 57.7 9.3 2.4 3.1 10.9 1.1 3.5 1.9 0.12 
hybrid poplar  6.9 84.8 12.5 2.7 50.2 6.1 40.4 0.60 0.02 19.0 17.7d 6. 6 55.5 10.7 1.5 0.9 20.5 1.6 2.3 0.1 0.33 

red oak sawdust 11.5 86.2 13.5 0.3 50.0 5.9 43.8 0.03 0.01 19.5 18.2d 29.9 15.6 32.0 1.9 4.3 5.9 4.2 3.8 2.0 0.39 
olive wood 3.7 79.6 18.9 1.5 48.2 5.3 44.3 0.70 0.03 19.1 17.9d 10.4 41.5 25.2 10.8 2.0 3.0 0.9 2.7 3.7 0.00 
pine bark 4.7 73.0 25.3 1.7 52.5 5.7 39.7 0.40 0.03 21.0 19.7 1.9 60.6 11.3 7.2 7.9 6.7 0.5 3.0 0.8 0.18 

pine sawdust 15.3 83.1 16.8 0.1 51.0 6.0 42.8 0.08 0.02 20.3d 19.0 9.7 48.9 14.4 6.1 2.3 13.8 2.1 2.2 0.4 0.14 
pine wood 7.6 72.4 21.6 6.0 49.7 5.7 38.0 0.51 0.08 19.8 18.6 68.3 7.9 4.5 1.6 7.0 2.4 5.5 1.2 1.2 0.55 

poplar wood 6.7 86.1 12.3 1.6 50.8 5.9 41.1 0.59 0.02 18.9 17.6d 1.27 59.2 26.8 0.2 0.4 5.8 0.8 5.3 0.3 0.21 
spruce bark 5.3 75.2 22.5 2.3 49.9 5.9 41.5 0.40 0.03 19.8 18.5 2.5 65.2 12.7 6.8 1.8 8.5 0.2 1.7 0.7 0.00 

willow wood 2.4 79.9 18.9 1.2 49.7 6.1 42.6 0.40 0.03 19.8 18.4 0.5 39.4 33.9 14.7 0.4 6.5 0.3 3.8 0.4 0.00 
straw                      

min value 7.4 65.5 13.6 4.7 38.2 5.2 35.8 0.46 0.07 17.7 16.4 7.9 3.1 12.6 1.5 0.1 1.8 0.2 1.2 0.2 0.02 
max value 16.8 80.5 19.4 10.8 47.6 6.1 42.4 2.68 0.25 18.9 17.7 66.8 30.7 38.1 10.4 5.6 14.1 2.8 4.9 2.0 0.33 

alfalfa straw 9.3 78.9 15.8 5.3 47.2 6.0 38.6 2.68 0.20 18.7 17.4d 7.9 24.9 38.1 10.4 0.1 14.1 0.4 2.6 1.5 0.02 
barley straw 11.5 76.1 18.0 5.9 46.2 5.7 41.5 0.60 0.08 18.7 17.4 66.8 4.9 20.8 2.7 0.2 2.4 0.2 1.5 0.5 0.02 
corn straw 7.4 73.2 19.1 7.7 44.7 5.9 41.0 0.60 0.07 17.7 16.4 50.0 14.7 18.5 2.4 5.1 4.5 2.5 1.8 0.2 0.29 
mint straw 16.8 69.8 19.4 10.8 45.2 5.5 35.8 2.47 0.25 17.7 16.5d 23.5 17.6 32.0 5.8 5.6 6.9 2.8 3.5 2.0 0.33 
oat straw 8.2 80.5 13.6 5.9 47.6 5.8 40.1 0.50 0.08 19.0 17.7 37.8 12.0 26.8 6.1 4.7 4.5 2.2 4.9 0.7 0.24 

rape straw 8.7 76.5 17.8 4.7 46.2 6.1 42.4 0.46 0.10 18.3 17.0 40.8 30.7 13.5 2.2 5.5 2.0 2.0 2.7 0.4 0.29 
rice straw 7.9 65.5 15.8 18.7 38.2 5.2 36.9 0.87 0.18 18.9 17.8d 76.7 3.1 12.6 1.5 1.1 1.8 0.9 1.3 1.0 0.09 

wheat straw 10.3 77.7 17.6 4.7 47.3 5.9 41.4 0.60 0.07 18.9 17.7 65.7 8.0 18.5 2.5 0.9 2.0 0.6 1.2 0.6 0.04 
grass                      

min value 4.5 73.4 14.3 3.3 45.0 5.4 37.5 0.32 0.04 17.5 16.3 9.5 3.3 2.9 3.1 0.6 1.4 0.5 0.5 0.1 0.02 
max value 11.3 81.7 18.2 9.9 47.9 6.0 42.9 1.00 0.55 19.0 17.7 84.9 44.3 49.1 5.9 4.6 8.6 2.1 8.2 1.9 0.25 
bana grass 4.5 73.4 16.7 9.9 45.1 5.4 38.7 0.84 0.11 17.5 16.3d 38.6 4.1 49.1 3.1 0.9 2.0 0.7 1.0 0.4 0.08 
kenaf grass 7.5 79.4 17.0 3.6 46.6 5.8 42.9 1.00 0.14 18.6 17.3 9.5 44.3 19.1 3.9 2.6 8.6 1.7 8.2 1.9 0.12 

miscanthus grass 5.7 78.5 18.2 3.3 47.9 6.0 41.7 0.60 0.55 19.0 17.7 47.8 8.5 28.3 5.9 0.6 5.4 0.5 2.4 0.8 0.03 
reed canary grass 7.7 73.5 17.7 8.9 45.0 5.7 38.9 1.40 0.14 18.4 17.1 84.9 3.3 2.9 3.9 1.3 1.4 1.0 1.0 0.1 0.05 
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fuel Ma Va FCa Aa C H O N S HHV LHV SiO2 CaO K2O P2O5 Al2O3 MgO Fe2O3 SO3 Na2O TiO2 

 
wt %  
(ar) 

wt % 
(db) 

MJ/kg 
(db) 

wt %b 
(db)  

sorghum grass 11.3 81.7 18.1 4.2 47.3 6.0 42.1 0.32 0.04 18.7 17.4d 73.2 7.0 9.0 4.4 1.8 2.2 1.0 1.1 0.3 0.02 
sweet sorghum  7.0 77.2 18.1 4.7 47.3 5.8 41.7 0.40 0.09 18.9 17.7 66.9 10.4 9.5 3.5 0.8 3.1 0.6 3.5 1.7 0.06 

switchgrass 9.8 76.7 14.3 9.0 46.7 5.8 37.5 0.77 0.19 18.1 16.8d 66.7 5.7 11.9 4.6 4.6 3.1 2.1 0.5 0.6 0.25 
residues                      

max value 3.7 59.3 12.0 1.4 36.1 4.3 34.6 0.00 0.00 14.4 13.4 2.0 2.4 3.7 1.5 0.8 0.1 0.1 0.1 0.1 0.01 
min value 11.4 85.6 37.9 20.3 53.5 8.8 47.3 2.72 0.49 22.5 20.7 90.8 44.1 58.6 31.1 14.6 13.5 36.3 14.7 27.6 2.02 

almond shell 6.9 76.0 20.7 3.3 49.3 6.0 40.6 0.76 0.04 19.5 18.2d 10.5 12.6 58.6 5.4 3.3 3.8 2.8 1.1 1.9 0.11 
coconut shell 4.4 73.7 23.0 3.2 49.5 5.4 41.7 0.00 0.10 19.0c 17.8d 66.8 2.4 8.5 1.5 8.5 1.5 6.2 0.1 4.6 0.01 
coffee husk 11.4 72.9 22.5 4.6 41.9 4.6 47.3 1.53 0.10 14.4c 13.4d 17.5 13.9 49.4 4.8 5.1 5.2 2.9 0.5 0.5 0.26 

corn cob 3.7 80.7 16.4 2.9 46.3 4.6 45.9 0.29 0.01 16.3c 15.3d 29.8 3.2 50.7 5.3 1.8 3.5 2.4 2.4 0.9 0.09 
cotton husk 6.9 78.4 18.2 3.4 48.7 8.1 38.4 1.35 0.00 22.5c 20.7d 10.9 21.0 50.2 4.1 1.3 7.6 1.9 1.7 1.3 0.01 
grape marc 7.8 65.8 26.4 7.8 49.7 5.6 34.6 2.20 0.14 20.7d 19.5 9.5 28.5 36.8 8.8 2.6 4.8 1.8 6.3 0.7 0.18 

groundnut shell 7.9 73.9 22.7 3.4 49.2 7.2 39.0 1.16 0.02 21.5c 19.9d 27.7 24.8 8.5 3.7 8.3 5.4 10.3 10.4 0.8 0.10 
hazelnut shell 7.2 70.3 28.3 1.4 51.6 6.2 39.2 1.60 0.04 20.2 18.8d 29.2 16.5 32.5 3.4 3.3 8.4 4.1 1.2 1.4 0.11 
mustard husk 5.6 72.7 23.2 4.1 44.2 8.8 42.3 0.38 0.19 21.6c 19.6d 17.4 44.1 7.6 2.1 1.6 9.5 0.8 14.7 2.1 0.10 

olive husk 6.8 63.9 32.8 3.3 52.8 6.7 36.7 0.50 0.05 20.9 19.4b 30.4 15.0 4.5 2.6 8.7 4.3 6.5 0.6 27.1 0.31 
olive kernel 4.8 72.0 23.7 4.3 49.7 6.1 38.2 1.60 0.08 21.2 19.9d 12.4 25.4 28.5 17.0 3.1 3.5 2.0 4.0 3.9 0.23 

olive pits 6.1 82.0 16.3 1.7 52.8 6.7 38.3 0.45 0.05 21.6 20.1d 30.6 14.6 4.4 2.4 8.8 4.2 6.5 0.6 27.6 0.34 
palm kernels 11.0 77.3 17.6 5.1 48.3 6.2 37.5 2.62 0.26 20.7 19.4 18.3 9.3 16.5 31.1 6.2 6.6 9.2 2.5 0.1 0.12 
pPepper plant 6.5 64.7 20.9 14.4 36.1 4.3 42.0 2.72 0.49 15.4 14.5 12.6 32.2 24.6 5.2 4.9 7.4 2.0 9.7 0.9 0.50 
pistachio shell 7.5 81.6 17.0 1.4 50.2 6.3 41.2 0.69 0.22 18.2 16.8d 8.4 10.3 18.7 12.1 2.2 3.3 36.3 3.9 4.6 0.21 

rice husk 10.9 63.5 16.2 20.3 38.8 4.8 35.5 0.52 0.05 15.8 14.8d 90.8 3.2 3.7 0.4 0.8 0.1 0.1 0.7 0.2 0.02 
soya husk 6.3 74.3 20.3 5.4 42.9 6.3 44.3 0.85 0.09 17.5c 16.1d 2.0 25.3 36.0 5.8 8.7 8.4 3.0 4.4 6.3 0.24 
sugar cane 

bagasse 
10.4 85.6 12.0 2.4 48.6 5.9 42.9 0.16 0.04 19.0 17.7d 46.8 4.9 7.0 3.9 14.6 4.6 11.1 3.5 1.6 2.02 

sunflower husk 9.1 76.0 21.9 2.1 50.3 4.9 42.1 0.59 0.00 18.5c 17.4d 17.9 14.7 21.2 9.5 14.6 8.6 6.4 6.8 0.1 0.20 
walnut shell 6.8 59.3 37.9 2.8 53.5 6.6 35.5 1.50 0.10 22.5c 21.1d 23.3 16.7 33.0 6.2 2.4 13.5 1.5 2.2 1.0 0.10 

a:  M - moisture, VM - volatile matter, FC - fixed carbon, A - ash 

b: Normalized to 100 % 

c: HHVdry = 0.341 × Cdry + 1.322 × Hdry - 0.120 × Odry - 0.120 × Ndry + 0.069 × Sdry - 0.015 × Ashdry [42] 

d: LHVdry = HHVdry - 2.442 × 8.936 × Hdry / 100 [42] 
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1.2.3 Types of gasifiers 

All the types of gasifiers used today can be divided into three categories [1,43]: moving bed, 

fluidized bed, and entrained flow gasifiers. Figure 1.3 shows the schematic representation of 

the three types of gasifiers [44]. Their characteristics are summarized in Table 1.3. 

 (a)  

(b)  

(c)  

Figure 1.3 Three types of gasifiers [44]



 

 
 

Table 1.3 Characteristics of different gasification process [1,3,15,43,45-47] 

gasifer type moving bed fluidized bed entrained flow 

classification    
fuel feeding dry dry dry dry dry slurry 

ash condition dry ash slagging dry ash agglomerating slagging slagging 

typical process Lurgi BGL 
Winkler, HTW, 

HRL, CFB, KBR, 
KRW, U-Gas 

KT, Shell, Siemens, 
MHI, EAGLE, PWR 

GEE, E-Gas, ICCT 
OMB 

fuel characteristics     

preferred fuel 
lignite, reactive 
bituminous coal, 
anthracite, wastes 

bituminous coal, 
anthracite, coke, 

wastes 

lignite, reactive 
bituminous coal, 
anthracite, wastes 

lignite, bituminous 
coal, anthracite, coke, 

biomass, wastes 

lignite, reactive 
bituminous coal, 
anthracite, cokes 

lignite, reactive 
bituminous coal, 
anthracite, cokes 

fuel size limits 5 - 80 mm 5 - 80 mm < 6 mm < 6 mm < 0.1 mm < 0.1 mm 
acceptability of fines limited better than dry ash good better unlimited unlimited 

acceptability of caking yes (with stirrer) yes possibly possibly yes yes 
ash content limits unlimited <25% preferred unlimited unlimited <25% preferred <25% preferred 

preferred ash melting temperature > 1200 °C < 1300 °C > 1100 °C > 1100 °C < 1300 °C < 1300 °C 
operating characteristics     

operating temperature ~ 1000 °C > 1000 °C 800 - 1100 °C 800 - 1100 °C > 1200 °C > 1200 °C 
operating pressure > 20 bar > 20 bar 1 - 35 bar 1 - 35 bar 1 - 85 bar 1 - 85 bar 

oxidant demand low low moderate moderate high high 

steam demand high low moderate moderate low low 
product gas temperature 400 – 650 °C 400 – 650 °C 900 – 1050 °C 900 – 1050 °C 1250 – 1600 °C 1250 – 1600 °C 

product gas purity 
low: by-products 
are tar, dust, oils 

and phenols 

low: by-products 
are tar, dust, oils 

and phenols 

moderate-high: 
some tar and 

particulates can 
be carried in the 

product gas 
depending on the 
temperature and 

gas velocity 

moderate-high: some 
tar and particulates 

can be carried in the 
product gas 

depending on the 
temperature and gas 

velocity 

high: almost tar free 
gas but with soot 

high: almost tar free 
gas but with soot 

unit capacity 10 - 350 MW 10 - 350 MW 100 – 700 MW 20 – 150 MW up to 700 MW up to 700 MW 
key distinguishing characteristics tar in product gas large char recycle large amount of sensible heat in product gas 

key technical issue fines and tar utilization carbon conversion raw gas cooling 
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1.2.3.1 Moving bed gasifiers 

Historically, the moving bed gasifier is the oldest gasifier. In a moving bed gasifier, shown in 

Figure 1.3 (a), fuel particles enter at the top and move slowly downward through several 

process zones in the reactor vessel while reacting with gases generally from the opposite 

direction going upward [43]. In the first zone (drying zone), the introduced fuel particles are 

heated and dried, while they can cool the product gas before it leaves the gasifier. In the 

second zone (pyrolysis zone), as the fuel particles descend, they are further heated and 

pyrolyzed owing to the gas with higher temperature. In the third zone (gasification zone), the 

produced char particles from pyrolysis are gasified by steam and carbon dioxide. In the fourth 

zone (combustion zone), near the bottom of the vessel, the remaining char particles react with 

oxygen in the highest temperature area. According to different ash conditions, moving bed 

gasifiers operate in two different modes. In the dry-ash mode of operation (e.g., Lurgi dry ash 

gasifier), sufficient steam is injected to the bottom of the gasifiers to keep the temperature 

lower than the ash melting temperature, so the ash below the combustion zone is cooled and 

still in the form of dry ash [3]. In the slagging mode of operation (e.g., British Gas/Lurgi 

slagging gasifier), much less steam is used, and therefore in the combustion zone a much 

higher temperature is achieved causing the ash melting and forming slag [45]. In addition, 

according to the way that fuel particles and gases are introduced into the reactor vessel, 

moving bed gasifiers can also be classified into downdraft, updraft, and cross draft [3]. 

Moving bed gasifiers commonly use large fuel particles to ensure good bed permeability and 

efficient heat and mass transfer, and to avoid excess pressure drop. Hence, they need less 

complex fuel preparation but have limited ability to handle fine particles [1,48]. Their oxygen 

consumption is low, but a large amount of byproducts from pyrolysis, such as tar, is present in 

the product gas, which requires more comprehensive gas cleaning [1,43]. Anthracite or coke 

is preferred in the moving bed gasification due to the low tar formation. The outlet 

temperature of the product gas is low, thus there is no need for expensive heat recovery 

equipment. 

1.2.3.2 Fluidized bed gasifiers 

The history and development of coal gasification and fluidized bed technology have been 

intimately linked. In a fluidized bed gasifier, shown in Figure 1.3 (b), fuel particles enter at 

the side of the reactor vessel, and are fluidized by steam and oxidant injected near the bottom 

with enough velocity. Larger particles are consumed slowly and recycle internally in the 
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reactor vessel until they are small enough for external recycling. Smaller particles are 

converted in one pass, or are entrained by the product gas when it leaves the top of the vessel. 

The product gas passes through a cyclone to separate the small particles that could return to 

the reactor vessel via the external recycling. Ash is removed at the bottom of the reactor 

vessel. To sustain fluidization, small fuel particles are normally used. However, too fine 

particles are not employed, because they leave the reactor vessel together with the product gas 

and are only partially captured in a cyclone and returned to the vessel, which obviously lower 

the carbon conversion [1]. Depending on the degree of fluidization, three types of fluidized 

bed gasifiers are named as bubbling fluidized bed gasifiers (2 – 3 m/s gas velocity), 

circulating fluidized bed gasifiers (5 – 10 m/s gas velocity), and transport gasifiers (11 – 18 

m/s gas velocity) [1,45], which are compared in Figure 1.4. Fluidized bed gasifiers offer 

extremely good mixing between fuel and gas due to the high levels of back-mixing, which 

promotes both heat and mass transfer. Thereby a uniform temperature can be obtained in the 

reactor vessel, which is always below the ash melting temperature, typically in the range of 

950 – 1100 °C for coal and 800 – 950 °C for biomass, to avoid clinker formation and bed 

defluidization [1,46,48]. Fluidized bed gasifiers can operate in dry ash mode (e.g., High-

Temperature Winkler gasifier) or in agglomerating mode (Kellogg-Rust Westinghouse 

agglomerating gasifier) [1,3]. The dry ash gasifiers operate at relatively low temperatures that 

are below the ash softening point, which are suited to gasifying reactive fuels, such as low 

rank coals and biomass. The agglomerating gasifiers operate at slightly higher temperatures, 

which are suitable to gasifying high rank coals. In the agglomerating gasifiers, some small ash 

particles soften sufficiently to stick together to form larger and denser agglomerates, which 

eventually become large enough to defluidize and sink down through the reactor vessel to a 

suitable extractor. Fluidized bed gasifiers offer load flexibility [46]. Compared with moving 

bed gasifiers, fluidized bed gasifiers have higher fuel throughput but their high gas velocity 

may cause equipment erosion [45]. In the product gas, a certain amount of tar is present due 

to the moderately high temperatures. However, the bed material, sand, makes it possible to 

use in-bed tar catalytic process. Besides, the product gas is rich in particulates. When biomass 

is used as fuel, there is a risk for bed agglomeration due to its ash composition being rich in 

alkali metals. To overcome the agglomeration problem, three methods are usually employed: 

decreasing gasification temperature, exchanging bed material with proper intervals, and using 

some proven mineral binding additives [45].  
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Figure 1.4 Sketches of different types of fluidized bed gasifiers [49] 

1.2.3.3 Entrained flow gasifiers 

The entrained flow slagging gasifiers have been developed after 1950 and have been selected 

for the majority of commercial-sized IGCC application. In an entrained flow gasifier, shown 

in Figure 1.3 (c), fuel and gases are introduced at the top of the reactor vessel, and fuel is 

entrained by the gases in the vessel. The gasification reactions take place at very high reaction 

rate because of the high operating temperature (1200 – 1600 °C) and pressure (2 – 8 MPa), 

and after a few seconds (0.5 – 4.0 s) the product gas leaves the reactor vessel at the bottom 

together with the molten slag [1,46]. Then, the product gas can be cooled by two main 

methods: quenching the gas with water or using a high temperature radiant cooler, while the 

molten slag falls to a quench chamber for solidifying and leaves it via a lock hopper [46]. Fine 

fuel particles, such as sizes of about 100 µm for coal, which are employed to promote mass 

transfer and allow transport in the gas, can be fed in either a dry form (e.g., Shell gasifier) or 

slurry form (e.g., GE Energy gasifier) [1]. Entrained flow gasifiers have the ability to gasify 

practically any fuels, but fuel with lower moisture and ash content are favored to reduce 

oxygen consumption [1,3]. Due to the short residence time, high temperatures are required to 

ensure a good carbon conversion, and therefore entrained flow gasifiers have a high oxygen 

demand and operate in a slagging mode. Sometimes, it may be necessary to add fluxes to 

achieve good slagging characteristics. Compared with moving bed gasifiers and fluidized bed 

gasifiers, entrained flow gasifiers operating at very high temperatures, can produce a clean, 

almost tar-free, product gas and in short residence time can achieve a high load throughput [1]. 

However, the high operating temperature could shorten the lifetime of system components. 

Using biomass powder as fuel during entrained flow gasification may give an extra cost due 

to its low bulk density, which might be reduced by an initial torrefaction process [45]. 
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1.2.4 Gasification application  

The composition of the syngas produced from solid fuel gasification can be varied by 

changing some factors, such as gasifier types, fuel types, and operating conditions (e.g. 

temperature, pressure. oxidizer, and gasifying agent). Based on the different composition, the 

syngas is applied in many different ways. Figure 1.5 shows the main applications of the 

syngas with different composition. All these applications can be divided into two main 

aspects: synthesis that is applied to produce fuels and chemicals, and combustion that is 

applied to produce power and heat. In general, the required quality of syngas is more critical 

for synthesis than for combustion, because purifying syngas can substantially increase the 

cost of downstream equipment used for fuels and chemicals synthesis [50].  

 

Figure 1.5 Applications of syngas with different composition [51] 

1.3 Entrained flow gasification of biomass 

The effects of operating conditions on both pyrolysis and gasification were investigated in the 

following sections due to the close relationship between the initial pyrolysis and further 

gasification steps during gasification, which could provide a clear understanding of the whole 

gasification process 

1.3.1 Effects of operating condition on pyrolysis  

In this section, the effects of temperature, particle size, reactor length, and steam addition on 

the pyrolysis products, char, tar, soot, H2O, and gas including H2, CO, CO2, and CxHy (light 

hydrocarbons including C1 and C2 species) are discussed.  
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1.3.1.1 Effect of temperature on pyrolysis  

The effect of temperature on the char yield during pyrolysis is shown in Figure 1.6. The char 

yield decreased quickly with increasing temperature from 600 to 900 °C, and then decreased 

slowly with further increasing temperature to 1400 °C. This indicates that the primary 

pyrolysis of biomass is almost completed at around 900 °C and the gradually decreased char 

yield after 900 °C is related to the enhanced reactions of char with CO2 and H2O at higher 

temperature in an entrained flow reactor where the gas stays around the particles. The char 

yield from rice husk was much higher than that from other selected biomass due to the very 

high ash content in the rice husk. Owing to the same reason, a little higher char yields from 

straw and olive waste were observed. The char yield from biomass with a low ash content (< 

1 wt %) was generally less than 0.05 kg/kg used biomass when the pyrolysis temperature was 

higher than 1000 °C. 

 

Figure 1.6 Effect of temperature on the char yield during biomass pyrolysis [52-57]  

The effect of temperature on the H2O/tar/soot yield during pyrolysis is shown in Figure 1.7. In 

the temperature range of 600 – 1400 °C, the total yields of H2O, tar, and soot decreased 

steadily, especially from 600 to 900 °C. Figure 1.7 (b) shows the H2O yield at different 

pyrolysis temperatures. The H2O not only came from the moisture in the biomass but also 

formed by dehydration during pyrolysis [58]. The yield of H2O decreased with increasing 

temperature, which might be related to the steam gasification and reforming reactions and 

water gas shift reaction during pyrolysis. Figure 1.7 (c) and (d) show the tar and soot yields 

600 700 800 900 1000 1100 1200 1300 1400
0.0

0.1

0.2

0.3

0.4

0.5

0.6

c
h
a

r 
(k

g
/k

g
 u

s
e

d
 b

io
m

a
s
s
)

reactor temperature (°C)

 beech wood (Dp=0.31-0.40mm), from Septien et al.

 beech wood (Dp=0.73-0.90mm), from Septien et al.

 cypress sawdust (Dp<0.50mm), from Zhang et al.

 rice husk (Dp<0.40mm), from Sun et al.

 walnut sawdust (Dp<0.40mm), from Sun et al.

 bagasse (Dp=0.50-0.86mm), from Zanzi et al.

 straw (Dp=0.50-1.00mm), from Zanzi et al.

 olive waste (Dp=0.50-0.80mm), from Zanzi et al.

 birch wood (Dp=0.80-1.00mm), from Zanzi et al.



Chapter 1 Literature study 
 

18 

respectively. The tar yield decreased with increasing temperature from 600 to 1100 °C and 

disappeared at 1200 °C due to its cracking and reforming reactions and soot formation. It has 

been reported that the tar produced at elevated temperature is mainly composed by volatile 

compounds and benzene is the most abundant species in them [54]. Soot was not observed 

until the temperature was higher than 800 °C. Its yield increased as the temperature further 

increased to 1100 °C. These observations reveal that there is a tradeoff between tar and soot 

formation, which may be due to soot formation by tar and hydrocarbon polymerization. When 

the temperature was higher than 1100 °C, the soot yield stopped increasing or started 

declining probably because all tar was consumed and due to soot gasification reactions.  

Figure 1.8 shows the effect of temperature on the total yields of gas products (as a sum of H2, 

CO, CO2, and light hydrocarbons, CxHy, up C3 species) during pyrolysis. The total yields of 

gas products increased as the temperature increased from 600 to 1400 °C due to the breaking 

of long-chain macromolecules and the cracking of aromatic rings [59-61]. Particularly, the 

total yields of gas products increased sharply in the temperature range of 600 – 900 °C, which 

was probably related to the primary pyrolysis. The effect of temperature on the individual gas 

yields on volume basis is shown in Figure 1.9. The H2 and CO yields increased obviously 

with increasing temperature from 600 to 1400 °C, while the yield of CO2 was almost 

unchanged and stayed at a low value (around 0.1 Nm3/kg used biomass). This is because H2 

mainly comes from the direct dehydrogenation of char and the rearranging and condensing of 

aromatic clusters in primary pyrolysis [55,62-64] and from tar cracking and soot formation in 

secondary pyrolysis [65,66], both of which prefer higher temperatures. CO is mainly evolved 

by the dehydrogenation of hydroxyl groups in primary pyrolysis [55,61,67-70] and by tar 

cracking in secondary pyrolysis [65,71,72], both of which prefer higher temperatures as well. 

Formation of CO2 is mainly caused by cross linking reactions in the evolving char and direct 

decomposition of carboxyl groups in primary pyrolysis, which are rather easily broken even at 

relatively low temperatures [55,61,67-70], and almost no CO2 is generated and converted in 

secondary pyrolysis [65,71,72]. Therefore a rise of temperature does not affect its yield 

notably. The CxHy increased from 600 to 900 °C and then decreased from 900 to 1400 °C. 

This is because in primary pyrolysis the formation of light hydrocarbons is due to the release 

of the methoxyl groups, the charring processes, and the long-chain polymethylene structures, 

which could be promoted by higher temperatures to some degree [55,68,73,74]. However, in 

secondary pyrolysis the light hydrocarbons are formed by the tar cracking and simultaneously 

are consumed by the soot formation, however their consumption become dominant at elevated 
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temperatures [61,71,75,76]. At high temperatures, gasification and reforming reactions also 

could affect the gas yields slightly. Besides, the corresponding individual gas yields on mass 

basis are listed in Table 1.4 as supplementary information. 

 

 

(a) H2O + tar + soot (b) H2O 

 

 

(c) tar (d) soot 

Figure 1.7 Effect of temperature on the H2O/tar/soot yield during biomass pyrolysis [52-57] 
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Table 1.4 Effect of temperature on the individual gas yields (mass) during biomass pyrolysis [52-57] 

fuel T H2 CO CO2 CxHy 
- °C kg/kg used biomass 

weech wood 
(Dp = 0.31 - 0.40 mm) 

1000 0.020 0.415 0.118 0.103 
1200 0.043 0.477 0.130 0.037 
1400 0.052 0.614 0.062 0.009 

beech wood 
(Dp = 0.73 - 0.90 mm) 

1000 0.021 0.415 0.111 0.101 
1200 0.041 0.458 0.140 0.038 
1400 0.050 0.596 0.062 0.012 

cypress sawdust 
(Dp < 0.50 mm) 

600 0.003 0.210 0.046 0.044 
800 0.010 0.462 0.068 0.113 
900 0.016 0.478 0.071 0.118 

1000 0.021 0.478 0.073 0.078 
1100 0.032 0.486 0.083 0.046 
1200 0.040 0.546 0.066 0.028 
1400 0.047 0.701 0.015 0.002 

rice husk 
(Dp < 0.40 mm) 

 

700 0.005 0.209 0.095 0.028 
800 0.006 0.235 0.105 0.034 
900 0.011 0.303 0.132 0.064 

1000 0.019 0.327 0.133 0.034 
walnut sawdust 
(Dp < 0.40 mm) 

 

700 0.007 0.346 0.141 0.046 
800 0.009 0.439 0.145 0.093 
900 0.017 0.528 0.174 0.068 

1000 0.024 0.569 0.158 0.047 
bagasse 

(Dp = 0.50 - 0.86 mm) 
800 0.029 0.408 0.217 0.085 
900 0.031 0.515 0.153 0.058 

1000 0.051 0.717 0.009 0.025 
straw 

(Dp = 0.50 – 1.00 mm) 
800 0.022 0.245 0.326 0.075 

1000 0.040 0.593 0.101 0.035 
olive waste 

(Dp = 0.50 - 0.80 mm) 
800 0.007 0.251 0.158 0.114 

1000 0.022 0.432 0.129 0.078 
birch wood 

(Dp = 0.80 – 1.00 mm) 
800 0.011 0.445 0.114 0.137 

1000 0.030 0.571 0.112 0.090 

 

 

Figure 1.8 Effect of temperature on the total yields of gas products (mass) during biomass pyrolysis [52-57] 
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(a) H2 (b) CO 

  
(c) CO2 (d) CxHy 

Figure 1.9 Effect of temperature on the individual gas yields (volume) during biomass pyrolysis [52-57] 

1.3.1.2 Effect of particle size on pyrolysis  

The effect of particle size on the char yield during pyrolysis is shown in Figure 1.10. The char 

yield increased slightly with increasing particle size. This is probably because the particle size 

affects the heating rate. The heating rate was lower in large particles than in small particles, 

resulting in less gas releasing and more char producing in large particles [56]. 
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Figure 1.10 Effect of particle size on the char yield during biomass pyrolysis [52,53,56,57] 

The effect of particle size on the H2O/tar/soot yield during pyrolysis is shown Figure 1.11. 

With increasing particles size, the total yields of H2O, tar, and soot almost kept constant or 

increased a little. The increased total yields of H2O, tar, and soot during pyrolysis of bagasse, 

olive waste and birch wood were mainly from the higher moisture content in their larger 

particles [56,57,77]. The yield of H2O also almost kept constant or increased a little with 

increasing particle size, which still might be mainly related to the different moisture content 

in the different size of particles. The tar and soot yields were nearly unchanged, which 

probably indicates that particle size could not affect the tar and soot formation. 

Figure 1.12 shows the effect of particle size on the total yields of gas products during 

pyrolysis. The total yields of gas products decreased with increasing particle size. This is 

because higher heating rate is obtained in the small particles leading to more gas releasing 

from the smaller particles [56]. The effect of particle size on the individual gas yields on 

volume basis is shown in Figure 1.13. Generally, the yields of H2, CO, and CO2 decreased 

with increasing particle size due to less gas releasing from primary pyrolysis caused by the 

lower heating rate in the large particles. The CxHy yield increased a little with increasing 

particle size. This is probably because in the small particles the produced gas leaves the 

particles faster and the residence time of the produced gas thereby is longer, which lead to 

more hydrocarbons cracking [56]. Besides, the corresponding individual gas yields on mass 

basis are listed in Table 1.5 as supplementary information. On the whole, when the biomass 

particle size was less than 1.0 mm, no large limitation on pyrolysis was observed.  
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(a) H2O + tar + soot (b) H2O 

  
 

(c) tar (d) soot 

Figure 1.11 Effect of particle size on the H2O/tar/soot yield during biomass pyrolysis [52,53,56,57] 

 

Figure 1.12 Effect of particle size on the total yields of gas products (mass) during biomass pyrolysis 

[52,53,56,57] 
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(a) H2 (b) CO 

  
(c) CO2 (d) CxHy 

Figure 1.13 Effect of particle size on the individual gas yields (volume) during biomass pyrolysis 

[52,53,56,57] 

Table 1.5 Effect of particle size on the individual gas yields (mass) during biomass pyrolysis [52,53,56,57] 

fuel Dp H2 CO CO2 CxHy 
- mm kg/kg used biomass 

beech wood 
(T = 1400 °C) 

0.36 (0.31 – 0.40) 0.052 0.614 0.062 0.009 
0.82 (0.73 – 0.90) 0.050 0.596 0.062 0.012 

beech wood 
(T = 1200 °C) 

0.36 (0.31 – 0.40) 0.043 0.477 0.130 0.037 
0.82 (0.73 – 0.90) 0.041 0.458 0.140 0.038 

bagasse 
(T = 800 °C) 

0.40 (0.30 – 0.50) 0.025 0.361 0.265 0.083 
0.68 (0.50 – 0.86) 0.029 0.408 0.217 0.085 
0.93 (0.86 – 1.00) 0.021 0.390 0.202 0.108 

olive waste 
(T = 1000 °C) 

0.65 (0.50 – 0.80) 0.022 0.432 0.129 0.078 
0.90 (0.80 – 1.00) 0.012 0.365 0.149 0.086 

birch wood 
(T = 800 °C) 

0.65 (0.50 – 0.80) 0.011 0.454 0.137 0.135 
0.90 (0.80 – 1.00) 0.011 0.445 0.114 0.137 
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1.3.1.3 Effect of reactor length on pyrolysis  

The effect of reactor length on the char yield during pyrolysis is shown in Figure 1.14. Along 

with the axial direction of the reactor, pyrolysis products were obtained at 5 different 

sampling points. The distance between the fuel injector and the product sampling point 

increased from 410 to 1530 mm. At 800 and 1000 °C, the char yield decreased with 

increasing reactor length, particularly from 410 to 690 mm, probably indicating the primary 

pyrolysis was complete before 690 mm and after 690mm gasification reactions of the char led 

to its yield decreasing slightly.  

 

Figure 1.14 Effect of reactor length on the char yield during biomass pyrolysis [55] 

 

Figure 1.15 Effect of reactor length on the H2O/tar/soot yield during biomass pyrolysis [55] 

The effect of reactor length on the H2O/tar/soot yield during pyrolysis is shown in Figure 1.15. 

Along with the reactor, in general, the total yields of H2O, tar, and soot decrease gradually or 

400 600 800 1000 1200 1400 1600
0.0

0.1

0.2

0.3

0.4

0.5

c
h
a

r 
(k

g
/k

g
 u

s
e

d
 b

io
m

a
s
s
)

reactor length (mm)

 rich husk (T=1000°C), from Sun et al.

 rich husk (T=800°C), from Sun et al.

 walnut sawdust (T=1000°C), from Sun et al.

 walnut sawdust (T=800°C), from Sun et al.

400 600 800 1000 1200 1400 1600
0.0

0.1

0.2

0.3

0.4

0.5

H
2

O
+

ta
r+

s
o
o

t 
(k

g
/k

g
 u

s
e

d
 b

io
m

a
s
s
)

reactor length (mm)

 rich husk (T=1000°C), from Sun et al.

 rich husk (T=800°C), from Sun et al.

 walnut sawdust (T=1000°C), from Sun et al.

 walnut sawdust (T=800°C), from Sun et al.



Chapter 1 Literature study 
 

26 

almost kept constant at 800 and 1000 °C. This is probably because more H2O, tar, and soot 

were consumed by cracking, reforming and gasification reactions as the reactor length 

increased. 

Figure 1.16 shows the total yields of gas products along with reactor during pyrolysis. In 

generally, at 800 and 1000 °C, the total yields of gas products increased with increasing 

reactor length. Before 690 mm, the increase of the total yields was probably related to the 

degree of the primary pyrolysis, and after 690 mm, the increase might be due to cracking and 

reforming of tar and gasification of char and soot. The individual gas yields on volume basis 

are shown as function of the reactor length in Figure 1.17. The yields of H2 and CO increased 

with increasing reactor length, which was caused by the primary pyrolysis evolution, tar 

cracking and reforming, and char and soot gasification. The CO2 yield was very low 

compared with the H2 and CO yields, and was nearly unchanged, probably indicating that 

CO2 was mainly released in the early stage of the pyrolysis process [55]. The yield of CxHy 

generally increased slightly with increasing reactor length probably due to further tar cracking 

at 800 and 1000 °C. Besides, the corresponding individual gas yields on mass basis are listed 

in Table 1.6 as supplementary information. 

Table 1.6 Effect of reactor length on the individual gas yields (mass) during biomass pyrolysis [55] 

fuel L H2 CO CO2 CxHy 
- mm kg/kg used biomass 

rice husk 
(T = 1000 °C) 

410 0.012 0.296 0.150 0.025 
690 0.014 0.300 0.150 0.029 
970 0.016 0.313 0.145 0.037 

1250 0.017 0.320 0.145 0.035 
1530 0.019 0.327 0.133 0.034 

rice husk 
(T = 800 °C) 

410 0.006 0.149 0.109 0.013 
690 0.006 0.204 0.122 0.028 
970 0.006 0.215 0.105 0.030 

1250 0.006 0.232 0.114 0.035 
1530 0.006 0.235 0.105 0.034 

walnut sawdust 
(T = 1000 °C) 

410 0.017 0.465 0.165 0.030 
690 0.017 0.468 0.164 0.044 
970 0.018 0.526 0.164 0.052 

1250 0.021 0.550 0.157 0.048 
1530 0.024 0.569 0.158 0.047 

walnut sawdust 
(T = 800 °C) 

410 0.010 0.264 0.120 0.021 
690 0.009 0.334 0.118 0.044 
970 0.009 0.399 0.124 0.060 

1250 0.010 0.433 0.130 0.076 
1530 0.009 0.439 0.143 0.093 
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Figure 1.16 Effect of reactor length on the total yields of gas products (mass) during biomass pyrolysis [55] 

  
(a) H2 (b) CO 

  
(c) CO2 (d) CxHy 

Figure 1.17 Effect of reactor length on the individual gas yields (volume) during biomass pyrolysis [55] 
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1.3.1.4 Effect of steam addition on pyrolysis 

The effect of steam addition on the char yield during pyrolysis is shown in Figure 1.18. The 

char yield decreased obviously as the steam/carbon molar ratio was increased from 0.00 to 

2.85 in the studied temperature range of 800 – 1400 °C. This is probably because steam 

addition is beneficial to promoting the gasification reaction of char and steam. 

 

Figure 1.18 Effect of steam addition on the char yield during biomass pyrolysis [78] 

The effect of steam addition on the tar and soot yields during pyrolysis is shown in Figure 

1.19. The yield of H2O cannot be compared in these experiments owing to the extra steam 

addition in half of these experiments. Tar was observed only at 800 and 1000 °C, and its yield 

decreased with steam addition mainly because of the enhanced tar reforming reaction. Soot 

was observed when the temperature was higher than 1000 °C. The lower soot yield was 

obtained as the steam was added. It is most likely both because more tar was reformed leading 

to less soot formation and because more soot was gasified by steam. However, at very high 

temperature (1400 °C) with a large amount of steam addition (H2O/C = 2.85), soot was still 

present and cannot be completely removed possibly due to its low reactivity. 

Figure 1.20 shows the effect of steam addition on the total yields of gas products during 

pyrolysis. The total yields of gas products increased with steam addition in the studied 

temperature range of 800 – 1400 °C. This is partly due to the enhanced conversion of char, tar, 

soot, and hydrocarbons by gasification and reforming reactions and partly due to the 
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and H2). The effect of steam addition on the individual gas yields on volume basis is shown in 

Figure 1.21. The H2 yield increased with steam addition, because more char and soot were 
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lower than 1200 °C but increases at 1400 °C. This is because the CO yield is affected by two 

sets of reactions. The first set of reactions, such as the steam gasification reactions of char and 

soot and the steam reforming reactions of tar and hydrocarbons, is helpful to produce more 

CO, while the second type of reactions, such as the water gas shift reaction, tend to consume 

more CO. When the temperature was lower than 1200 °C, these two sets of reactions may 

compete with each other, resulting in the produced amount of CO being almost equal to the 

consumed amount with steam addition and thereby the CO yield was nearly unchanged. 

However, at 1400 °C, the first type of endothermic reactions predominated while the second 

type of exothermic reactions were repressed, thus the produced amount of CO was more than 

the consumed amount with steam addition, leading to an increasing CO yield. The CO2 yield 

increased with steam addition probably due to the promoted water gas shift reaction. The 

CxHy yield decreased with steam addition mainly because of the enhanced steam reforming 

reactions of them. Besides, the corresponding individual gas yields on mass basis are listed in 

Table 1.7 as supplementary information. 

  
(a) tar (b) soot 

Figure 1.19 Effect of steam addition on the tar/soot yield during biomass pyrolysis [78] 

 

Figure 1.20 Effect of steam addition on the total yields of gas products (mass) during biomass pyrolysis [78] 
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(a) H2 (b) CO 

  
(c) CO2 (d) CxHy 

Figure 1.21 Effect of steam addition on the individual gas yields (volume) during biomass pyrolysis [78] 

Table 1.7 Effect of steam addition on the individual gas yields (mass) during biomass pyrolysis [78] 

fuel H2O/C H2 CO CO2 CxHy 
- mol/mol kg/kg used biomass 

cypress sawdust 
(T = 800 °C) 

0 0.010 0.462 0.068 0.113 
2.85 0.011 0.462 0.068 0.123 

cypress sawdust 
(T = 1000 °C) 

0 0.021 0.478 0.073 0.078 
2.85 0.031 0.444 0.216 0.084 

cypress sawdust 
(T = 1200 °C) 

0 0.040 0.546 0.066 0.028 
2.85 0.063 0.546 0.529 0.039 

cypress sawdust 
(T = 1400 °C) 

0 0.047 0.701 0.015 0.002 
2.85 0.080 0.800 0.391 0.000 

1.3.2 Effects of operating condition on gasification  

In this section, the effects of temperature, excess air ratio, residence time, particle size, and 

reactor length on the individual gas yields were discussed. Besides, the two important factors 

in the gasification process, the producer gas yield that was defined as the total amount of H2, 

CO, CO2, and CxHy (light hydrocarbons including C1 and C2 species), and the carbon 

conversion that was defined as the ratio of carbon in the producer gas to carbon from the fuel, 

were also investigated. 
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1.3.2.1 Effect of temperature on gasification 

The effect of temperature on biomass gasification process is shown in Figure 1.22 and Figure 

1.23. In these experiments, different oxidants were fed: Zhang et al. [78] and Zhou et al. [80] 

used oxygen, while Lapuerta et al. [35], Hernandez et al. [81], and Zhao et al. [82,83] used air. 

In general, the yields of H2 and CO increased with increasing temperature, while the yields of 

CO2 and CxHy decreased. At elevated temperature, the formed amounts of H2 and CO 

increased obviously in the pyrolysis step, while the produced amounts of CO2 and CxHy 

increased slightly or kept constant, because they were from different structures, functional 

groups, and cross linking reactions [55,61,63,64,67-70,73,74,79]. In the following gasification 

step, char, tar and hydrocarbons reforming reactions with CO2 favored at higher temperature, 

resulting in more H2 and CO were generated but more CO2 and CxHy were consumed with 

increasing temperature. At very high temperature (> 1200 °C), the water gas shift reaction 

was reversed, which also led to a lower CO2 yield. In the lower temperature range of 700 – 

900 °C, the decreased CO yield and increased CO2 yield may be related to the accelerated 

water gas shift reaction owing to the increased temperature. More CxHy was produced from 

700 to 800 °C during walnut sawdust gasification, which is probably because of the promoted 

tar cracking. In generally, the producer gas yield, especially the H2 and CO2 content, and 

carbon conversion increased as the temperature increased, thus the syngas quality was 

upgraded and gasification efficiency was increased.  

1.3.2.2 Effect of excess air ratio on gasification 

The effect of excess air ratio on biomass gasification process is shown in Figure 1.24 and 

Figure 1.25. The varied excess air ratio was obtained by changing the fuel feeding rate and 

keeping the gas flow, which led to the other operating parameters nearly remaining the same. 

In these experiments, different oxidants were employed: Zhou et al. [80,84] used oxygen and 

Hernandez et al. [81] used air. With increasing excess air ratio, the yields of H2, CO, and 

CxHy decreased obviously owing to their oxidation reactions, while the yield of CO2 increased 

quickly because of both carbonaceous gas and char oxidation. The decreased producer gas 

yield was mainly caused by the conversation of H2 to water. These results indicate that 

increasing excess air ratio tends to reduce the syngas quality, particularly the amounts of H2 

and CO. However, the carbon conversion was increased at higher excess air ratio due to more 

converted char and tar, which could improve the fuel conversion. 
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(a) H2 (b) CO 

  
(c) CO2 (d) CxHy 

Figure 1.22 Effect of temperature on the syngas yield during biomass gasification [35,78,80-83] 
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(a) producer gas (b) carbon conversion 

Figure 1.23 Effect of temperature on the performance of biomass gasification process [35,78,80-83] 

  
(a) H2 (b) CO 

  
(c) CO2 (d) CxHy 

Figure 1.24 Effect of excess air ratio on the gas product yield during biomass gasification [80,81,84] 
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(a) producer gas (b) carbon conversion 

Figure 1.25 Effect of excess air ratio on the performance of biomass gasification process [80,81,84] 

1.3.2.3 Effect of residence time on gasification 

The effect of residence time on biomass gasification process is shown in Figure 1.26 and 

Figure 1.27. In order to keep other operating parameters constant, the varied residence time 

was obtained by changing both the fuel feeding rate and gas flow. As the residence time 
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produced char can reacted with CO2, which leads to an increase and decrease amounts of CO 

and CO2 respectively. The producer gas yield and the carbon conversion increased with 

increasing residence time, which is helpful to increasing gasification efficiency. 

1.3.2.4 Effect of particle size on gasification 
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technical and economic points of view, using small biomass particles may increase the 

difficulty and cost in comminuting or grinding [86]. As a result, the pros and cons should be 

under consideration when smaller biomass particles are employed. 

  
(a) H2 (b) CO 

  
(c) CO2 (d) CxHy 

Figure 1.26 Effect of residence time on the gas product yield during biomass gasification [36] 

   
(a) producer gas (b) carbon conversion 

Figure 1.27 Effect of residence time on the performance of biomass gasification process [36] 
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(a) individual gas product (b) producer gas 

 
(c) carbon conversion 

Figure 1.28 Effect of particle size on the gasification process [36] 

1.3.2.5 Effect of reactor length on gasification 

The effect of reactor length on biomass gasification process is shown in Figure 1.29 and 

Figure 1.30. At the applied temperature range of 700 – 900 °C, as the distance between the 

fuel injector and the product sampling point increased from 410 to 1530 mm, the yields of H2, 

CO, and CxHy increased while the CO2 yield decreased. Along with the axial direction of the 

reactor, the produced char during pyrolysis can be gasified with CO2, resulting in the 

increased amount of CO at the expense of CO2. Besides, the released tar during pyrolysis 

might gradually undergo cracking reactions to produce more light gases, resulting in the 

higher yields of H2, CO, and CxHy. With increasing reactor length, both the producer gas yield 

and the carbon conversion increased steadily, which is always preferred in the gasification 

process. 

0 1 2 3 4 5 6 7 8
0.0

0.1

0.2

0.3

0.4

0.5
g

a
s
 p

ro
d

u
c
t 
(N

m
3
/d

a
f 

k
g
 b

io
m

a
s
s
)

particle size (mm)

marc of grape (T=1050°C, λ=0.25), from Hernandez et al.

 H2

 CO

 CO2

 CxHy

0 1 2 3 4 5 6 7 8
0.0

0.4

0.8

1.2

1.6

2.0
marc of grape (T=1050°C, λ=0.25), from Hernandez et al.

p
ro

d
u

c
e
r 

g
a

s
 (

N
m

3
/d

a
f 

k
g

 b
io

m
a

s
s
)

particle size (mm)

0 1 2 3 4 5 6 7 8
0

20

40

60

80

100
marc of grape (T=1250°C, λ=0.25), from Hernandez et al.

c
a
rb

o
n

 c
o
n

v
e

rs
io

n
 (

w
t.

%
)

particle size (mm)



Chapter 1 Literature study 
 

37 

  
(a) H2 (b) CO 

  
(c) CO2 (d) CxHy 

Figure 1.29 Effect of reactor length on the gas product yield during biomass gasification [82,83] 

  
(a) producer gas (b) carbon conversion 

Figure 1.30 Effect of reactor length on the performance of gasification process [82,83] 
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1.4 Conclusions 

Gasification is a flexible and effective thermochemical conversion technology available for 

biomass utilization, which is gaining more and more global attention now. Compared with 

coal gasification which is a mature and most commercially available technology in large scale, 

biomass gasification is a young and less mature technology. Therefore, more comprehensive 

fundamental research and further pilot and demonstration scale testing on biomass 

gasification are still needed. 

The basic physical, chemical, and thermal processes and major heterogeneous and 

homogeneous reactions during gasification are described and summarized in the present 

literature review, which could provide some general information and knowledge of 

gasification and be helpful to understanding the entire technology. In the gasification process, 

the properties of the most common fuel - coal, and an important alternative fuel – biomass, 

are summarized and compared. The coal rank, water content, caking properties and ash 

properties are the important properties for gasification. Compared with high rank coals, low 

rank coals usually have high moisture and volatile contents but low fixed carbon content and 

heating value, and are more reactive. The coal ash generally has a high melting point due to 

the high contents of silicon and aluminum. Overall, the ash melting characteristics is 

dependent largely on the quaternary SiO2-Al2O3-CaO-FeO system in the ash composition. 

The properties of biomass are as diverse as the source origins (for example from wood, straw, 

grass, or residues). However, compared with coal, biomass usually has high volatile and 

oxygen contents, but low carbon content, heating value, and bulk density. It is worth to note 

that generally the sulfur content in biomass is low, typically less than 0.5 wt %. For the 

majority of biomass the ash has high contents of salts, such as KCl and NaCl, which is the 

main difference between biomass ash and coal ash, thus biomass ash has relatively low 

melting temperature. The knowledge of biomass properties is beneficial to applying biomass 

in the gasification plants originally designed to use coal and supporting the development of 

commercial biomass gasifiers. Moving bed gasifiers, fluidized bed gasifiers, and entrained 

flow gasifiers are three different types of gasifiers used today. Their characteristics are 

summarized and discussed. On the whole, compared with fixed bed and fluidized bed 

gasifiers, entrained flow gasifiers operate at higher temperatures with smaller particles to 

achieve a high carbon conversion within a few seconds and provide a high-quality syngas 

without tar. The produced syngas in the gasification process can be used for synthesis, which 

is applied to produce fuels and chemicals, and for combustion, which is applied to produce 
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power and heat. Moreover, the syngas characteristics and conditioning are usually more 

critical for synthesis than for combustion.  

Besides the above summary and comparison of gasification technology, the present literature 

review mainly focuses on the effects of operating conditions on product distribution during 

biomass entrained flow pyrolysis and gasification respectively due to the close relationship 

between the initial pyrolysis step and further gasification step in the whole gasification 

process. During biomass pyrolysis, H2 and CO are the main gas products. Higher temperature 

decreased the char and tar yields during pyrolysis. When the temperature was higher than 

1100 °C, the soot yield also decreased with increasing temperature due to the faster reaction 

rate than the formation rate. The total yields of gas products increased as the temperatures 

increased, and the yields of the desired products, H2 and CO, also increased. Increasing 

reactor length and steam addition during pyrolysis reduced the yields of char, tar, and soot 

mainly due to the improved conversion, and increased the total yields of gas products and the 

yields of H2 and CO. When the particle size was less than 1.0 mm, generally no large 

influence of particle size on pyrolysis was observed. During biomass gasification, not only H2 

and CO but also CO2 were the main gas products owing to the partial oxidation condition. 

Increasing temperature during gasification improved the carbon conversion and increased the 

producer gas yield. In generally, the H2 and CO yields increased while the CO2 and CxHy 

decreased as the temperature increased. Although increasing the excess air ratio improved the 

carbon conversion, the producer gas yield and especially the H2 and CO yields decreased. In 

the studied temperature range of 700 – 1050 °C, a certain amount of char must be left in the 

syngas during gasification, and thus increasing residence time and reactor length could clearly 

increase the carbon conversion and the yields of producer gas, H2, and CO. At 1050 °C, 

increasing the size of particles from 0.5 to 8.0 mm during gasification, the carbon conversion, 

the producer gas yield, and the yield of all the gas species decreased obviously due to the 

worse char conversion. On the whole, from a viewpoint of syngas utilization for fuels and 

chemicals, high temperature is desirable for providing high yields of H2 and CO and 

achieving high carbon conversion. In addition, at high temperature, suitable excess air ratio, 

increased residence time, increased reactor length, and smaller particles are also favored for 

improving the carbon conversion.  
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Chapter 2 Biomass gasification behavior I 

Abstract 

Wood gasification was studied in a laboratory-scale atmospheric pressure entrained flow 

reactor. Effects of reactor temperature, steam/carbon ratio, excess air ratio, and biomass type 

on the solid, liquid and gas products were investigated. The biomass was completely 

converted at all investigated operating conditions and the syngas contained nearly no tar but 

some soot at the highest applied reactor temperature of 1350 °C. With a rise of reactor 

temperature from 1000 to 1350 °C, the yield of producer gas (defined as the sum of H2, CO, 

CO2, and light hydrocarbons up to C3 species) increased dramatically by 72 %. The H2/CO 

molar ratio in syngas was close to 1.0 at reactor temperature above 1200 °C with steam 

addition. Higher temperature was beneficial to lower the amount of tar while the soot yield 

showed a peak of 56.7 g/kg fuel (daf basis) at 1200 °C. With steam addition, the producer gas 

yield and in particular the H2 yield increased gradually, while the CO yield decreased slowly. 

The molar ratio of H2/CO was equal to 1.0 with the largest supplied amount of steam addition 

(H2O/C = 1.0). Steam addition gave an obvious reduction in the soot yield, but it was not 

possible to completely avoid soot. Increasing excess air ratio from 0.25 to 0.50 gave no 

significant change in the producer gas yield, but the yields of H2, CO, and soot decreased, the 

CO2 yield increased, and the molar ratio of H2/CO decreased. At 1350 °C with steam addition, 

the syngas composition is close to equilibrium as verified by calculation. 

2.1 Introduction  

Biofuels play an important role in helping to address some global challenges, such as energy 

supply security, and environment and climate protection [1-6]. Governments, particularly 

those in the OECD (Organization for Economic Cooperation and Development) are striving to 

become less dependent on imported oil and are seeking diversified sources of energy supply. 

Biofuels can contribute to a more secure and diverse energy supply [5,6]. Furthermore, 

biofuels are CO2 neutral because the growth of new plants will absorb CO2 through 

photosynthesis even though the production and consumption of biofuels emit CO2 as well. 

Therefore, utilization of biofuels can reduce dependence on imported oil, reduce CO2 

emission, and provide a growing market for the farming community.  

Gasification is a thermochemical process currently available for biofuel production, and 

converts solid carbonaceous materials to a synthesis gas, a mixture rich in H2, CO, CO2, and 
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CH4, by partial oxidation at elevated temperature [7,8]. The syngas produced by gasification 

can be used to synthesize liquid fuels and chemicals or to produce power in a combined cycle 

plant. However, some challenges of the gasification technology still exist, such as the 

utilization of biomass in entrained flow gasifiers originally designed for coal, as well as ash 

behavior and formation of soot and tar. 

Compared with fixed bed and fluidized bed gasification, entrained flow gasification operates 

at higher temperature with smaller particles, often achieves a high carbon conversion, and 

produces a high quality syngas with low methane and tar content [9,10]. Coal gasification in 

entrained flow gasifiers has been studied to some extent [11-16]. However, systematic studies 

on gasification of biomass in entrained flow gasifiers are scarce, and these studies mainly 

focus on the gas compositions [17-21] and are performed at relatively low temperatures (700 

– 1050 °C) [10,17,20]. Steam addition has a significant influence on the coal gasification [13], 

but there are no studies of the effect of steam addition on biomass gasification in an entrained 

flow reactor. Entrained flow gasifiers usually operate at high temperature (> 1200 °C) to 

produce a syngas with low or no tar content, however soot produced at higher temperature is 

another serious issue, especially for biomass because of its high volatile content. Nevertheless, 

according to the authors’ best knowledge, there is no literature considering soot formation in 

biomass entrained flow gasification. Therefore, a systematic study of biomass gasification in 

an entrained flow reactor is of great practical and scientific interest. 

In the present study, a gasification system including a laboratory-scale entrained flow reactor 

(5 kW) and other auxiliary facilities were developed. Biomass gasification was investigated 

concentrating on the effects of operating parameters, such as reactor temperature (T), 

steam/carbon ratio (H2O/C), excess air ratio (λ) on the product yield (soot, tar, and 

H2/CO/CO2/light hydrocarbons). The objective is to provide valuable insights into the 

biomass gasification in an entrained flow reactor and especially to fill in a gap on knowledge 

of soot formation and yield in this process.  

2.2 Experimental  

2.2.1 Setup  

The experimental setup used for the present work is shown schematically in Figure 2.1. The 

entrained flow gasification system is comprised of a gas preheater, vertical reactor, fuel 

feeding system, gas supply system, gas sampling and analysis system, and solid particle 
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sampling system. The 0.8 m long gas preheater is located on the top of the reactor and 

consists of two electrical heating elements. The SiC reaction tube inside the reactor has a 

length of 2 m with an inner diameter of 0.08 m and is externally heated by seven independent 

electrical heating elements to obtain a maximum temperature of 1500 °C. In the present work, 

one heating element at the top of the gas preheater and two heating elements at the bottom of 

the reactor were broken. Thus, the effective heating length of gas preheater and reactor are 

approximate 0.4 m and 1.4 m respectively.  

 

Figure 2.1 Sketch of experimental setup 

The fuel feeder is located in a pressure tight container so that the flow of feeding gas can be 

controlled accurately. The fuel feeding rate is measured by weighing the silo and the strew 

feeder. In order to obtain a steady fuel feeding rate, a vibration table is employed between the 

screw feeder and the water-cooled feeding probe.  

The gas supply system is composed by mass flow meters and magnetic valves, which make it 

possible to mix gases and direct them to various purposes: to the fuel feeder (as feeder gas), to 

the preheater and reactor (as main gas), and to the heating elements of the preheater and 

reactor (as purge gas). The fuel and feeder gas are kept cold by using the water-cooled feeding 

probe inside the gas preheater, and the main gas is heated to the desired temperature by the 

gas preheater. Besides, the steam is produced by a steam generator and injected into the gas 

preheater together with the main gas. The feeder gas entrained with fuel particles is mixed 
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with the steam, main gas, and purge gas at the inlet of the reaction tube and subsequently they 

reacted in the reaction tube.  

After the heat exchanger and before the gas cooler, the gas sampling line is heated to 100 °C 

in order to prevent water condensation. The gas products are continuously sampled and are 

cleaned and dried by a filter and a gas cooler. The composition of gas samples (mainly H2, 

CO, CO2, and light hydrocarbons) without dust and water was measured online by a 

nondispersive infrared (NDIR) gas analyzer and a gas chromatograph (Agilent 6890N). The 

analytical error from these two equipment is less than 5 %.  

When the measured gas composition reached a stable state, a certain amount of syngas was 

drawn to a solid sampling system through a bottom sampling probe according to the principle 

of isokinetic sampling. In the solid sampling system, the larger particles (e.g. char) were 

collected by a cyclone and the smaller particles (e.g. soot) passing the cyclone were captured 

by a metal filter. The designed cut size of the cyclone was 2.5 µm and the size of pore in the 

metal filter is 1 µm. The bottom sampling probe, cyclone and filter were heated to 400 °C to 

avoid liquid condensation. The solid particles were sampled for 10 min during each 

experiment that lasted approximately 60 min. After each experiment, when the solid sampling 

system was cooled to room temperature, the solid particles in the cyclone and metal filter 

were gathered, weighed, and preserved for further analysis. 

2.2.2 Materials 

Wood (beech sawdust) was used as fuel in all experiments. The results of ultimate and 

proximate analysis are listed in Table 2.1. It is shown that wood has a high volatile content 

while low fixed carbon content and heating value. The particle size distribution of wood is 

shown in Figure 2.2. The median diameter (d50) of the wood particles is 310 µm. 

Table 2.1 Properties of wood 

properties  wood (as-received basis) 

moisture wt % 9.04 

ash wt % 0.61 

volatile wt % 76.70 

fixed carbon wt % (by diff.) 13.65 

lower heating value MJ/kg 16.44 

C wt % 45.05 

H wt % 5.76 

O wt % (by diff.) 39.41 

N wt % 0.13 

S wt % 0.01 
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Figure 2.2 Particle size distribution of wood 

2.2.3 Conditions  

The applied experiments are listed in Table 2.2. In this study, three reactor temperatures (T) 

were selected: 1000, 1200, and 1350 °C. The steam/carbon ratio (H2O/C) was varied between 

0 and 1. The excess air ratio (λ) was changed in the range of 0.25 – 0.50. In order to obtain an 

isothermal condition in the entrained flow reactor, besides air used as reaction gas, a large 

amount of nitrogen was used as balance gas which led to a low oxygen concentration (O2) in 

the combined reaction gas (5 – 10 %). Keeping the fuel feeding rate and total flows of air and 

nitrogen constant, the effects of reactor temperature, steam/carbon ratio, and excess air ratio 

were studied. In the present work, the steam/carbon ratio, excess air ratio, and oxygen 

concentration were calculated as below: 

steam carbon⁄ ratio	(mol/mol) = 	the	amount	of	supplied	steam(mol/min)the	amount	of	carbon	in	fuel(mol/min)  
(2.1) 

excess	air	ratio	(−) = the	amount	of	supplied	air	for	fuel	gasifciation(NL/min)
the	amount	of	required	air	for	complete	fuel	oxidation(NL/min) 

(2.2) 

oxygen	concentration		(%) = 	the	amount	of	supplied	oxygen	in	feeder	and	main	gas(NL/min)the	amount	of	feeder	and	main	gas(NL/min) × 100	% 
(2.3) 

The particle residence time (t) in the reactor was approximately 2 – 3 s, which was determined 

by the gas mean residence time assuming no relative velocity between the solid phase and gas 

phase. It was not possible to measure the total gas flow directly. Thus the total flow was 

calculated by using N2 as a tracer, from which the gas product yield per kilogram fuel 

(Nm3/kg fuel, dry and ash-free basis) can be calculated. Also, the solid product yield can be 

expressed by the similar unit (g/kg fuel, dry and ash-free basis). 
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Table 2.2 List of conducted experiments 

NO. fuel feeding rate air flow nitrogen flow steam flow T H2O/C λ O2 t 
 g/min NL/min NL/min g/min °C mol/mol - % s 

1 9.2 10 30 3.3 1000 0.5 0.25 5 2.98 
2 9.2 10 30 0 1200 0.0 0.25 5 2.49 
3 9.2 10 30 3.3 1200 0.5 0.25 5 2.51 
4a 9.2 10 30 0 1350 0.0 0.25 5 2.21 
5 9.2 13 26 0 1350 0.0 0.35 7 2.21 
6 9.2 19 21 0 1350 0.0 0.50 10 2.24 
7 9.2 10 30 3.3 1350 0.5 0.25 5 2.15 
8 9.2 13 26 3.3 1350 0.5 0.35 7 2.17 
9 9.2 19 21 3.3 1350 0.5 0.50 10 2.23 

10a 9.2 10 30 6.7 1350 1.0 0.25 5 2.15 
11 9.2 13 26 6.7 1350 1.0 0.35 7 2.17 

a Repetition experiments were performed 

2.3 Results and discussion  

2.3.1 Carbon mass balance  

 

Figure 2.3 Carbon balances for all applied experiments: the carbon contents in CO, CO2, CxHy, and soot 

are calculated based on the experimental measurement, while the carbon content in tar and larger CxHy is 

determined by the gap of the carbon mass balance 

In all applied experiments, no converted char was left in the cyclone, while soot was always 

observed in the metal filter. Based on the measured data of soot (filter sample, defined as pure 

carbon) and gas products, carbon mass balances were calculated for all applied experiments 

listed in Table 2.2, and the results are shown in Figure 2.3. In the figure, the contents of CO, 

CO2, CxHy (lighter hydrocarbons including CH4, C2H4, and C3H8), and soot were calculated by 

the measured products, while the tar and larger hydrocarbons contents were estimated by the 

gap of the carbon mass balance. In the experiment, NO. 1 (at 1000 °C) listed in Table 2.2, the 

carbon mass balance has a large deviation (22 wt %) probably due to the high contents of tar 

and larger hydrocarbons in the syngas. At higher temperatures (at 1200 and 1350 °C), the 

carbon mass balance closure was better, typically within ± 9 %. The hydrogen and oxygen 
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mass balance could not be closed since the water yield were not determined, so they are not 

shown in the present study. 

2.3.2 Effects of gasification parameters 

2.3.2.1 Reactor temperature  

In high temperature entrained flow gasification, unburned char, soot and ash are normally the 

solid products. However, in the present study, biomass was completely converted and no 

unburned char was left, while soot often was observed. Very low amounts of ash were 

collected in the cyclone, because the ash mainly melted and deposited on the wall of the 

reactor due to the high temperature and the remaining small amount probably was mixed with 

soot. Figure 2.4 (a) shows the effect of reactor temperature on the soot yield during wood 

gasification at λ = 0.25. A sharp increase from 8.5 to 58.7 g/daf kg fuel (kg fuel on a dry and 

ash-free basis) in the soot yield was observed when the reactor temperature was increased 

from 1000 to 1200 °C at H2O/C = 0.5. Then it declined to 35.3 g/daf kg fuel as the reactor 

temperature further increased to 1350 °C. It is widely observed that soot is produced in high 

temperature processes (1000 – 2500 °C), such as pyrolysis and gasification [22-27]. Thus 

increasing the reactor temperature favors soot formation. However, at higher temperature, 

soot or its precursors probably have higher gasification reactivity. As a result of the 

competition between soot formation and destruction [27-30], its yield starts to drop down 

after reaching a peak value at 1200 °C. As shown in Figure 4, the same trend was observed 

for the experiments without steam addition (H2O/C = 0.0) at higher temperature (1200 – 

1350 °C). 

Comparing Figure 2.4 (a) to Figure 2.3, it is found that the soot yield was lowest at 1000 °C, 

whereas the amount of tar in the syngas was highest. However, at 1350 °C a significant yield 

of soot was produced, while there was nearly no tar in the syngas due to cracking and the 

reaction with steam of the heavy hydrocarbon chains to form H2, CO, and CO2 [31]. This 

shows that there is a tradeoff between soot and tar formation, which may result from soot 

formation by tar and hydrocarbon polymerization competing with soot gasification by CO2 

and H2O at high temperature. 
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(a) soot 

  

(b) H2 (c) CO 

  

(d) CO2 (e) CxHy 

Figure 2.4 Effect of reactor temperature on the product yield during wood gasification at λ = 0.25 

The yields of H2, CO, CO2, and CxHy (total amount of light hydrocarbons up to C3 species) at 

different reactor temperatures during wood gasification at λ = 0.25 are shown in Figure 2.4 (b) 

– (e). The yields of H2 and CO increased from 0.19 to 0.65 Nm3/daf kg fuel (kg fuel on a dry 

and ash-free basis) and 0.33 to 0.68 Nm3/daf kg fuel respectively when the reactor 

temperature increased from 1000 to 1350 °C at H2O/C = 0.5, while the yields of CO2 and 

CxHy decreased from 0.29 to 0.19 Nm3/daf kg fuel and 0.069 to 0.011 Nm3/daf kg fuel 
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respectively. The yields of measured hydrocarbons at different temperatures are shown in 

Figure 2.5. CH4 is the major product in hydrocarbons, which decreased quickly with a rise of 

temperature. The yields of C2H4 and C3H8 are very low in the whole temperature range, and 

especially at higher temperatures, there is almost no formation of C2H4 and C3H8. As 

thermodynamically predicted, the declining yield of CO2 may be explained as being due to 

the consumption of CO2 by dry reforming reactions of hydrocarbons. These reactions increase 

with temperature and cause the yield of CxHy to decrease and the yields of H2 and CO to 

increase [31,32]. The steam reforming reactions of hydrocarbons increase with temperature as 

well. These reactions also lead to the decreasing yield of CxHy and the increasing yields of H2 

and CO. Meanwhile, higher temperature (> 1200 °C) reverses the exothermic water gas shift 

reaction, which also reduces the yield of CO2. Besides, the soot produced at higher 

temperature probably could be partly gasified by CO2, which causes the reduction of the CO2 

yield too. The gas product distribution displayed similar trends when no steam was introduced 

(H2O/C = 0.0). 

  

(a) H2O/C = 0.5 (b) H2O/C = 0.0 

Figure 2.5 Effect of reactor temperature on the individual CxHy yields during wood gasification at λ = 0.25 

The producer gas yield is an important indicator to evaluate the gasification process. As much 

gas as possible produced per unit fuel is desired, especially the yields of H2 and CO. The 

effect of reactor temperature (1000, 1200, and 1350 °C) on the producer gas yield during 

wood gasification at λ = 0.25 is shown in Figure 2.6 (a). It can be seen that the producer gas 

yield, which is defined as the sum of H2, CO, CO2, and CxHy, increased from 0.89 to 1.53 

Nm3/daf kg fuel with an increase of the reactor temperature from 1000 to 1350 °C at H2O/C = 

0.5. The increased gas formation is mainly for two reasons: the steam cracking and reforming 

of tar and heavier hydrocarbons, which increase with temperature [33,34], and also soot 

gasification is promoted at higher temperature. Biomass was completely converted and no 
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unburned char was collected in the present study, so there is no direct relation between the 

increased yield of producer gas with reactor temperature and char gasification reactions. The 

yield of producer gas also increased from 1.18 to 1.45 Nm3/daf kg fuel (daf basis) with 

increased reactor temperature from 1200 to 1350 °C at H2O/C = 0.0. The molar ratio of 

H2/CO in the producer gas is another important indicator for gasification. For different 

chemical utilization of syngas, different ratio is required. In higher alcohols synthesis, a molar 

ratio of H2/CO close to 1.0 is favored [35]. The molar ratio of H2/CO as a function of the 

reactor temperature is shown in Figure 2.6 (b). This ratio increased from 0.6 to 1.0 when the 

reactor temperature was increased from 1000 to 1200 °C at H2O/C = 0.5, and was then nearly 

constant even when the temperature increased to 1350 °C. The molar ratio of H2/CO also can 

be kept around 0.7 in the temperature range of 1200 – 1350 °C at H2O/C = 0.0. Consequently, 

it can be concluded that at λ = 0.25, the molar ratio of H2/CO can approximately keep 

constant at higher temperatures (> 1200 °C), particularly with steam addition, it can stay close 

to 1 due to the water gas shift reaction. 

  

(a) producer gas yield (b) H2/CO ratio 

Figure 2.6 Effect of reactor temperature on the indicators during wood gasification at λ = 0.25 

2.3.2.2 Steam/carbon ratio 

Figure 2.7 (a) shows the effect of steam/carbon ratio on the soot yield during wood 

gasification at 1350 °C. As the steam/carbon ratio was increased from 0.0 to 1.0, the soot 

yield decreased from 39.6 to 31.3 g/daf kg fuel at λ = 0.25 and from 24.6 to 12.2 g/daf kg fuel 

at λ = 0.35. Clearly, the steam addition is helpful to reduce the soot yield, but it is not possible 

to completely remove soot in the syngas. 

The effect of steam/carbon ratio on the gas yield during wood gasification at 1350 °C is 

depicted in Figure 2.7 (b) – (e). When the steam/carbon ratio increased from 0.0 to 1.0, the H2 

and CO2 yields increased gradually from 0.53 to 0.65 Nm3/daf kg fuel  and from 0.18 to 0.22 
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Nm3/daf kg fuel respectively at λ = 0.25, accompanied with a little decrease of the CO yield 

from 0.73 to 0.67 Nm3/daf kg fuel. The probable reason is that steam addition promotes the 

soot-steam gasification reaction and the water gas shift reaction [16,36]. When the 

steam/carbon ratio was increased from 0.0 to 1.0, the CxHy yield only had a small rise of 

0.004 Nm3/daf kg fuel at λ = 0.25, which might be caused by the cracking and reforming of 

larger hydrocarbons and tar. Similar trends were observed at λ = 0.35. 

 

(a) soot 

  

(b) H2 (c) CO 

  

(d) CO2 (e) CxHy 

Figure 2.7 Effect of steam/carbon ratio on the product yield during wood gasification at 1350 °C 
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The variation of the producer gas yield with the steam/carbon ratio during wood gasification 

at 1350 °C is shown in Figure 2.8 (a). With addition of steam, the producer gas yield 

increased about 0.11 – 0.18 Nm3/daf kg fuel, most likely due to the promotion of steam 

gasification of soot and the increase of steam cracking and reforming of larger hydrocarbons 

and tar. According to Figure 2.7 (b) – (e) and Figure 2.8 (a), it can be concluded that even a 

high amount of steam injection (H2O/C = 1.0) only makes small changes of the gas yields. 

The effect of steam/carbon ratio on the molar ratio of H2/CO during wood gasification at 

1350 °C is shown in Figure 2.8 (b). This ratio increased from 0.7 to 1.0 with the increased 

steam/carbon ratio from 0.0 to 0.5 at λ = 0.25, and was then nearly constant at steam/carbon 

ratio larger than 0.5. At λ = 0.35, the molar ratio of H2/CO kept increasing continually with 

the steam/carbon ratio in the range of 0.0 – 1.0, and its maximum value was also 1. The molar 

ratio of H2/CO is equal to 1 with the largest supplied amount of steam addition (H2O/C = 1.0). 

The repeated experimental results are also shown in Figure 2.7 and Figure 2.8, which have a 

good repeatability. 

  

(a) producer gas yield (b) H2/CO ratio 

Figure 2.8 Effect of steam/carbon ratio on the indicators during wood gasification at 1350 °C 

2.3.2.3 Excess air ratio 
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rise of the oxygen concentration from 5 to 10 %. Figure 2.9 (a) presents the effect of excess 

air ratio on the soot yield during wood gasification at 1350 °C. The amount of soot decreased 

significantly from 35.3 to 9.4 g/daf kg fuel at H2O/C = 0.5 and from 39.6 to 9.3 g/daf kg fuel 

at H2O/C = 0.0 respectively with increasing excess air ratio from 0.25 to 0.50. This is because 

a larger part of the soot or soot precursors are combusted with increasing excess air ratio. 

0.00 0.25 0.50 0.75 1.00
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

p
ro

d
u

c
e

r 
g
a

s
 (

N
m

3
/d

a
f 
k
g

 f
u
e

l)

steam/carbon ratio (mol/mol)

 λ=0.25

 λ=0.35

0.00 0.25 0.50 0.75 1.00
0.0

0.2

0.4

0.6

0.8

1.0

H
2

/C
O

 (
m

o
l/
m

o
l)

steam/carbon ratio (mol/mol)

 λ=0.25

 λ=0.35



Chapter 2 Biomass gasification behavior I 
 

59 
 

 

(a) soot 

  

(b) H2 (c) CO 

  

(d) CO2 (e) CxHy 

Figure 2.9 Effect of excess air ratio on the product yield during wood gasification at 1350 °C 

The effect of excess air ratio on the gas yield during wood gasification at 1350 °C is shown in 

Figure 2.9 (b) – (e). When the excess air ratio was increased from 0.25 to 0.50, the yields of 

H2 and CO decreased from 0.65 to 0.47 Nm3/daf kg fuel and 0.68 to 0.59 Nm3/daf kg fuel 

respectively at H2O/C = 0.5, and the CxHy yield reduced from 0.011 to 0.005 Nm3/daf kg fuel, 

whereas the CO2 yield increased from 0.19 to 0.40 Nm3/daf kg fuel. This is due to the 

oxidation of soot, H2, CO, and other gaseous species [13,16,19,37]. There was no large drop 
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in the CO yield when the excess air ratio increased from 0.25 to 0.35, probably because the 

partial combustion of hydrocarbons and soot could produce a certain amount of CO and then 

a part of them might be further oxidized to CO2, which nearly keeps the CO yield constant. 

However, when the excess air ratio was increased to 0.50, the CO yield decreased. With and 

without steam addition, the gas yield had the same variation tendency as the excess air ratio 

increased. 

  

(a) producer gas yield (b) H2/CO ratio 

Figure 2.10 Effect of excess air ratio on the indicators during wood gasification at 1350 °C 

The producer gas yield shown in Figure 2.10 (a) is obtained at different excess air ratios in the 

range of 0.25 – 0.50 during wood gasification at 1350 °C. The amount of producer gas nearly 

kept constant with an increase of excess air ratio especially between 0.25 and 0.35. The soot 

oxidation forms gas while the H2 combustion consumes gas, so based on an overall 

consideration of formation and consumption, the increased excess air ratio does not influence 

the producer gas yield a lot. The molar ratio H2/CO as a function of excess air ratio during 

wood gasification at 1350 °C is depicted in Figure 2.10 (b). This ratio decreased from 1.0 to 

0.8 when the excess air ratio increased from 0.25 to 0.50 at H2O/C = 0.5. The yields of H2 and 

CO also decreased with a rise of excess air ratio. Thus, these observations reveal that the H2 

yield decreases faster than the CO yield with the increased excess air ratio. A small excess air 

ratio is required if a high molar ratio of H2/CO is preferred. Without steam addition, the same 

trends can be observed. 

2.3.3 Comparison between experimental and equilibrium 

calculations results 

The equilibrium product composition is calculated by using the FactSage Program at the 

experimental conditions. There was not observed any carbon and hydrocarbons formation in 
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the equilibrium calculation, so the products are H2, CO, CO2, and H2O. The product 

distributions of experiments and calculations are compared in Figure 2.11. In Figure 2.11 (a), 

the product distributions are based on the carbon mass balances. The estimated tar and larger 

hydrocarbons contents (experiments NO. 1, 2, and 3 listed in Table 2.2) are determined by the 

gap of the carbon mass balance. In Figure 2.11 (b), the product distributions are based on the 

hydrogen mass balances. Since water, tar, and larger hydrocarbons yields were not measured 

in the experiments, the estimated products contents are shown as a gap in the hydrogen mass 

balance. At 1350 °C, the unmeasured products are mostly water, while at lower temperatures 

(1000 and 1200 °C), the unmeasured products are a mixture of water, tar and larger 

hydrocarbons. From the Figure 2.11 (a) and (b), it is observed that at 1350 °C and with steam 

addition (experiments NO. 7, 8, 9, 10, and 11 listed in Table 2.2), the experimental results are 

reasonably similar to the calculation results indicating that chemical equilibrium is obtained in 

the experiments. Addition of steam promotes the conversion of soot and hydrocarbons 

because the rate of reaction with steam is faster than with CO2 [38] and thereby equilibrium 

conditions are obtained in the limited residence time. 

(a) carbon mass balance (b) hydrogen mass balance 

Figure 2.11 Comparison of the results between experiment and equilibrium calculation: e means 

experimental results and c means equilibrium calculation results 

Recalculated experimental results at the operating conditions without steam addition (e.g. 

experiments NO. 4 listed in Table 2.2) are presented in Figure 2.12.  Assuming that all the 

soot and hydrocarbons react with CO2 to produce CO, the recalculated and normalized 

experimental results can be compared with equilibrium calculations in Figure 2.12. It is 

observed that the recalculated and normalized experimental results are nearly similar to the 

equilibrium calculation results. Therefore, at 1350 °C without steam addition, the main 

difference between the experimental condition and the equilibrium condition is the limited 

reactions of CO2 with soot and hydrocarbons. 
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Figure 2.12 Comparison of the results among experiment, equilibrium calculation and assumption at 

1350 °C with H2O/C = 0.0 and λ = 0.25: e means experimental results, c means equilibrium calculation 

results and a means recalculated and normalized experimental results assuming soot and hydrocarbons 

are gasified by CO2 

  

(a) H2O/C = 0.0 (b) H2O/C = 1.0 

Figure 2.13 Effects of temperature and steam/carbon ratio on the product distribution with λ = 0.25 at 

equilibrium conditions 

Both the experimental results and the equilibrium calculations indicate that reactor 

temperature and steam /carbon ratio strongly influence the product distribution. Therefore, the 

effects of temperature (T = 600 – 1400 °C) and steam/carbon ratio (H2O/C = 0.0 – 1.0) on the 

product distribution with λ = 0.25 were studied by equilibrium calculation and the results are 

shown in Figure 2.13. It is observed that at 600 °C without steam addition (H2O/C = 0.0), 

unreacted carbon exists in the products, while with steam addition (H2O/C = 1.0), there is no 

carbon left. CH4, the only hydrocarbon product, can be observed at 600 °C. The producer gas 

only contains CO, CO2, H2, and H2O at 800 °C and above. The influence of steam addition 

and increased temperature can be related to the water gas shift reaction. Steam addition 

pushes the water gas shift reaction towards higher H2 and CO2 formation levels and increased 

temperature increases the CO and H2O production.  
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Overall, comparing the experimental results to the equilibrium calculation, a reasonably good 

agreement is observed at 1350 °C, while at lower temperatures, soot and hydrocarbons appear 

in the syngas that are not seen in the equilibrium calculation. The largest deviation between 

experiments and equilibrium calculations conducted at 1350 °C is observed at λ = 0.25 

without steam addition. In this case, the syngas has a high CO2 and a low H2O content, and 

reactions between CO2 and soot and hydrocarbons have not reached equilibrium. 

2.4 Conclusions 

Wood gasification was investigated in a laboratory scale atmospheric pressure entrained flow 

reactor at low oxygen concentration to ensure isothermal conditions. In all experiments, the 

char was completely converted. At 1200 and 1350 °C, all calculated carbon mass balance 

closures were reasonable, typically within ± 9 %, but at 1000 °C, the carbon mass balance has 

a large deviation (22 wt %) probably due to the high contents of unmeasured tar and larger 

hydrocarbons in the syngas. The yields of producer gas (defined as the sum of H2, CO, CO2, 

and light hydrocarbons up to C3 species) increased by 72 % when the reactor temperature was 

increased from 1000 to 1350 °C because of steam reforming of tar and heavier hydrocarbons. 

The H2/CO molar ratio in syngas was close to 1.0 at high temperatures (> 1200 °C) with 

steam addition. At 1350 °C, a significant yield of soot was produced, while there was nearly 

no tar formation. Conversely, at 1000 °C, the soot yield was lowest, whereas the amount of tar 

was highest. Thus, there is a tradeoff between soot and tar formation. When steam was 

introduced, the yields of producer gas and H2 increased slightly while the CO yield decreased 

a little. The molar ratio of H2/CO was equal to 1.0 with the largest addition amount of steam 

(H2O/C = 1.0).  The soot yield can be reduced approximately by 20 – 50 % with H2O/C = 1.0. 

The amount of producer gas nearly kept constant with an increase of excess air ratio from 

0.25 to 0.50 especially in the range of 0.25 – 0.35. Increasing excess air ratio from 0.25 to 

0.50 decreased the yields of H2 and CO by about 25 and 12 % respectively, increased the 

yield of CO2 by 89 – 111 %, and decreased the H2/CO molar ratio. Increasing excess air ratio 

also led to a sharp drop of the soot yield by about 75 %. At 1350 °C and with steam addition, 

the experimental results are close to the gas composition obtained by equilibrium calculation. 

From an energy efficiency point of view, a relatively low reactor temperature and a minimum 

of oxygen and water should be employed. However from a viewpoint of utilizing the syngas 

as a fuel, the highest temperature (T = 1350 °C), the largest amount of steam addition (H2O/C 

= 1.0), and a suitable excess air ratio (λ = 0.35) are desirable providing high yields of H2 and 



Chapter 2 Biomass gasification behavior I 
 

64 
 

CO with low yield of soot and almost without tar, and a suitable molar ratio of H2/CO (close 

to 1.0) for synthesis of higher alcohols.  
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Chapter 3 Biomass gasification behavior II 

Abstract 

Biomass gasification and pyrolysis were studied in a laboratory-scale atmospheric pressure 

entrained flow reactor. Effects of operating parameters and biomass types on the syngas 

composition were investigated. In general, the carbon conversion during biomass gasification 

was higher than 90 % at the optimal conditions of 1400 °C with steam addition. The biomass 

carbon that was not converted to gas in the gasification process only appeared as soot 

particles in the syngas in all of the experiments except for the two experiments performed at 

1000 °C where a very small amount of char was also left. In comparison to pyrolysis, lower 

yields of soot, H2 and CO were produced during gasification. The yield of soot could be 

reduced by a longer residence time, larger feeder air flow, lower oxygen concentration, higher 

excess air ratio, higher steam/carbon ratio, and higher reactor temperature. Changes in 

residence time, feeder air flow and oxygen concentration did not show a noticeable influence 

on H2 and CO. Increasing the excess air ratio decreased both the H2 and CO yields, increasing 

the steam/carbon ratio increased the H2 yield but decreased the CO yield, and increasing the 

reactor temperature increased both the H2 and CO yields. Wood, straw, and dried lignin had 

similar gasification behavior except with regard to soot formation. The soot yield was lowest 

during straw gasification possibly because of its high potassium content.  

3.1 Introduction  

Worldwide, biomass is the fourth largest energy resource after oil, coal, and gas [1,2]. It is 

estimated that by 2050 biomass could supply 10 – 20 % of the global primary energy 

requirements [1-3]. Biomass is CO2-neutral and can thereby reduce the global greenhouse gas 

emission. Three thermochemical conversion processes are available for biomass use: 

combustion, pyrolysis, and gasification [4]. Gasification using pressurized fluidized bed or 

entrained flow gasifiers provides a syngas that can be used to synthesize liquid fuels and 

chemicals or produce heat and power by efficient combined-cycle power plants [5-7].  

Currently, coal gasification is the most commercially available technology in large scale. 

Biomass is an important alternative to coal but differs from coal in many important aspects, 

including lower carbon content, higher oxygen content, higher volatile content, lower heating 

value, and lower bulk density [8-10]. Therefore, knowledge on biomass gasification is needed 

to support the development of commercial entrained flow biomass gasifiers. Entrained flow 
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gasification operates at high temperatures (> 1200 °C) with rather small particles to achieve a 

high carbon conversion within a few seconds and may provide a high-quality syngas 

especially without tar. However, only a few experimental investigations [11-15] are published 

on entrained flow gasification of biomass. These studies were mainly performed at relatively 

low temperatures (< 1200 °C) and investigated the effects of the reaction temperature, excess 

air ratio, residence time, particle size, and biomass type on gas composition. Steam addition 

and oxygen concentration, which might give a large influence on gasification behavior [16], 

were not studied in these references. Additionally, when biomass is pyrolyzed at high 

temperatures, secondary reactions occur in the gas phase, which converts tar compounds into 

light hydrocarbons, aromatics, oxygenates olefins, soot precursors, and soot [17-19]. 

Unconverted soot in the syngas reduces the efficiency of the gasification process. In Chapter 

2, we investigated the influence of operating conditions on syngas composition during 

biomass gasification in an atmospheric pressure entrained flow reactor at high temperatures 

(1000 – 1350 °C) with low oxygen concentrations (5 – 10 %). We found that a significant 

yield of soot was obtained at 1350 °C, but there was nearly no yield of tar probably because 

the heavy hydrocarbon chains were cracked and reacted with steam to form H2, CO, and CO2 

[20]. A higher temperature was beneficial to lower the amount of tar, while the soot yield 

showed a peak at 1200 °C, which may result from soot formation by tar and hydrocarbon 

polymerization competing with soot gasification by CO2 and H2O at high temperatures. Thus, 

high temperature and steam addition are helpful to provide a syngas product rich in H2 and 

CO with a low content of soot.  

As a continuation of the previous study, the main objective of the present work is to 

comprehensively investigate the effects of operating parameters and biomass types on gas 

product distribution and soot formation in air/steam entrained flow gasification and to 

determine favorable conditions for achieving complete biomass conversion. The investigated 

reactor temperature is up to 1400 °C, and the oxygen concentration is 21 % in most of the 

experiments. Six gasification parameters (residence time, feeder air flow, oxygen 

concentration, excess air ratio, steam/carbon ratio, and reactor temperature) and three 

biomasses (wood, straw, and lignin, a waste product from bioethanol production) are 

investigated in the present study. Besides a systematic study on biomass gasification, biomass 

pyrolysis is also investigated to support a deeper understanding of the whole gasification 

process. 



Chapter 3 Biomass gasification behavior II 
 

69 
 

3.2 Experimental  

3.2.1 Setup  

The experimental setup, an entrained flow gasification system, used for the present work is 

shown schematically in Figure 3.1. It consists of a gas preheater, vertical reactor, fuel feeding 

system, gas supply system, gas sampling and analysis system, solid particle sampling system, 

tar sampling system, and flue gas treatment system. It is very similar to the old set up used in 

Chapter 2, but some following modifications are made. Due to the broken of one heating 

element at the top of the gas preheater and two heating elements at the bottom of the reactor 

in the old setup, a new gas preheater and vertical reactor are installed to replace the old ones. 

In addition, two more flows of purge gas to the two heating elements at the bottom of the 

reactor are added in the present setup. For safety consideration, a blue shell with ventilation 

system is installed outside the reactor. An open burner supporting by Natural gas are 

employed for syngas treatment before emission, owing to the high contents of H2 and CO in 

the syngas in the present study. A micro gas chromatograph (Agilent 3000) is used instead of 

the gas chromatograph (Agilent 6890N) used in the old setup, which can measure the gas 

composition in a shorter time. A Petersen column [21], locating after the metal filter, is 

employed for tar sampling during low-temperature (< 1200 °C) gasification experiments. It is 

cooled to 0 °C and filled with acetone as the solvent to capture tar compounds. 

3.2.2 Materials 

Wood (beech sawdust) and straw (pulverized wheat straw pellets) were the main biomass 

fuels used in this study, while dried lignin gasification was tested in a single experiment for 

comparison. The wood used in the present study is same as that used in the Chapter 2. The 

lignin, which was obtained as a byproduct from a straw ethanol plant, had a high content of 

moisture (69.2 wt %, as-received basis). In the pretreatment process, most of the moisture was 

removed by suction filtration and the solid residues were dried at 105 °C for 24 h. In order to 

attain a stable feeding, the dried lignin was sieved to the desired particle size (< 1 mm). The 

properties of wood, straw, and dried lignin are listed in Table 3.1. It can be seen that the 

compositions of wood and straw are quite similar, except for the ash content. The potassium 

content in straw is high. In comparison to wood and straw, the dried lignin has a higher 

heating value, higher fixed carbon content, lower volatile content, and higher ash content 

being rich in silica. The particle size distributions, shown in Figure 3.2, were determined by 
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sieve classification. The median diameters (d50) of wood, straw, and dried lignin were 310, 

130, and 280 µm, respectively. 

 

Figure 3.1 Sketch of experimental setup 

Table 3.1 Properties of fuels 

properties  
wood  

(as-received basis) 
straw  

(as-received basis) 
dried lignin  
(dry basis) 

moisture wt % 9.04 5.40 0.00 

ash wt % 0.61 4.54 11.10 

volatile wt % 76.70 72.27 63.10 

fixed carbon wt % (by diff.) 13.65 17.79 25.80 

lower heating value MJ/kg 16.44 16.35 21.42 

C wt % 45.05 43.42 53.80 

H wt % 5.76 5.58 5.70 

O wt % (by diff.) 39.41 40.60 28.10 

N wt % 0.13 0.37 1.18 

S wt % 0.01 0.09 0.12 

Si wt % - 1.23 4.18 

K wt % - 0.76 0.13 

Cl wt % - 0.25 0.02 

Ca wt % - 0.23 0.43 

Mg wt % - 0.06 0.02 

P wt % - 0.03 0.06 

Na wt % - 0.01 0.28 

Al wt % - 0.01 0.07 

Fe wt % - 0.01 0.30 
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Figure 3.2 Particle size distributions of fuels 

3.2.3 Conditions  

The applied experiments are listed in Table 3.2. In the present study, the effects of six 

operating parameters (residence time, feeder air flow, oxygen concentration, excess air ratio, 

steam/carbon ratio, and reactor temperature) and three fuel types (wood, straw, and dried 

lignin) on the gasification process were investigated. Besides, biomass pyrolysis was also 

investigated and compared with biomass gasification. The definitions of residence time, 

oxygen concentration, excess air ratio, steam/carbon ratio were presented in Chapter 2. 

To determine the char and soot content, the solid samples from the cyclone and metal filter 

were analyzed by a thermogravimetric apparatus (Netzsch STA-449C). In these experiments, 

5 mg samples were loaded in a platinum crucible and heated at 10 °C/min to the final setting 

temperature. The temperature program and applied gas environment for the simultaneous 

thermal analysis (STA) is shown in Figure 3.3. In the analysis, different fractions of the 

sample, such as moisture, organic matter, volatilizable inorganic compounds, and residual ash, 

can be successfully separated and detected. The organic matters in the cyclone and filter 

samples are defined as char and soot respectively. To determine the tar content in the solvent 

(acetone), the solvent of the liquid sample was evaporated by two different ways, at 60 °C for 

1.5 h and at room temperature for 5.5 h respectively, and then the residues were considered as 

the tar compounds. 

 

 

 

 

0 200 400 600 800 1000
0

20

40

60

80

100

c
u

m
u

la
ti
v
e
 f

ra
c
ti
o
n

 (
w

t 
%

)

particle size (µm)

 wood

 straw

 dried lignin



Chapter 3 Biomass gasification behavior II 
 

72 
 

Table 3.2 List of conducted experiments 

 (a) pyrolysis experiments 

parameter NO. fuel fuel feeding rate t feeder N2 flow H2O/C T 
- - - g/min s NL/min mol/mol °C 

steam/carbon ratio (H2O/C) wP1 wood 12.8 2.8 10 1.0 1400 
 wP2 wood 12.8 2.7 10 0.5 1400 
 wP3a wood 12.8 2.6 10 0.0 1400 

 (b) gasification experiments 

parameter NO. fuel fuel feeding rate t FAL O2 λ H2O/C T 
- - - g/min s NL/min % - mol/mol °C 

residence time (t) wR1 wood 10.7 3.7 10 21 0.30 0.5 1400 
 wR2a wood 12.8 3.1 10 21 0.30 0.5 1400 
 wR3 wood 15.9 2.5 10 21 0.30 0.5 1400 
 wR4 wood 6.4 5.9 6 21 0.30 0.5 1400 
 wR5 wood 12.8 3.1 6 21 0.30 0.5 1400 

feeder air flow (FAL) wF1 wood 12.8 3.1 14 21 0.30 0.5 1400 
 wF2a wood 12.8 3.1 10 21 0.30 0.5 1400 
 wF3 wood 12.8 3.1 6 21 0.30 0.5 1400 
 wF4 wood 15.9 2.5 18 21 0.30 0.5 1400 
 wF5 wood 15.9 2.5 10 21 0.30 0.5 1400 

oxygen concentration (O2) wO1 wood 15.8 2.8 10 26 0.30 0.5 1400 
 wO2a wood 12.8 3.1 10 21 0.30 0.5 1400 
 wO3 wood 9.7 3.4 10 16 0.30 0.5 1400 
 wO4 wood 12.8 3.1 6 21 0.30 0.5 1400 
 wO5 wood 6.7 3.7 6 11 0.30 0.5 1400 
 sO1 straw 15.9 2.8 10 26 0.30 0.5 1400 
 sO2 straw 12.8 3.1 10 21 0.30 0.5 1400 
 sO3 straw 9.8 3.4 10 16 0.30 0.5 1400 

excess air ratio (λ) wL1 wood 10.9 3.4 10 21 0.35 0.5 1400 
 wL2a wood 12.8 3.1 10 21 0.30 0.5 1400 
 wL3 wood 15.3 2.8 10 21 0.25 0.5 1400 
 sL1 straw 11.0 3.4 10 21 0.35 0.5 1400 
 sL2 straw 12.8 3.1 10 21 0.30 0.5 1400 
 sL3 straw 15.4 2.8 10 21 0.25 0.5 1400 

steam/carbon ratio (H2O/C) wH1 wood 12.8 3.0 10 21 0.30 1.0 1400 
 wH2a wood 12.8 3.1 10 21 0.30 0.5 1400 
 wH3 wood 12.8 3.2 10 21 0.30 0.0 1400 
 sH1 straw 12.8 3.0 10 21 0.30 1.0 1400 
 sH2 straw 12.8 3.1 10 21 0.30 0.5 1400 
 sH3 straw 12.8 3.2 10 21 0.30 0.0 1400 

reactor temperature (T) wT1a wood 12.8 3.1 10 21 0.30 0.5 1400 
 wT2 wood 12.8 3.4 10 21 0.30 0.5 1300 
 wT3 wood 12.8 3.8 10 21 0.30 0.5 1200 
 wT4 wood 12.8 4.2 10 21 0.30 0.5 1100 
 wT5 wood 12.8 4.7 10 21 0.30 0.5 1000 
 sT1 straw 12.8 3.1 10 21 0.30 0.5 1400 
 sT2 straw 12.8 3.4 10 21 0.30 0.5 1300 
 sT3 straw 12.8 3.8 10 21 0.30 0.5 1200 
 sT4 straw 12.8 4.4 10 21 0.30 0.5 1100 
 sT5 straw 12.8 5.0 10 21 0.30 0.5 1000 
- dl lignin 9.8 3.1 10 21 0.30 0.5 1400 

a Repetition experiments were performed 
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Figure 3.3 Temperature program and gas environment used for solid particles analysis 

3.3 Results and discussion  

3.3.1 Carbon mass balance  

In all conducted experiments, listed in Table 3.2, soot was always observed but no unreacted 

char was collected, except in two experiments conducted at 1000 °C. Hardly any ash was 

found in the cyclone but small amounts of ash were collected with the soot captured by the 

metal filter. The small amount of ash collected is probably because, at high temperatures, 

most ash melted and deposited on the reactor walls and that cannot be collected by the solid 

sampling system. After both of the two ways of evaporating the solvent, no tar was found in 

the liquid sample collected at 1000 °C, maybe partly because some light compounds in the tar 

were not captured during the liquid sampling process and maybe partly because the light 

compounds escaped during the solvent evaporation process. The carbon mass balance is 

depicted in Figure 3.4. It was calculated on the basis of the fuel composition, fuel feeding rate, 

and yields of CO, CO2, CxHy, and soot. At 1000 °C, a very small amount of char was 

observed, and it could contribute 0.1 – 0.2 % to the overall carbon mass balance, thus this 

insignificant contribution was not shown in Figure 3.4. In all conducted experiments, most 

fuel carbon was partitioned to CO and CO2. When the temperature was decreased, the 

contribution of CxHy increased gradually. Soot also gave a significant contribution to the 

closure of the carbon mass balance in the pyrolysis experiments. The carbon mass balance 

closure was reasonable and, in most cases, higher than 95 %, except for a few experiments 

conducted at 1000 and 1100 °C (13 – 21 % gap). The most likely reason is that, at lower 

temperatures, some carbonaceous products, for instance unreacted char, soot, and tar, were 

deposited on the reactor walls and were not totally oxidized and gasified and, thereby, were 

not included in the carbon mass balance calculation. The water yields in the syngas were not 
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determined, and therefore the hydrogen and oxygen mass balance could not be done. To 

compare the experimental results for dried lignin, wood, and straw gasification with 

equilibrium conditions, equilibrium calculations were conducted using the FactSage Program 

for experiments NO. wT1, sT1, and dl, listed in Table 3.2. There was no carbon left in the 

equilibrium calculation, therefore the equilibrium syngas consisted of CO, CO2, H2, and H2O. 

The product distributions of experiments and equilibrium calculations are compared in Figure 

3.5. The majority of the undetermined product is water in these experiments (highest 

temperature with steam addition). Generally, the experimental results were reasonably similar 

to the equilibrium calculation results. 

 

Figure 3.4 Carbon balances for all conducted experiments 

 

Figure 3.5 Comparison between the results of experiment and equilibrium calculation: the selected 

experiments are No. wT1, sT1, and dl, listed in Table 3.2, with fixed operating parameters (FAL = 10 

NL/min, O2 = 21 %, λ = 0.3, H2O/C = 0.5, and T = 1400 °C); C,exp and H,exp are the carbon and 

hydrogen balance in the experiment; C,cal and H,cal are the carbon and hydrogen balance in the 

equilibrium calculation 
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3.3.2 Comparison between pyrolysis and gasification 

 
(a) soot 

  
(b) H2 (c) CO 

   
(d) CO2 (e) CxHy 

Figure 3.6 Comparison between wood pyrolysis and gasification at 1400 °C: during pyrolysis, N2 was 

employed as the inlet gas and 10 NL/min N2 was used as feeder gas; during gasification, air was employed 

as the inlet gas, 10 NL/min air was used as feeder gas and the oxygen concentration and the excess air 

ratio was 21 % and 0.3, respectively 
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Figure 3.6 shows the soot and gas yields during wood pyrolysis and gasification at 1400 °C 

with different steam addition levels. 10 NL/min N2 and air were employed as feeder gas in the 

pyrolysis and gasification experiments, respectively. During gasification, the applied oxygen 

concentration was 21 % and the excess air ratio was 0.3. Without steam addition, the soot 

yield was 85.3 g/daf kg fuel (kg fuel on a dry and ash-free basis) during pyrolysis and 23.6 

g/daf kg fuel during gasification. The lower soot yield during gasification is most likely both 

because of more oxidizing conditions at the top of the reactor, leading to oxidation of the tar 

to lighter molecules, and because more soot was oxidized and gasified. The relative 

importance of these two contributions however could not be determined by these experiments. 

With steam addition, the same tendency of the soot yield was observed in Figure 3.6. As a 

result, the soot yield was approximately 70 – 90 % lower in gasification experiments than in 

pyrolysis experiments. During gasification the H2 and CO yields were lower and no CxHy was 

produced, while the CO2 yield was higher because of the more oxidizing conditions. It should 

be noted that during pyrolysis without steam addition the CO2 yield, 0.02 Nm3/daf kg fuel (kg 

fuel on a dry and ash-free basis), was very low, probably because the CO2 was consumed by 

char and soot gasification reactions. 

3.3.3 Effects of gasification parameters 

3.3.3.1 Residence time  

Figure 3.7 shows the effect of the residence time on the product yield during wood 

gasification. The two studied ranges of residence time are 2.5 – 3.7 s with a feeder air flow of 

10 NL/min and 3.1 – 5.9 s with a feeder air flow of 6 NL/min with otherwise fixed operating 

parameters (oxygen concentration = 21 %, excess air ratio = 0.3, steam/carbon ratio = 0.5, and 

reactor temperature = 1400 °C). The longer residence time was achieved by decreasing the 

fuel feeding rate and the total inlet gas flow. The estimated residence time was calculated on 

the basis of the reactor size and the total flow of the syngas. In Figure 3.7 (a), the soot yield 

decreased slightly from 15.5 to 9.8 g/daf kg fuel as the residence time increased from 2.5 to 

3.7 s, because more soot was gasified at the longer residence time. However, the individual 

gas yields were almost kept constant, probably because the experimental conditions were 

close to the equilibrium conditions [11,12,22-25]. In Figure 3.7 (b), similar trends of soot and 

gas product yields were obtained when the residence time was further increased from 3.1 to 

5.9 s with a feeder air flow of 6 NL/min.  
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(a) feeder air flow = 10 NL/min (b) feeder air flow = 6 NL/min 

Figure 3.7 Effect of the residence time on the product yield during wood gasification: O2 = 21 %, λ = 0.3, 

H2O/C = 0.5, and T = 1400 °C 

3.3.3.2 Feeder air flow 

The effect of the feeder air flow on the product yield during wood gasification is depicted in 

Figure 3.8. The applied feeder air flow was increased from 6 to 14 NL/min at a residence time 

of 3.1 s and from 10 to 18 NL/min at a residence time of 2.5 s, while all other operating 

parameters were fixed (oxygen concentration = 21 %, excess air ratio = 0.3, steam/carbon 

ratio = 0.5, and reactor temperature = 1400 °C). Figure 3.8 (a) shows that the soot yield 

decreased from 21.4 to 10.2 g/daf kg fuel when the feeder air flow was increased from 6 to 14 

NL/min, while the yield of the individual gas species increased a little. It is probably because 

the increasing feeder air flow improved the mixing at the top of the reactor, which enhanced 

tar being converted to light gases instead of soot. The results show that mixing is very 

important for the formation of soot. Similar results in another range of applied feeder air flow 

from 10 to 18 NL/min is shown in Figure 3.8 (b). 

  
(a) fuel feeding rate = 12.8 g/min (t = 3.1 s) (b) fuel feeding rate = 15.9 g/min (t = 2.5 s) 

Figure 3.8 Effect of the feeder air flow on the product yield during wood gasification: O2 = 21 %, λ = 0.3, 

H2O/C = 0.5, and T = 1400 °C 
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The obtained mixing condition during combustion and gasification can be revealed by flame 

observation. The condition at the top part of the reactor could be visually observed by 

removing the bottom probe. Figure 3.9 shows the flame structures of wood combustion 

(excess air ratio = 1.1) at 1000 °C with different feeder air flows. A central flame can be 

observed clearly in Figure 3.9 (a) with the feeder air flow of 5 NL/min. This figure shows that 

the released volatiles from single fuel particles did not mix with oxygen instantly but 

accumulated together to form volatile clouds, which delayed the gas oxidation and formed a 

central flame. Figure 3.9 (b) shows that a smaller central flame surrounded by many single 

burning particles was obtained by increasing the feeder air flow to 10 NL/min, which 

represented an improved mixing compared to Figure 3.9 (a). Many single particle flames, 

without an overall flame envelope, were observed with a feeder air flow of 15 NL/min in 

Figure 3.9 (c), meaning that the released volatile gases were immediately oxidized. Therefore, 

it can be concluded that faster mixing can be obtained by increasing the feeder air flow. 

Moreover, the flame behavior during wood gasification (excess air ratio = 0.7) at 1000 °C 

with different feeder air flows is exhibited in Figure 3.10. A comparison between Figure 3.10 

(a) and (b) shows that, with the lower feeder air flow, more soot was generated, which was 

consistent with the experimental results. As a result, these observations reinforce the 

conclusion that a larger feeder air flow could improve the mixing condition and thereby 

decrease the soot formation.  

   

(a) feeder air flow = 5 NL/min (b) feeder air flow = 10 NL/min (c) feeder air flow = 15 NL/min 

Figure 3.9 Flame structure at 1000 °C with an excess air ratio of 1.1 during wood combustion 

  
(a) feeder air flow = 10 NL/min (b) feeder air flow = 15 NL/min 

Figure 3.10  Flame structure at 1000 °C with an excess air ratio of 0.7 during wood gasification 
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3.3.3.3 Oxygen concentration and excess air ratio 

The combined effects of the oxygen concentration and excess air ratio on the product yield 

during wood gasification at 1350 °C with a steam/carbon ratio of 0.5 and a feeder air flow of 

10 NL/min were investigated in Chapter 2, depicted in Figure 3.11. It was found that 

increasing the excess air ratio by increasing the oxygen concentration decreased the soot, H2, 

and CO yields but increased the CO2 yield. The effects of the oxygen concentration and 

excess air ratio on syngas product yields during wood and straw gasification were studied 

independently in the present study. The effect of the oxygen concentration on the product 

yield during wood and straw gasification is depicted in Figure 3.12. The studied ranges of the 

oxygen concentration were 16 – 26 % with a feeder air flow of 10 NL/min and 11 – 21 % 

with a feeder air flow of 6 NL/min, while all other operating parameters were fixed (excess air 

ratio = 0.3, steam/carbon ratio = 0.5 and reactor temperature = 1400 °C). The soot yield 

increased from 9.6 to 12.4 g/daf kg fuel during wood gasification and from 0.5 to 1.0 g/daf kg 

fuel during straw gasification when the oxygen concentration was increased from 16 to 26 % 

with a feeder air flow of 10 NL/min. The increasing oxygen concentration could raise the 

flame temperature, which may cause more soot formation [26]. The H2, CO, and CO2 yields 

were almost constant, independent of the oxygen concentration during both wood and straw 

gasification and close to equilibrium at the nominal reactor temperature. During wood 

gasification, similar trends of soot and gas product yields were observed when the oxygen 

concentration was increased from 11 to 21 % with a feeder air flow of 6 NL/min.  

 

Figure 3.11 Combined effects of the oxygen concentration and excess air ratio on the product yield during 

wood gasification (FAL = 10 NL/min, H2O/C = 0.5, and T = 1350 °C)  
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(a) soot (b) H2 

  
(c) CO (d) CO2 

Figure 3.12 Effect of the oxygen concentration on the product yield during wood and straw gasification: 

FAL = 6 – 10 NL/min, λ = 0.3, H2O/C = 0.5, and T = 1400 °C 

The effect of the excess air ratio on the product yield during wood and straw gasification is 

shown in Figure 3.13. The applied excess air ratio was increased from 0.25 to 0.35 by 

lowering the fuel feeding rate with otherwise fixed operating parameters (feeder air flow = 10 

NL/min, oxygen concentration = 21 %, steam/carbon ratio = 0.5, and reactor temperature = 

1400 °C). The soot yield decreased obviously from 21.8 to 5.8 g/daf kg fuel and from 2.0 to 

0.3 g/daf kg fuel during wood and straw gasification, respectively, with an increasing excess 

air ratio from 0.25 to 0.35. This is because more soot was oxidized and gasified. Also, it is 

likely that the initially generated soot was lower at the higher excess air ratio because of the 

lower fuel feeding rate and the higher oxygen content that could produce less and destroy 

more tar and soot precursors in the gas phase [27-29]. The H2 yield decreased from 0.56 to 

0.47 Nm3/kg fuel during wood gasification and from 0.63 to 0.53 Nm3/kg fuel during straw 

gasification, and the CO yield decreased from 0.63 to 0.59 Nm3/kg fuel during wood 

gasification and from 0.66 to 0.59 Nm3/kg fuel during straw gasification. However, the CO2 

yield increased approximately from 0.23 to 0.30 Nm3/kg fuel during both wood and straw 
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gasification because of the oxidation of CO and soot. Therefore, it can be summarized that 

increasing the excess air ratio by increasing the oxygen concentration noticeably affected the 

product yields, and increasing the excess air ratio with a fixed oxygen concentration clearly 

decreased the yields of soot, H2, and CO while increased the CO2 yield, while increasing the 

oxygen concentration with a fixed excess air ratio only slightly increased the soot yield and 

nearly retained the yields of gas products. We can conclude that the effect of the excess air 

ratio on the syngas composition is much stronger than the effect of the oxygen concentration. 

  
(a) soot (b) H2 

  
(c) CO (d) CO2 

Figure 3.13 Effect of the excess air ratio on the product yield during wood and straw gasification: FAL = 

10 NL/min, O2 = 21 %, H2O/C = 0.5, and T = 1400 °C 

In Figure 3.9 (b) and Figure 3.10 (a), at 1000 °C with a feeder air flow of 10 NL/min, the 

flame structures during wood combustion (excess air ratio = 1.1) and gasification (excess air 

ratio = 0.7) are shown, respectively. Clearly, no soot was observed during combustion in 

Figure 3.9 (b) while soot was formed and escaped the flame during gasification in Figure 3.10 

(a). In addition, a comparison between Figure 3.9 (c) (combustion, excess air ratio = 1.1) and 

Figure 3.10 (b) (gasification, excess air ratio = 0.7) shows similar results at 1000 °C with a 

feeder air flow of 15 NL/min. The observations are quite in accordance with the experimental 
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results shown in Figure 3.13 (a) that the more oxidizing condition is employed, the less soot 

forms. 

3.3.3.4 Steam/carbon ratio and reactor temperature 

In Chapter 2, the effects of the steam/carbon ratio and reactor temperature on syngas 

composition during wood gasification with low oxygen concentration (5 %) were studied. To 

reveal the effects of the two parameters on syngas composition with a higher oxygen 

concentration, more experiments were carried out in the present study. Figure 3.14 shows the 

effect of the steam/carbon ratio on the product yield during wood and straw gasification with 

an oxygen concentration of 21 %. The steam/carbon ratio was increased from 0.0 to 1.0 with 

otherwise fixed operating parameters (feeder air flow = 10 NL/min, excess air ratio = 0.3 and 

reactor temperature = 1400 °C). The soot yield decreased from 23.6 to 5.4 g/daf kg fuel and 

from 5.4 to 0.3 g/daf kg fuel during wood and straw gasification, respectively, by increasing 

the steam/carbon ratio from 0.0 to 1.0. During wood gasification, the H2 and CO2 yields 

increased steadily from 0.42 to 0.57 Nm3/daf kg fuel and from 0.19 to 0.32 Nm3/daf kg fuel 

respectively, while the CO yield gradually decreased from 0.66 to 0.55 Nm3/daf kg fuel. 

During straw gasification, a similar variation of the gas compositions was found. These 

results were consistent with the obtained results in Chapter 2 also shown in Figure 3.14. 

During wood gasification, more soot was produced in the previous study shown in Chapter 2 

than in the present study because the applied reactor temperature (T = 1350 °C) and excess air 

ratio (λ = 0.25) were lower and the residence time (t = 2.2 s) was shorter in the previous study. 

For the same reason, CxHy was produced only in the previous study shown in Chapter 2. Thus, 

we can conclude that the effect of the steam/carbon ratio on syngas product distribution with 

different oxygen concentrations is consistent.  
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(a) soot 

  

(b) H2  (c) CO 

  

(d) CO2 (e) CxHy 

Figure 3.14 Effect of the steam/carbon ratio on the product yield during wood and straw gasification: 

FAL = 10 NL/min, in the present study λ = 0.3 and T = 1400 °C; in the previous study λ = 0.25 and T = 

1350 °C 
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(a) soot 

  
(b) H2 (c) CO 

  
(d) CO2 (e) CxHy 

Figure 3.15 Effect of the reactor temperature on the product yield during wood and straw gasification: 

FAL = 10 NL/min and H2O/C = 0.5, in the present study λ = 0.3; in the previous study λ = 0.25 

Figure 3.15 shows the effect of the reactor temperature on the product yield during wood and 

straw gasification with an oxygen concentration of 21 %. The applied reactor temperature 

range was between 1000 and 1400 °C with otherwise fixed operating parameters (feeder air 

flow = 10 NL/min, excess air ratio = 0.3 and steam/carbon ratio = 0.5). During wood 

gasification, the soot yield had a low value of 9.2 g/daf kg fuel at 1000 °C, increased to a 
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maximum of 35.0 g/daf kg fuel at 1200 °C, and then started to decline and finally reached 

11.3 g/daf kg fuel at 1400 °C. During straw gasification, the soot yield had a similar trend, 

except that the peak value of 19.5 g/daf kg fuel was achieved at 1100 °C. From 1000 to 

1400 °C, during both wood and straw gasification, the yields of H2 and CO monotonically 

increased from about 0.26 to about 0.56 Nm3/daf kg fuel and from about 0.28 to about 0.62 

Nm3/daf kg fuel, respectively. Simultaneously, the CO2 yield monotonically decreased from 

about 0.36 to about 0.26 Nm3/daf kg fuel, and the CxHy yield had a steady decline from about 

0.07 Nm3/daf kg fuel at 1000 °C to disappearance at 1400 °C. It should be remarked that no 

CxHy was produced at 1400 °C. CH4 was the most abundant component of CxHy, 

corresponding to a level of 85 – 100 %. The CH4 yield also decreased steadily with the 

increasing temperature. The results from this work were in good agreement with the results 

obtained in Chapter 2, also shown in Figure 3.15. In comparison to the present study, the soot 

yield was higher in the previous study shown in Chapter 2, where the applied excess air ratio 

(λ = 0.25) was lower and the residence time (t = 2.2 – 3.0 s) was shorter at each temperature, 

as explained above. 

3.3.4 Effects of biomass types 

The gasification behaviors of wood and straw are compared in Figure 3.12 – Figure 3.15. It 

can be observed that the soot yield is significantly lower during straw gasification. This could 

be due to the high potassium content in straw that might catalyze char formation during 

pyrolysis at the expense of volatiles, which then lead to less soot formation. Besides, the 

potassium species, which must be present in the gas phase during the high-temperature 

gasification process, could adsorb and deposit on the surface of the soot particles in the 

reactor. Thus, another reason for the low soot yield during straw gasification might be that the 

potassium has a catalytic effect on the soot gasification reactions [30-34]. The oxidation and 

gasification rates of the soot that was produced in wood and straw gasification experiments, 

respectively, were analyzed by a thermogravimetric apparatus (Netzsch STA-449C). In the 

analysis, 5 mg filter samples (almost pure soot during wood gasification, while mixtures of 

soot, KCl, and K2SO4 during straw gasification) were loaded in an alumina crucible and 

heated at 10 °C/min from room temperature to 1400 °C. The applied gas environment was 20 % 

O2 or CO2 in N2. We found that the initial oxidation temperature of wood soot was about 

11 °C lower than that of straw soot, while the initial gasification temperature of straw soot 

was about 115 °C lower than that of wood soot probably because of the presence of potassium 

in straw. These observations might confirm the catalytic effect of potassium on soot with 
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respect to CO2 gasification. Wood and straw gasification provided quite similar gas 

compositions, which was in agreement with other studies [15,35]. The gasification behaviors 

of the three fuels, dried lignin, wood, and straw, are compared in Figure 3.16. The three 

gasification experiments were carried out at the same operating conditions (feeder air flow = 

10 NL/min, oxygen concentration = 21 %, excess air ratio = 0.3, steam/carbon ratio = 0.5, and 

reactor temperature = 1400 °C). The soot yield was 8.6 g/daf kg fuel during dried lignin 

gasification, which was a little lower than that during wood gasification (11.3 g/daf kg fuel) 

but much higher than that during straw gasification (0.3 g/daf kg fuel). Besides, in 

comparison to wood and straw gasification, the dried lignin gasification exhibited higher H2 

and CO yields, a lower CO2 yield, and no CxHy as well. 

  

(a) soot  (b) gases 

Figure 3.16 Effect of the biomass type on the product yield during biomass gasification: FAL = 10 NL/min, 

O2 = 21 %, λ = 0.3, H2O/C = 0.5, and T = 1400 °C 

3.4 Conclusions  

Biomass gasification has been investigated in a laboratory-scale atmospheric pressure 

entrained flow reactor with the purpose of obtaining insight into the effects of operating 

parameters and biomass types on gas product distribution and soot formation. In the present 

study, the effects of six operating parameters (residence time, feeder air flow, oxygen 

concentration, excess air ratio, steam/carbon ratio, and reactor temperature) were investigated. 

Wood, straw, and dried lignin, were used as fuels. Besides a comprehensive experimental 

study on biomass gasification, biomass pyrolysis was also investigated to obtain a better 

understanding of the whole gasification process.  

During entrained flow gasification, H2 and CO are the desired products, while soot is the main 

byproduct and is required to be removed or minimized. In comparison to pyrolysis, the soot 
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yield during gasification was lower, probably partly because of lower initially generated soot 

amounts and partly because of soot gasification with CO2 and H2O. A longer residence time 

and larger feeder air flow (better mixing) reduced the soot yield, while the yields of H2 and 

CO were nearly unchanged. The effects of the oxygen concentration and excess air ratio on 

syngas products were investigated. When the oxygen concentration was increased but the 

excess air ratio was fixed, the soot yield increased slightly and the yields of gas products were 

almost kept constant. When the excess air ratio was increased but the oxygen concentration 

was fixed, the yields of soot, H2, and CO decreased, while the CO2 yield increased. Both the 

previous study shown in Chapter 2 and the present study, with oxygen concentrations of 5 and 

21 %, respectively, revealed that high temperature and steam addition reduced the soot yield 

and increased the H2 yield, and high temperature also increased the CO yield. Wood, straw, 

and dried lignin gasification exhibited similar gas compositions. However, the soot yield was 

much lower during straw gasification than that during both wood and dried lignin gasification. 

It may be due to the high potassium content in straw that might catalyze char formation 

during pyrolysis at the expense of volatiles, which then lead to less soot formation or, 

alternatively, that potassium has a catalytic effect on the soot gasification reactions. On the 

basis of our work, it can be concluded that high-temperature (> 1200 °C) entrained flow 

air/steam gasification of biomass can achieve a high carbon conversion within a few seconds 

of residence time and a high-quality syngas with a low but not negligible soot yield and very 

low hydrocarbons content and, in particular, without tar. Increasing the residence time, feeder 

air flow, and excess air ratio can further reduce the amount of soot in syngas.  
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Chapter 4 Characterization of residual particulates 

from biomass gasification 

Abstract 

Biomass gasification experiments were carried out in a bench scale entrained flow reactor, 

and the produced solid particles were collected by a cyclone and a metal filter for subsequent 

characterization. During wood gasification, the major part of the solid material collected in 

the filter is soot. Scanning electron microscopy (SEM) images coupled with energy dispersive 

spectroscopy (EDS) show agglomerated nano-size spherical soot particles (< 100 nm) that are 

very rich in carbon. In comparison to wood gasification, the soot content in the filter sample 

from straw gasification is quite low, while the contents of KCl and K2SO4 in the filter sample 

are high. SEM images of the straw filter samples show that with steam addition during 

gasification, where the soot yield is lower, the filter sample becomes richer in KCl and K2SO4 

and appears as irregular crystals, and the typical particle size increases from below 100 nm to 

above 100 nm. During gasification of dried lignin, the filter sample mainly consists of soot 

and non-volatilizable inorganic matter. SEM images of the parent wood particles and the 

derived char samples show that they have similar structure, size, and shape but the derived 

char particle surface looks smoother indicating some degree of melting. The reactivity of the 

organic fraction of the samples was determined by thermogravimetry, and it was found that 

char was more reactive than soot with respect to both oxidation and CO2 gasification. The 

activation energy for the soot conversion is higher than for the char conversion. These results 

support the observation from gasification experiments that char is more easily converted than 

soot. Surprisingly, the soot produced at a higher temperature is more reactive than the soot 

produced at a lower temperature. 

4.1 Introduction  

Gasification of solid fuels, such as coal and biomass, is a way of producing synthesis gas that 

can be used to make a range of products such as hydrogen, methanol, dimethyl ether, and 

synthetic natural gas, as well as heat and power [1]. Generally, the various gasifiers used can 

be grouped in three main classes: fixed bed, fluidized bed, and entrained flow [2]. The 

majority of the coal gasification processes that have been developed after 1950 are based on 

entrained flow gasifiers, and the majority of commercial-sized IGCC plants also use entrained 
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flow gasifiers [3]. The main advantages of entrained flow gasification are fuel flexibility [4], 

large capacity [5,6], high carbon conversion [7,8], and high-quality syngas [2,9]. In many 

countries, biomass represents a domestic energy source that can ensure a secure supply of raw 

material to the energy system. In addition, the use of biomass as a fuel can reduce the CO2 

emission. Owing to the high volatile content in biomass, a potential problem in biomass 

gasification is the large amount of tar formed that is an undesired by-product [10-13]. 

However, entrained flow gasification operates at high temperature, thus a tar-free gas can be 

obtained.  

In entrained flow gasification, the fuel conversion includes pyrolysis, char and soot oxidation 

and gasification by CO2 and H2O, and gas phase reactions. Among these, char and soot 

gasification are the conversion limiting steps because the heterogeneous reactions are slower 

than the initial pyrolysis and the gas phase reactions [14,15]. In previous experiments of 

biomass (wood and straw) entrained flow gasification, shown in Chapter 3, we found a low 

yield of char (< 0.1 wt %) at 1000 °C while no char was left at higher reactor temperatures. 

On the other hand, soot was always observed in the syngas in the temperature range of 1000 – 

1400 °C [16]. Thus, in comparison to char gasification, soot gasification appears to be a 

slower process and hence determines the overall fuel conversion of the gasification process 

and influences the syngas quality [17]. Therefore, the knowledge on soot conversion is 

needed, but presently little is known about the properties of soot particles emitted from 

biomass entrained flow gasification [16,18].  

The objective of the present work was to characterize the residual solid particles obtained 

from biomass entrained flow gasification and, particularly, to determine the reactivity of the 

soot and char particles. Simultaneous thermal analysis (STA) was employed to determine the 

sample composition and reactivity with respect to oxidation and CO2 gasification of the 

particles. Scanning electron microscopy (SEM) with energy dispersive X-ray spectrometry 

(EDS) was used to examine the size, morphology, and elemental composition of the solid 

particles.  

4.2 Experimental  

4.2.1 Property analysis of residual particulates 

The setup, materials, and conditions used in the biomass gasification experiments are 

described in Chapter 3. The solid particles collected by the cyclone and metal filter during 
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entrained flow gasification were analyzed by various analytical techniques. Simultaneous 

thermal analysis (STA) was employed to determine different fractions of the samples. The 

detailed analysis method is described in Chapter 3. Based on the STA analysis, different 

fractions of the solid particles, such as moisture, organic matters, volatilizable inorganic 

compounds, and residual ash, can be identified. The organic matters in the cyclone and filter 

samples are defined as char and soot respectively. For volatilizable inorganic compounds, 

different species, such as KCl and K2SO4, can be identified on the basis of their evaporating 

temperatures. The amount of organic matters in the filter sample is defined as soot. Scanning 

electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS) was employed 

to obtain the size, morphology, and elemental distribution of the solid particles. The used 

apparatus was a Zeiss Supra 35 FEGSEM equipped with an X-ray analysis tool by Noran 

Instruments for filter sample analysis and a Quanta FEGSEM 200F for cyclone sample and 

parent fuel analysis. 

4.2.2 Reaction kinetics of residual particulates 

The kinetics of the soot and char collected during wood entrained flow gasification were also 

derived by non-isothermal experiments in the thermogravimetric apparatus. In a measurement, 

approximate 1 mg sample was loaded in an alumina crucible and heated at 5 – 10 °C/min 

from room temperature to 800 °C during oxidation or to 1100 °C during gasification. The 

total gas flow was 100 mL/min. Three different O2 and CO2 concentrations were selected. The 

O2 concentrations in N2 were 10, 15, and 20 vol %, and the CO2 concentrations in N2 were 10, 

50, and 90 vol %. 

The sample conversion in the temperature range of oxidation or gasification was defined as 

α = wE − wwE − wF (4.1) 

where w was the sample weight at a certain temperature T (or at a certain time t), wi was the 

initial sample weight at the start of oxidation or gasification, and wf was the final sample 

weight at the end of oxidation or gasification. The non-isothermal fuel conversion can be 

described by using an nth order reaction model with the rate constant given by the Arrhenius 

equation 

k = PIJALeMN
O
PQR (4.2) 
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S

T =

1
U �(1 − S)

V = 1U WX
YZL�MN

[
\]R(1 − S)V (4.3) 

where T is the reaction temperature, β is the heating rate, Pg is the O2 or CO2 partial pressure, 

A0 is the pre-exponential factor, E is the activation energy, R is the ideal gas constant, and m 

and n are the reaction order with respect to gas phase and solid phase respectively. There was 

no change of the O2 or CO2 partial pressure during an experiment, so an apparent pre-

exponential factor A can be used as below: 

Z = WXYZL (4.4) 

Thus, the equation (4.3) can be expressed as 


S

T =

1
U Z�

MN [\]R(1 − S)V (4.5) 

In the present study, a common integral method presented by Coats and Redfern [19,20] was 

used to determine the kinetic parameters used in equation (4.5). Through integral 

transformation and mathematic approximation, equation (4.5) can be expressed in a linear 

form as [19]:  

�^[`(S)T� ] = −
b
c ∙
1
T + �^ e

Zc
Ubf	 (4.6) 

here if  

n=1, `(S) = −ln	(1 − S) (4.7) 

otherwise, 

n≠1, `(S) = [(1 − S)gNV − 1]/(^ − 1) (4.8) 

A plot of ln[g(α)/T2] versus 1/T should give a straight line whose slope and intercept 

determine the values of the activation energy E and the apparent pre-exponential factor A 

respectively. Three different values, 1/2, 2/3, and 1, of the reaction order n were tested to 

determine which value provided the best fit.  

In addition, equation (4.4) can be linearized by taking the natural log of both sides, shown 

below: 

�^Z =  �^WX + �^ZL (4.9) 
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For each sample, measurements at three concentrations of oxidant and gasification agent were 

performed. Thus based on equation (4.9), a plot of lnA versus lnPg should give a straight line, 

from which the gas phase reaction order m and pre-exponential factor A0 are obtained from 

the slope and the intercept separately. 

Arrhenius plots can be obtained by using a linear form of the Arrhenius equation, shown 

below: 

�^� = −bc ∙
1
T + ln	(WX

YZL) (4.10) 

4.3 Results and discussion  

4.3.1 Composition and morphology of residual particulates  

The weight loss curves (TG) of filter samples obtained from the entrained flow gasification of 

wood, straw, and dried lignin are shown in Figure 4.1 and the determined compositions of the 

three samples are listed in Table 4.1. In the three entrained flow gasification experiments, the 

operating parameters were fixed (reactor temperature = 1400 °C; steam/carbon molar ratio = 

0.5; excess air ratio = 0.3; and oxygen concentration = 21 %). During wood gasification, soot 

(92.6 wt %), is the major component in the filter sample. The temperature (about 1050 °C) at 

which the inorganic matter starts to vaporize indicates that the major part of the volatilizable 

inorganic matter in the filter sample is K2SO4 (4.2 wt %) [21]. During straw gasification, the 

soot content (11.1 wt %) in the filter sample is low, while the volatilizable inorganic matter 

content (sum of KCl and K2SO4 is 47.4 wt %) is high. According to the evaporating 

temperatures of about 700 and 1050 °C [21,22], the first volatilizable inorganic matter is KCl 

(38.2 wt %) and the second is K2SO4 (9.2 wt %). KCl and K2SO4 were collected together with 

soot particles by the metal filter, because they appeared in the gas phase during gasification 

due to the high reactor temperature and then formed solid aerosols when the syngas was 

cooled [23-26]. The filter sample obtained from dried lignin gasification mainly consists of 

soot (44.9 wt %) and residual ash (52.9 wt %). A small amount of volatilizable inorganic 

matter (1.5 wt %) was mixed with the soot and ash. The lignin ash mainly consists of silica 

and calcium, which are hard to volatilize. 
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Figure 4.1 STA analysis of the filter samples obtained from biomass entrained flow gasification (operating 

parameters: T = 1400 °C, H2O/C = 0.5, λ = 0.3, and O2 = 21 %) 

Table 4.1 Composition of the solid samples obtained from biomass entrained flow gasification 

samples moisture 
organic 
matters  

volatilizable 
inorganic 

compounds 
residual 

ash 
total solid yield 

KCl K2SO4 
 (wt %) (g/daf kg fuel) 

filter samples       
wood, T = 1000 °C, H2O/C = 0.5 1.0 96.3 0.0 1.0 1.8 9.6 
wood, T = 1400 °C, H2O/C = 0.5 0.9 92.6 0.0 4.2 2.3 12.2 
straw, T = 1000 °C, H2O/C = 0.5 1.6 67.1 14.1 1.0 16.1 13.2 
straw, T = 1400 °C, H2O/C = 0.0 2.7 43.7 21.3 6.0 26.3 12.3 
straw, T = 1400 °C, H2O/C = 0.5 2.2 11.1 38.2 9.2 39.3 5.3 
straw, T = 1400 °C, H2O/C = 1.0 1.6 5.9 40.7 9.9 41.9 5.2 

dried lignin, T = 1400 °C, H2O/C = 0.5 0.8 44.9 0.9 0.6 52.9 19.2 
cyclone samples       

wood, T = 1000 °C, H2O/C = 0.5 4.4 60.9 0.5 2.4 31.8 1.4 
straw, T = 1000 °C, H2O/C = 0.5 5.2 42.6 2.3 1.2 48.7 1.4 

 

 

Figure 4.2 STA analysis of the filter samples obtained from wood and straw entrained flow gasification 

(operating parameters: T = 1000 and 1400 °C, H2O/C = 0.5, λ = 0.3, and O2 = 21 %) 

Both gasification temperature and steam addition have an obvious influence on the soot yield 

[16,18]. The compositions of filter samples obtained from wood entrained flow gasification at 

reactor temperatures of 1000 and 1400 °C with otherwise fixed operating parameters 
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(steam/carbon ratio = 0.5; excess air ratio = 0.3; and oxygen concentration = 21 %) are listed 

in Table 4.1 and the corresponding weight loss curves (TG) are shown in Figure 4.2. Soot 

(92.6 – 96.3 wt %) is the major fraction in the two filter samples obtained at 1000 and 

1400 °C. Volatilizable inorganic matter (as K2SO4) was present in the filter samples produced 

at 1400 °C, while it was almost absent in the filter samples produced at 1000 °C probably 

because a smaller amount of K2SO4 aerosols were formed at the low temperature. The 

compositions of filter samples obtained from straw entrained flow gasification at reactor 

temperatures of 1000 and 1400 °C with otherwise fixed operating parameters (steam/carbon 

ratio = 0.5; excess air ratio = 0.3; and oxygen concentration = 21 %) are listed in Table 4.1 

and the corresponding weight loss curves (TG) are shown in Figure 4.2. The soot amount in 

the straw filter sample obtained at 1400 °C was lower than that obtained at 1000 °C. This is 

most likely because more soot was gasified at higher temperature and possibly catalyzed by 

potassium species. The amount of volatilizable inorganic matter, KCl and K2SO4, in the filter 

sample obtained at 1400 °C was higher than that obtained at 1000 °C, probably due to the 

formation of KCl and K2SO4 aerosols at the high temperature. 

The composition of filter samples obtained from straw entrained flow gasification at different 

steam/carbon molar ratios of 0.0, 0.5, and 1.0 with otherwise fixed operating parameters 

(reactor temperature = 1400 °C; excess air ratio = 0.3; and oxygen concentration = 21 %) is 

listed in Table 4.1 and the corresponding weight loss curves (TG) are shown in Figure 4.3. 

Without steam addition (H2O/C = 0.0) the soot content (43.7 wt %) in the filter sample is 

relatively high, while with steam addition the soot content quickly decreases (11.1 wt % at 

H2O/C = 0.5 and 5.9 wt % at H2O/C = 1.0) owing to the soot and steam gasification reaction. 

Additionally, when an almost fixed amount of syngas was drawn to the solid sampling system 

in the gasification experiments, the amount of collected filter sample also decreased with 

increasing steam/carbon molar ratio. These observations further confirm that steam addition is 

helpful to reduce soot emission. As a consequence of the lower soot content, the KCl and 

K2SO4 contents increased from 21.3 to 40.7 wt % and from 6.0 to 9.9 wt % respectively with 

the steam/carbon molar ratio increasing from 0.0 to 1.0. The total amounts of KCl and K2SO4 

collected in the filter sample, however, were nearly unchanged. 
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Figure 4.3 STA analysis of the filter samples obtained from straw entrained flow gasification (operating 

parameters: T = 1400 °C, H2O/C = 0.0, 0.5, and 1.0, λ = 0.3, and O2 = 21 %) 

During wood and straw entrained flow gasification, char particles were found in the cyclone 

only at 1000 °C. The composition of cyclone samples obtained from entrained flow 

gasification of wood and straw respectively with fixed operating parameters (reactor 

temperature = 1000 °C; steam/carbon ratio = 0.5; excess air ratio = 0.3; and oxygen 

concentration = 21 %) is listed in Table 4.1 and the corresponding weight loss curves (TG) 

are shown in Figure 4.4. The cyclone sample from straw gasification has higher ash content 

than that from wood gasification because of the higher ash content in straw. Besides, 

compared with the filter sample, we found that the ash content in the cyclone sample was 

higher. 

 

Figure 4.4 STA analysis of the cyclone samples obtained from wood and straw entrained flow gasification 

respectively (operating parameters: T = 1000 °C, H2O/C = 0.5, λ = 0.3, and O2 = 21 %) 

Four filter samples, one obtained from wood gasification and the other three obtained from 

straw gasification, which were already analyzed by STA and listed in Table 4.1, were further 

investigated by SEM with EDS analysis. Figure 4.5 shows the SEM image with EDS 

spectrum of the filter sample obtained from wood gasification (reactor temperature = 1400 °C; 

steam/carbon ratio = 0.5; excess air ratio = 0.3; and oxygen concentration = 21 %). In the 
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STA analysis, we found soot (92.6 wt %) is the major component in the filter sample. In the 

SEM image, it can be observed that the single soot particles are nano-sized carbon spheres (< 

100 nm) that are agglomerated together to form clusters and chains of spheres. This is 

agreement with the structure of soot reported in the literature [27], where it was also shown 

that there was no visual difference observed between soot produced at 1200 and 1400 °C 

during wood (beech sawdust) pyrolysis in a drop tube furnace. The wood filter sample is 

almost homogeneous. The EDS spectrum of this sample reveals that it is very rich in carbon 

because of the very high soot content, and includes traces of oxygen, silica, sulfur, and 

potassium due to low fractions of K2SO4 and SiO2 being present. The obtained results by 

SEM with EDS are in qualitative agreement with the results obtained by STA. 

 

 

Figure 4.5 SEM image with EDS spectrum of the filter sample obtained from wood entrained flow 

gasification (operating parameters: T = 1400 °C, H2O/C = 0.5, λ = 0.3, and O2 = 21 %) 

Figure 4.6 shows the SEM images with EDS spectra of the three filter samples obtained from 

straw gasification (reactor temperature = 1400 °C; steam/carbon molar ratio = 0.0, 0.5, 1.0; 

excess air ratio = 0.3; and oxygen concentration = 21 %). The straw filter samples are almost 

homogenous. In Figure 4.6 (a), without steam addition (H2O/C = 0.0), the straw filter sample 

looks similar to the wood filter sample, shown in Figure 4.5, because of the relatively high 

soot content (43.7 wt %) in the straw filter sample. However, compared with the wood filter 

sample, the particle size of the straw filter sample looks larger and the shapes of the particles 

are irregular instead of spherical. This is probably because of the larger amount of KCl and 

K2SO4 present, which adsorbs on the surface of the soot particles. In its EDS spectrum, it can 

be found that the filter sample is mainly composed of carbon and also includes potassium and 

chlorine and minor fractions of oxygen, silica, and sulfur. In Figure 4.6 (b), with steam 

addition (H2O/C = 0.5), the particle size further increases (> 100 nm) and the irregular particle 

shape indicates that crystalline materials are present in agreement with the high contents of 

KCl and K2SO4. The EDS spectrum of this filter sample shows that carbon, potassium and 
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chlorine are present in significant amounts. In Figure 4.6 (c), at H2O/C = 1.0, the particles 

entirely lost the spherical shape and the boundary of different particles vanished due to their 

conjunction, probably because of the low soot content and high KCl and K2SO4 contents in 

the filter sample. In the corresponding EDS spectrum, it can be observed that the filter sample 

is rich in potassium and chlorine and contains additionally carbon, oxygen, sodium, silica, 

phosphor, and sulfur. The EDS results of the three straw filter samples are all in accordance 

with their STA results. 

 

 

(a) H2O/C = 0.0 

 

 

(b) H2O/C = 0.5 

 

 

(c) H2O/C = 1.0 

Figure 4.6 SEM images with EDS spectra of the filter samples obtained from straw entrained flow 

gasification (operating parameters: T = 1400 °C, H2O/C = 0.0, 0.5, and 1.0, λ = 0.3, and O2 = 21 %) 
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The SEM images of the parent wood particle used as fuel and the derived wood char samples 

collected by the cyclone during entrained flow gasification (reactor temperature = 1000 °C; 

steam/carbon molar ratio = 0.5; excess air ratio = 0.3; and oxygen concentration = 21 %) are 

shown in Figure 4.7. Both the parent wood particle and the derived char particle have a 

layered structure with a loose and porous texture. Furthermore, the size and shape of them are 

similar, thus complete melting of the char particles does not take place [28,29]. However, in 

comparison to the wood particle, the surface of the derived char particle looks smoother, 

which probably indicates partial melting [29,30].  

  

(a) image of the parent wood particle (b) enlarged image of the parent wood particle 

      
(c) image of the wood char particle (d) enlarged image of the wood char particle 

Figure 4.7  SEM image of the parent wood particle and the derived wood char particle (cyclone sample) 

obtained from entrained flow gasification (operating parameters: T = 1000 °C; H2O/C = 0.5; λ = 0.3; O2 = 

21 %) 

4.3.2 Kinetics of char and soot particles 

The kinetics of oxidation and CO2 gasification of the soot (T = 1400 °C) and char (T = 

1000 °C) samples produced during wood entrained flow gasification were determined. The 
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gasification with H2O was not investigated since the STA does not allow addition of steam, 

although this gasification agent would have been most relevant. However, it is generally 

accepted that the reactivity with respect to H2O gasification is approximately 2 – 5 times 

higher than gasification with CO2 and so the results obtained here for CO2 may to some extent 

be generalized [31,32]. The weight loss curves (TG) and the corresponding differential weight 

loss curves (DTG) for the oxidation and gasification of the soot and char in different O2 and 

CO2 concentrations are shown in Figure 4.8. As expected, the TG and DTG curves are shifted 

to lower temperatures with increasing O2 or CO2 concentration. The soot and char are 

oxidized approximately between 300 – 600 °C in different O2 concentrations, while they are 

gasified at higher temperatures in different CO2 concentrations, approximately between 600 – 

1000 °C. The temperature at the maximum rate of weight loss is commonly used to 

characterize reactivity [33]. Figure 4.8 (a) shows that the oxidation reaction for char reaches 

the maximum rate at 400 – 410 °C, which is approximate 50 – 60 °C lower than for soot. As 

shown in Figure 4.8 (b), the char gasification reaches the maximum rate at 760 – 780 °C, 

while the soot gasification reaches the maximum rate at 820 – 880 °C. Thus the char is more 

reactive than soot during both oxidation and gasification. 

  

(a) oxidation (b) gasification 

Figure 4.8 TG and DTG curves for the wood soot (obtained from entrained flow gasification at 1400 °C) 

and the wood char (obtained from entrained flow gasification at 1000 °C) oxidation and gasification  

The kinetic parameters of the soot and char oxidation and gasification, derived by an integral 

method, are listed in Table 4.2. The plots of equations (4.6) and (4.9) for char and soot 

oxidation and gasification are shown in Figure 4.9. We found that good linear fittings can be 

obtained for n = 1.0 for both soot and char oxidation in different O2 concentrations and for n = 

0.5 for both soot and char gasification in different CO2 concentrations. It can be seen that the 
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activation energy is higher for soot conversion than for char conversion. This is probably 

because the char has a less ordered structure of carbon compared to the more graphitic soot. 

Table 4.2 Kinetic parameters of the wood char (obtained from entrained flow gasification at 1000 °C) and 

the wood soot (obtained from entrained flow gasification at 1400, 1300, 1100, and 1000 °C) oxidation and 

gasification 

samples 
char soot soot soot soot 

1000 °C 1400 °C 1300 °C 1100 °C 1000 °C 

oxidation in STA 
10, 15, and 20 vol % 

O2 in N2 
10, 15, and 20 vol % 

O2 in N2 
10 vol % 
O2 in N2 

10 vol % 
O2 in N2 

10 vol % 
O2 in N2 

n 1.0 1.0 1.0 1.0 1.0 
m 0.71 0.99 0.99 0.99 0.99 

A0 (s
-1MPa-m) 1.43×108 1.43×1010 1.59×1010 7.19×1019 8.59×1019 

E (kJ/mol) 119 148 153 315 325 

gasification in STA 
10, 50, and 90 vol % 

CO2 in N2 
10, 50, and 90 vol % 

CO2 in N2 
10 vol % 
CO2 in N2 

10 vol % 
CO2 in N2 

10 vol % 
CO2 in N2 

n 0.5 0.5 0.5 0.5 0.5 
m 0.12 0.54 0.54 0.54 0.54 

A0 (s
-1MPa-m) 1.25×108 3.61×109 4.42×109 5.53×109 1.16×1010 

E (kJ/mol) 213 247 261 279 292 

 

  

(a) oxidation: linear fitting for equation (4.6) (b) oxidation: linear fitting for equation (4.9) 

  

(c) gasification: linear fitting for equation (4.6) (d) gasification: linear fitting for equation (4.9) 

Figure 4.9 Linearized nth order reaction model for oxidation and gasification of the wood soot (obtained 

from entrained flow gasification at 1400 °C) and the wood char (obtained from entrained flow gasification 

at 1000 °C): n = 1.0 for oxidation and n = 0.5 for gasification 
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The obtained kinetic parameters, listed in Table 4.2, were employed in the nth order reaction 

model, shown in equation (4.3), to simulate the soot and char conversion under oxidation and 

gasification conditions. Comparison between the experimental measurement and model 

prediction for soot and char conversion is shown in Figure 4.10. We found that the nth order 

reaction model can describe the experimental results well with respect to both soot and char 

oxidation and gasification. Arrhenius plots of the soot and char oxidation and gasification are 

shown in Figure 4.11. The oxidation rate of the char was about 5 – 10 times faster than that of 

the soot in the studied temperature range, while the gasification rate of the char was about 5 – 

20 times faster than that of the soot. The results show that an important reason for not 

converting all soot in the available residence time in the entrained flow reactor is the low 

reactivity of soot. 

  

(a) soot oxidation (b) char oxidation 

  

(c) soot gasification (d) char gasification 

Figure 4.10 Conversion curves of the wood soot (obtained from entrained flow gasification at 1400 °C) and 

the wood char (obtained from entrained flow gasification at 1000 °C) oxidation and gasification 
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(a) oxidation (b) gasification 

Figure 4.11 Arrhenius plots of the wood soot (obtained from entrained flow gasification at 1400 °C) and 

the wood char (obtained from entrained flow gasification at 1000 °C) oxidation and gasification 

As we mentioned, in the experiments of wood gasification at 1000 – 1400 °C, unconverted 

char was found only at 1000 °C, while soot was always observed in the whole studied 

temperature range. Thus, the reactivity of the five wood soot samples obtained at 1000 – 

1400 °C and the wood char sample produced at 1000 °C were compared. The weight loss 

curves for the oxidation (10 vol % O2 in N2) and gasification (10 vol % CO2 in N2) of these 

samples are shown in Figure 4.12, while the derived kinetic parameters (n and m are fixed) 

are also shown in Table 4.2. The weight loss curve of the wood soot produced at 1200 °C 

looks different from the other curves, thus the employed one-step nth order reaction model 

could not describe its conversion well. Additionally, the kinetic parameters are shown in 

Arrhenius plots in Figure 4.13. During both oxidation and gasification, the conversion of the 

soot produced at a higher temperature takes place at a lower temperature in the STA 

measurements. This reveals that both the oxidation reactivity and gasification reactivity of 

soot increase when the soot is produced at high temperature. This is surprising since the 

reactivity of solid carbonaceous fuel normally decreases with increasing pyrolysis 

temperature [30,34]. However, as listed in Table 4.1, the potassium content is higher in the 

soot produced at a higher temperature. Therefore the higher reactivity of soot produced at a 

higher temperature may be related to the presence of potassium, perhaps as intercalated 

species in the carbon, which is known to catalyze gasification reactions [35,36]. Further 

experiments would be required to verify this proposal in detail. Moreover, it also can be 

observed that the char produced at 1000 °C is more reactive than the soot produced at the 

same temperature as well as the soot produced at higher temperatures. 
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(a) oxidation (b) gasification 

Figure 4.12 Weight loss curves for the oxidation and gasification of the wood soot obtained from entrained 

flow gasification at 1000 – 1400 °C and the wood char obtained from entrained flow gasification at 

1000 °C (10 vol % O2 or CO2 in N2) 

  

(a) oxidation (b) gasification 

Figure 4.13 Arrhenius plots of the wood soot obtained at 1000, 1100, 1300, and 1400 °C and the wood char 

obtained at 1000 °C (10 vol % O2 or CO2 in N2) 

4.4 Conclusions 

Biomass (wood, straw, and dried lignin) gasification was carried out in a lab scale 

atmospheric pressure entrained flow reactor. In the experiments, the solid products in the 

syngas were collected successively by a cyclone and a metal filter. In the cyclone, solid 

particles were collected only in the gasification experiments conducted at 1000 °C, while 

solid particles were captured in the metal filter in all the gasification experiments conducted at 

1000 – 1400 °C. The obtained solid samples were analyzed by STA to determine the 

composition (moisture, organic matters, volatilizable inorganic compound, and residual ash) 

and by SEM with EDS to obtain the size, morphology, and elemental distribution. 
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Furthermore, the reactivity and kinetics of the soot and char produced in the wood 

gasification experiments were assessed by STA.  

During wood gasification, the major part of the collected solids on the filter is soot. The SEM 

image with the EDS spectrum of the wood filter sample obtained at 1400 °C shows that the 

soot particles appear as agglomerated nano-size carbon spheres (< 100 nm) that are rich in 

carbon. Under the same operating condition (T = 1400 °C, H2O/C = 0.5), in comparison to 

wood gasification, the filter sample obtained from straw gasification has a low soot content 

and high KCl and K2SO4 contents. During straw gasification, increasing the steam/carbon 

molar ratio from 0.0 to 1.0 leads to decreasing soot content in the solids and thereby an 

increasing KCl and K2SO4 contents. The SEM images show that increasing the steam/carbon 

molar ratio from 0.0 to 1.0 leads to changes in the shapes of the particles from sphere to 

irregular crystals and their size increasing from below 100 nm to above 100 nm. This is 

probably caused by KCl and K2SO4 deposited on the surface of soot particles. Their EDS 

spectra show that with steam addition, the carbon peak obviously decreases while the 

potassium and chlorine peaks notably increase. The filter sample obtained from the dried 

lignin gasification experiment mainly consisted of soot and non-volatilizable inorganic matter 

due to the lignin ash being rich in silica and calcium. The SEM images of the parent wood 

particle and the derived char samples show that both of them have a layered structure with a 

loose and porous texture. Their similarity indicates that complete melting of char did not take 

place in the conducted entrained flow gasification experiment (T = 1000 °C). 

In the study on the kinetics and reactivity of the soot and char, we found that the char is more 

reactive than soot for both oxidation and gasification, probably due to a less ordered structure 

of carbon in the char compared to the soot. For both the soot and char, the reaction order with 

respect to the solid phase is found to be 1.0 during oxidation and 0.5 during gasification. The 

activation energy of the soot conversion is higher than that of the char conversion. This 

difference in reactivity partly explains why char is generally fully converted in the conducted 

entrained flow gasification experiments while soot is not. Moreover, the soot produced at a 

higher temperature is more reactive than the soot produced at a lower temperature, and the 

char produced at 1000 °C is more reactive than the soot produced at the same temperature as 

well as the soot produced at higher temperatures. 
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Chapter 5 Biomass and coal co-gasification behavior  

Abstract 

Co-gasification of fuel mixtures, straw/wood, straw/coal, and wood/coal, were investigated at 

1400 °C with steam addition in a laboratory-scale atmospheric pressure entrained flow reactor, 

previously applied for gasification of the individual biomass fuels. The yields of solid 

products (char and/or soot) decreased with increasing straw fraction during straw/wood co-

gasification and with increasing biomass fraction (straw or wood) during biomass/coal co-

gasification. The results further indicate a synergistic effect on lowering the solid product 

yields during co-gasification. The yields of H2, CO, and CO2 remained nearly unchanged with 

changed mixing ratio during straw/wood co-gasification, in agreement with their similar 

yields during gasification of the individual biomass fuels. On the other hand, the gas yields 

increased with a rise of biomass mixing ratio during biomass/coal co-gasification.  

5.1 Introduction  

As a result of environmental and sociopolitical considerations, there is an increasing world-

wide interest in the use of biomass resources for energy and chemicals [1]. Biomass resources 

are one of the major components of strategies to mitigate global climate change since biomass 

is considered as a sustainable CO2 neutral energy source [2]. Now, biomass is becoming a 

priority resource to substitute fossil fuels in the energy sector (heat and power) and is 

increasingly seen to be so in the transport sector as well [3-5]. In Denmark, wood chips, wood 

pellets, and straw are increasingly used to substitute fossil fuels for heat and power production. 

The first step to use biomass can be to apply it together with fossil fuels in the plants 

originally designed to only use fossil fuels. Thus, co-firing and co-gasification are recognized 

as a promising technology and is becoming of great importance. Biomass, coal, and their 

mixtures can be converted into syngas, rich in H2 and CO, by gasification. The syngas can be 

used to synthesize storable liquid and gaseous fuels or chemicals in catalytic processes and 

also be burned to generate heat or electricity in gas engines and gas turbines [6]. Therefore, 

gasification may be considered as a flexible component in an energy system. Compared with 

fixed bed and fluidized bed gasifiers, entrained flow gasifiers operate at higher temperature 

with smaller particle size, hence the carbon conversion and syngas quality (almost free of tar) 

are high [7]. The syngas composition, most importantly the H2/CO ratio, may be adjusted by 
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controlling the operating conditions [8,9] and by changing the feedstock types, such as using 

different biomass types and biomass/coal mixtures [10].  

In order to evaluate possible impacts on the process and the product yields, research activities 

on co-gasification of biomass/coal have increased in the recent years. Most investigations 

were carried out in fixed bed gasifiers [11-13] and fluidized bed gasifiers [3,14-20]. However, 

entrained flow gasification is a most suitable technology for the conversion of biomass and 

coal mixtures due to high reaction temperature that can compensate for the different reactivity 

of the fuels and achieve good carbon conversion even with high rank, low reactivity coals. 

Moreover, because of the commercial large scale availability and potential high efficiency, 

entrained flow gasification seems to be an interesting technology for syngas production 

towards XtL processes. To our knowledge, only few studies have been reported on entrained 

flow gasification of fuel mixtures in the open literatures [21,22]. Among these, the applied 

temperatures (750 – 1250 °C) were relatively low and steam addition, which has an obvious 

influence on the gasification behavior, was not studied. Therefore, further studies of entrained 

flow biomass/coal co-gasification at high temperature (> 1200 °C) with steam addition are of 

great interest.  

The aim of this study is to provide knowledge and experimental data of entrained flow co-

gasification. Initially, gasification of the individual fuels (coal, straw, and wood) was 

investigated at different temperatures (1200 – 1400 °C). Secondly, co-gasification of fuel 

mixtures (straw/wood, straw/coal, and wood/coal) was investigated at varying mixing ratio at 

1400 °C with steam addition. 

5.2 Experimental  

5.2.1 Materials 

The setup used for co-gasification experiments is a laboratory-scale atmospheric pressure 

entrained flow reactor, shown in Chapter 3. Three fuels were used in the present study: coal 

(pulverized Columbian bituminous coal), straw (pulverized wheat straw pellets) and wood 

(beech sawdust). The biomass (straw and wood) used in the present study is same as that used 

in the previous study, shown in Chapter 3. The properties of coal, straw, and wood are listed 

in Table 5.1. Compared with straw and wood, coal has lower volatile content, higher carbon 

content, higher ash content (including high levels of silica, alumina, and iron), and higher 

heating value. The compositions of the organic fractions of straw and wood are quite similar 



Chapter 5 Biomass and coal co-gasification behavior  
 

113 
 

but straw has higher ash content and the ash is rich in potassium. Figure 5.1 shows the particle 

size distributions of the three fuels that were determined by sieve classification. The median 

diameter (d50) of the coal particles is 60 µm, which is much smaller than that of the straw (130 

µm) and wood (310 µm) particles. The fuel mixtures (straw/wood mixtures, or straw/coal 

mixtures, or wood/coal mixtures) with different mixing ratio were premixed before 

gasification experiments. 

Table 5.1 Properties of fuels 

properties  
coal 

(as-received basis) 
straw 

(as-received basis) 
wood 

(as-received basis) 

moisture wt % 5.00 5.40 9.04 

ash wt % 9.60 4.54 0.61 

volatile wt % 34.90 72.27 76.70 

fixed carbon wt % (by diff.) 50.50 17.79 13.65 

lower heating value MJ/kg 27.09 16.35 16.44 

C wt % 68.90 43.42 45.05 

H wt % 4.61 5.58 5.76 

O wt % (by diff.) 9.82 40.60 39.41 

N wt % 1.44 0.37 0.13 

S wt % 0.62 0.09 0.01 

Si wt % 2.57 1.23 - 

K wt % 0.17 0.76 - 

Cl wt % 0.01 0.25 - 

Ca wt % 0.15 0.23 - 

Mg wt % 0.13 0.06 - 

P wt % 0.01 0.03 - 

Na wt % 0.06 0.01 - 

Al wt % 1.05 0.01 - 

Fe wt % 0.49 0.01 - 

Ti wt % 0.05 0.00 - 

 

 

Figure 5.1 Particle size distributions of fuels 
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5.2.2 Conditions 

All conducted experiments are listed in Table 5.2. The feeding rate of the different fuels was 

adjusted to ensure the same thermal input (3.5 kW) due to the considerable differences among 

the heating values of coal, biomass, and their mixtures. The coal, straw, and wood were 

premixed each other according to the different thermal ratios (th %). The excess air ratio (λ), 

steam/carbon ratio (H2O/C), and oxygen concentration (O2) in all experiments were fixed at 

0.3, 0.5, and 21 % respectively. The calculations of thee three operating parameters were 

described in Chapter 2. The fuel particle residence time (t) in the reactor was approximately 3 

– 4 s, which was determined by the gas mean residence time assuming there was no relative 

velocity between the solid phase and gas phase. Because it was not possible to measure the 

total flow of gas products directly, the total gas flow was calculated by using N2 as a tracer, 

from which the yield of gas product per unit of thermal input (Nm3/MJ) can be calculated. 

Also, the yield of solid product can be expressed by the similar unit (g/MJ). 

Table 5.2 List of conducted experiments 

NO. Fuel 
fuel 

feeding 
rate 

LHV 
feeder  

gas  
(air) 

main  
gas  
(air) 

steam 
purge  
gas 

(N2+air) 
T t 

- - g/min MJ/kg NL/min NL/min g/min NL/min °C s 

1 coal 7.8 27.09 10 6.5 4.0 2.7+0.3 1200 4.3 
2 coal 7.8 27.09 10 6.5 4.0 2.7+0.3 1300 3.7 
3 coal 7.8 27.09 10 6.5 4.0 2.7+0.3 1400 3.3 
4 straw 12.8 16.35 10 5.5 4.2 2.7+0.3 1200 3.8 
5 straw 12.8 16.35 10 5.5 4.2 2.7+0.3 1300 3.4 
6 straw 12.8 16.35 10 5.5 4.2 2.7+0.3 1400 3.1 
7 wood 12.8 16.44 10 6.2 4.3 2.7+0.3 1200 3.8 
8 wood 12.8 16.44 10 6.2 4.3 2.7+0.3 1300 3.4 
9a wood 12.8 16.44 10 6.2 4.3 2.7+0.3 1400 3.1 
10 25th % straw + 75th % wood 12.8 16.42 10 6.0 4.3 2.7+0.3 1400 3.1 
11 50th % straw + 50th % wood 12.8 16.39 10 5.8 4.2 2.7+0.3 1400 3.1 
12 75th % straw + 25th % wood 12.8 16.37 10 5.7 4.2 2.7+0.3 1400 3.1 
13 25th % straw + 75th % coal 9.0 23.27 10 6.3 4.1 2.7+0.3 1400 3.2 
14 50th % straw + 50th % coal 10.3 20.39 10 6.0 4.1 2.7+0.3 1400 3.1 
15 75th % straw + 25th % coal 11.6 18.15 10 5.7 4.1 2.7+0.3 1400 3.1 
16 25th % wood + 75th % coal 9.0 23.31 10 6.4 4.1 2.7+0.3 1400 3.2 
17 50th % wood + 50th % coal 10.3 20.46 10 6.4 4.2 2.7+0.3 1400 3.1 
17 75th % wood + 25th % coal 11.5 18.23 10 6.3 4.2 2.7+0.3 1400 3.0 

a Repetition experiments were performed 

In order to identify different particles and determine the amounts of char and soot, the solid 

samples were analyzed by scanning electron microscopy (Zeiss Supra 35 FEGSEM) and 

thermogravimetry (Netzsch STA-449C). The detailed method for STA analysis is described in 

Chapter 3. Based on the STA analysis, different fractions of the solid particles, such as 

moisture, organic matters, volatilizable inorganic compounds, and residual ash, can be 
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identified. The organic matters in the cyclone and filter samples are defined as char and soot 

respectively. 

5.3 Results and discussion  

5.3.1 Gasification behaviors of individual fuel 

Figure 5.2 depicts the yields of syngas products during coal, straw, and wood gasification. 

The applied reactor temperature range was between 1200 and 1400 °C with otherwise fixed 

operating parameters (steam/carbon ratio = 0.5, excess air ratio = 0.3, and oxygen 

concentration = 21 %). Solid particles were only collected in the cyclone during coal 

gasification, and according to SEM analysis, the organic matter in these cyclone samples was 

unconverted char. Solid particles were always collected on the metal filter during coal, straw, 

and wood gasification. During both straw and wood gasification the organic matter in the 

filter samples was soot, and during coal gasification it was mainly fine char particles, mixed 

with a small fraction of soot particles. That char particles bypassed the cyclone and entered 

the filter is probably because coal particles are rather small and further may undergo 

fragmentation at the very high heating rate in the reactor. That relatively little soot was 

produced during coal gasification is probably because the coal has low volatile content, 

leading to more char but less soot. During coal gasification, the amount of unreacted char and 

soot decreased when the reactor temperature increased from 1200 to 1400 °C. The H2 and CO 

yields increased significantly from 17.1 to 25.8 NL/MJ and from 17.3 to 31.7 NL/MJ 

respectively, while the CO2 yield decreased gradually from 12.2 to 9.2 NL/MJ. Besides, CH4 

was the only component of CxHy in the coal gasification experiments and it was found only at 

1200 °C with a very low value of 0.3 NL/MJ. The H2, CO, and CO2 yields are very similar for 

straw and wood gasification, and are higher than for coal gasification due to the higher 

amount of unconverted solids during coal gasification. The CH4 yield was higher during both 

straw and wood gasification than during coal gasification at low temperature, but declined 

sharply to disappear at 1400 °C. C2H2 was observed only at 1200 °C with a low level of about 

0.2 NL/MJ during both straw and wood gasification. Comparing straw and wood gasification, 

it can be seen that they provided quite similar syngas compositions except for the soot yield. 

During straw gasification the soot yield was much lower, probably because of the high 

potassium content in straw that might affect the level of soot precursors and soot formation 

reactions , as discussed in greater detail elsewhere [23]. 
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The distributions of syngas products are determined by both the initial pyrolysis step and 

further reactions during the gasification step. The initial pyrolysis step can be divided into two 

basic stages: primary pyrolysis and secondary pyrolysis [24-28]. During the primary pyrolysis, 

fuel is converted to light gases (H2, CO, CO2, H2O, and light hydrocarbons), tar, and char [29]. 

With increasing temperature the yields of H2 and CO increase obviously while the yields of 

CO2 and light hydrocarbons increase slightly or almost keep constant because they come from 

different structures, functional groups, and cross linking reactions [28,30-39]. The tar release 

increases with increasing temperature initially, but above a certain temperature (about 500 °C 

for biomass and about 700 °C for coal) it stays at a steady (maximum) value [24,30,40-43]. 

Due to the evolution of gas and tar, the char yield decreases as temperature increased. At 

elevated temperatures under the secondary pyrolysis, tar is converted to lighter gases and soot 

[24,26,28,29], and so the tar yield declines continuously until all tar is completely converted. 

Substantial H2 is released from the tar conversion and soot formation and its yield increases 

with increasing temperature [44-46]. Significant CO is generated from the tar conversion and 

its yield also increases with increasing temperature [26,44-46]. A certain amount of CO2 is 

also generated from tar conversion while its yield is almost unaltered as temperature is 

increased [26,45,46]. Light hydrocarbons are formed by the tar cracking but are 

simultaneously also consumed by the soot formation reactions, particularly at high 

temperature [24,26,28,29]. Therefore, in the whole pyrolysis step, with an increasing of 

temperature, the yields of soot, H2, and CO increase, the CO2 yield increases slightly or 

remains at a certain level and the yields of light hydrocarbons and tar decrease gradually. 

During gasification, high temperature favors endothermic reactions including char and soot 

gasification and hydrocarbons reforming reactions with CO2 and H2O, but suppresses the 

exothermic water gas shift reaction [47-49]. Thus, more H2 and CO are generated but CO2, 

light hydrocarbons, char, and soot are consumed with increasing temperature. Soot 

gasification, which competes with soot formation, has higher reactivity at higher temperature 

(> 1200 °C) [50-52], so the soot yield decreases with increasing temperature. As a result, 

during the whole gasification process, the final yields of H2 and CO increase while the yields 

of CO2, CxHy, char, and soot decrease as the temperature increases, which are consistent with 

the experimental results shown in Figure 5.2. The results of the repetition experiments 

conducted at 1400 °C during wood gasification are also shown in Figure 5.2 and good 

repeatability of the measured values was observed. The average deviations of measurements 

on main products are listed in Table 5.3. 
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Figure 5.2 Product yields during coal, straw, and wood gasification: H2O/C = 0.5, λ = 0.3, and O2 = 21 % 

Table 5.3 Average deviations of measurements in the experiment NO. 9 listed in Table 5.2 

main products absolute deviation relative deviation 

soot (g/MJ) ± 0.03 g/MJ ± 4.52 % 

H2 (NL/MJ) ± 1.81 NL/MJ ± 6.27 % 

CO (NL/MJ) ± 0.07 NL/MJ ± 0.21 % 

CO2 (NL/MJ) ± 0.45 NL/MJ ± 3.40 % 
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(a) carbon distribution (b) carbon conversion 

Figure 5.3 Carbon distribution and conversion during coal, straw and wood gasification: H2O/C = 0.5, λ = 

0.3, and O2 = 21 % 

The carbon distribution and conversion in the gasification experiments of coal, straw, and 

wood is shown in Figure 5.3. The calculation is based on the fuel analysis, the fuel feeding 

rate, and the yields of carbonaceous products. In Figure 5.3 (a), it can be observed that the 

carbon in the fuel was mostly partitioned to CO and CO2. CxHy contributes slightly to the 

overall carbon balance at lower temperature but it decreased gradually with increasing 

temperature. Carbon in the solid products (char and/or soot) gives an important contribution 

in all coal gasification experiments and also in biomass gasification experiments at 1200 °C. 

Overall, the carbon balance closure was reasonable and higher than 90 % except for the two 

coal gasification experiments that were conducted at 1200 and 1300 °C (15 – 20 % gap). In 

these two experiments, it is expected that the yields of solid products were higher than 

measured probably because soot and char deposited on the reactor walls and were not totally 

converted to gas due to the relatively low temperature. Thereby, they were not included in the 

carbon balance calculation. The water yields in the syngas were not determined, and therefore 

the hydrogen and oxygen mass balance could not be done. 

The carbon conversion is an important indicator in a gasification process and is defined as [7]: 

carbon	conversion	(%) = carbon	in	gas	productscarbon	in	fuel × 100	% (5.1) 

As shown in Figure 5.3 (b), the carbon conversion increased with increasing temperature 

which revealed that raising temperature favored fuel conversion to gas products. While this is 

intuitively expected, it may actually not be the case since in Chapter 2 and 3 we have 
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previously observed that the soot yield goes through a maximum at intermediate temperature 

(1100 – 1200 °C). The same operating parameters were used and similar amounts of supplied 

gas and steam were employed in the coal and biomass gasification experiments, as well as the 

same thermal input. However, compared with coal gasification (approximate 65 – 85 % at 

1200 – 1400 °C), biomass gasification achieved a higher carbon conversion (approximate 85 

– 95 % at 1200 – 1400 °C) probably due to higher reactivity of biomass and the lower char 

mass fraction from biomass pyrolysis. This indicates that biomass gasification can be 

accomplished at lower oxygen and steam to fuel ratio compared to coal and this is beneficial 

for the process economy. 

 

Figure 5.4 Producer gas yield during coal, straw, and wood gasification: H2O/C = 0.5, λ = 0.3, and O2 = 21 % 

 

Figure 5.5 H2/CO molar ratio during coal, straw, and wood gasification: H2O/C = 0.5, λ = 0.3, and O2 = 21 % 

It is desirable to convert all fuel to gaseous products, particularly H2 and CO. The producer 

gas yield (defined as the total amount of gas products including H2, CO, CO2, and CxHy) is 

another important indicator to evaluate the gasification process. The producer gas yield during 

coal, straw, and wood gasification is shown in Figure 5.4. It can be seen that it increased from 
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temperature was increased from 1200 to 1400 °C. At each temperature, compared with 

biomass gasification, the producer gas yield was lower during coal gasification because of the 

higher amount of unconverted solids, while its variation trend was the same. For different 

purposes of syngas utilization, different H2/CO molar ratio is preferred, so this ratio is also an 

important indicator for a gasification process. Figure 5.5 shows the H2/CO molar ratio during 

coal, straw, and wood gasification. When the temperature increased from 1200 to 1400 °C, 

the H2/CO molar ratio decreased from 1.0 to 0.8 during coal gasification, while it kept nearly 

constant around 0.9 during both straw and wood gasification.  

To compare the experimental condition with equilibrium condition, equilibrium calculations 

were conducted using the FactSage Program for experiments conducted at 1400 °C (NO. 3, 6, 

and 9, listed in Table 5.2). There was no carbon left in the equilibrium calculation, so the 

equilibrium syngas consisted of CO, CO2, H2, and H2O. The product distributions of 

experiments and equilibrium calculations are compared in Figure 5.6. The majority of the 

undetermined product is water in these experiments (highest temperature with steam addition). 

Generally, the experimental results from straw and wood gasification were reasonably similar 

to the equilibrium calculation results, while the experimental results from coal gasification 

were different from the equilibrium calculation results to some degree mainly due to the low 

carbon conversion in the coal gasification experiment. 

  

Figure 5.6 Comparison between the results of experiment and equilibrium calculation: the selected 

experiments are NO. 3, 6, and 9, listed in Table 5.2, with fixed operating parameters (T = 1400 °C, H2O/C 

= 0.5, λ = 0.3, and O2 = 21 %); C,exp and H,exp are the carbon and hydrogen balance in the experiment; 

C,cal and H,cal are the carbon and hydrogen balance in the equilibrium calculation  
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5.3.2 Co-gasification behaviors of fuel mixtures 

The syngas composition during co-gasification of fuel mixtures is shown in Figure 5.7. The 

mixing ratio of any two fuels was increased from 0 to 100 th % with increments of 25 th % 

while the operating conditions in these experiments were fixed (reactor temperature = 

1400 °C, steam/carbon ratio = 0.5, excess air ratio = 0.3, and oxygen concentration = 21 %). 

The calculated yield of each product (Ycal) at any mixing ratio during co-gasification is  

Yjkl 	eg, NLMJ f =prJEq,Frsl	E(th	%) × Ysqt,Frsl	E 	eg, NLMJ f
�

Eug
 (5.2) 

where rmix, fuel i is the mixing ratio of the first fuel and second fuel respectively, and Yexp, fuel i is 

the product yield from gasification of the first fuel and the second fuel respectively. Figure 

5.7 (a) – (c) depict the amounts of solid products (soot and char) in the co-gasification 

experiments. During co-gasification of straw/wood, no unreacted char was collected in the 

cyclone but soot was always collected by the metal filter. When the mixing ratio of straw 

increased, the soot yield decreased because straw gasification produced less soot than wood 

gasification. Furthermore, compared with the calculated values, the experimental yield of soot 

was lower, which indicates a synergistic effect on the soot yield in the co-gasification 

experiments of straw/wood. This is possibly owing to the high potassium content in straw that 

might have catalytic effect on soot formation and soot conversion [23]. During co-gasification 

of biomass/coal, char was collected in the cyclone only in the experiments with lower 

biomass mixing ratios (0 – 25 th %) and the amount of char decreased with an increase of 

biomass mixing ratio because biomass had a higher reactivity and a lower char yield. The 

difference in the char yield between calculation and experiment was not obvious because its 

yield was very low or zero during co-gasification of biomass/coal. However, solid particles 

were always observed on the metal filter and the organic matters in them might be mixtures of 

soot and fine char particles. When the biomass mixing ratio increased, the amount of soot and 

fine char mixtures decreased. Their amounts were lower than the calculated values, probably 

indicating that synergy might exist as well in this case. Some possible explanations of synergy 

are discussed below. Firstly, different local pyrolysis conditions caused by the different 

volatile contents of biomass and coal might affect soot formation. Secondly, the interaction of 

the potassium from straw with soot formation may take place through an ionic mechanism 

which could neutralize the charge on the soot particles and thereby inhibit their coagulation 

process [53]. Thirdly, the presence of potassium in the gas phase may act as sensitizers to 
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produce more OH radicals which react efficiently with soot and char [53]. Fourthly, the 

potassium and iron from straw and coal respectively, if initially released to the gas phase and 

then partly recondensed on the char and soot, may have a catalytic effect on soot and char 

gasification [54-64]. At present our experiments do not allow to firmly determine the relative 

importance of these possible explanations. 

 

 

(a) solid products - straw and wood mixtures (b) solid products - straw and coal mixtures 

  

(c) solid products - wood and coal mixtures (d) H2 

  

(e) CO (f) CO2 

Figure 5.7 Product yiels during co-gasification of fuel mixtures: cal and exp are calculated from the 

experiments with the pure fuels and experimental results respectively; T = 1400 °C, H2O/C = 0.5, λ = 0.3, 

and O2 = 21 % 
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Figure 5.7 (d) – (f) depict the yields of gas products during co-gasification. There were no 

hydrocarbons (CxHy) formed in the co-gasification experiments probably due to the applied 

high temperature of 1400 °C.  During co-gasification of straw/wood, the yields of H2, CO, 

and CO2 stayed nearly constant at any mixing ratio because straw and wood gasification 

provided almost the same gas composition. During co-gasification of straw/coal, the yields of 

H2, CO, and CO2 increased from 25.8 to 31.2 NL/MJ, from 31.7 to 34.2 NL/MJ, and from 9.2 

to 13.9 NL/MJ respectively when the straw mixing ratio increased from 0 to 100 th %. At each 

mixing ratio, the individual gas yields during co-gasification of wood/coal and straw/coal 

were almost the same. As we expected, biomass addition led to an increase of the gas 

products yields, because biomass char is more reactive than coal char and in the applied setup 

and under the applied conditions the formed coal char was not completely converted to gas. 

Besides, in Figure 5.7 (d) – (f), we observed that in all co-gasification experiments, the 

experimental yields of gas products were almost the same as the calculated values. This is 

because the improved conversion of solid particles (< 0.4 g/MJ), does not significantly change 

the amount of the gas products (< 1.5 NL/MJ) since the yield of gas is much higher than that 

of the solid products. 

 

 

(a) carbon distribution (b) carbon conversion 

Figure 5.8 Carbon distribution and conversion during co-gasification of fuel mixtures: T = 1400 °C, 

H2O/C = 0.5, λ = 0.3, and O2 = 21 % 

Figure 5.8 shows the carbon distribution and conversion during co-gasification. In Figure 5.8 

(a), it can be seen that in all co-gasification experiments CO contributed the most (65 – 70 %) 

to the overall carbon balance, and CO2 also gave an important contribution (20 – 30 %), while 
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the contribution from solid products (char and/or soot) was less than about 5 % and decreased 

with increasing biomass mixing ratio. The overall carbon balance in each experiment was 

better than 90 %. Figure 5.8 (b) shows that the carbon conversion during co-gasification of 

straw/wood was almost constant, about 95 %, which was nearly the same as the carbon 

conversion obtained during both straw and wood gasification. In the co-gasification 

experiments of biomass/coal, when the biomass mixing ratio was changed in the range of 0 – 

100 th %, the carbon conversion increased from approximately 85 to 95 % mainly due to the 

higher yields of CO and CO2. Therefore, biomass addition is helpful to improve carbon 

conversion during co-gasification of biomass and coal mixtures. 

 

Figure 5.9  Producer gas yield during co-gasification of fuel mixtures: T = 1400 °C, H2O/C = 0.5, λ = 0.3, 

and O2 = 21 % 

 

Figure 5.10 H2/CO molar ratio during co-gasification of fuel mixtures: T = 1400 °C, H2O/C = 0.5, λ = 0.3, 

and O2 = 21 % 

Figure 5.9 shows the producer gas yield during co-gasification. The producer gas yield kept 
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biomass/coal, an increase of the produced gas yield occurred from about 66.6 to about 78.5 

NL/MJ when biomass was added from 0 to 100 th %, since biomass produced more gas 

products than coal. The H2/CO molar ratio in the co-gasification experiments is shown in 

Figure 5.10. During co-gasification of straw/wood, the H2/CO molar ratio was independent of 

their mixing ratio and stayed around 0.9. During co-gasification of biomass/coal, the H2/CO 

molar ratio increased from 0.8 to 0.9 with biomass mixing ratio increasing from 0 to 100 th %, 

which indicates that adding biomass increased H2 more than CO. 

5.4 Conclusions 

Three individual fuels, a bituminous coal, straw, and wood, were gasified at different 

temperatures with steam addition in a laboratory scale atmospheric pressure entrained flow 

reactor. Increasing reactor temperature from 1200 to 1400 °C reduced the amounts of char 

and soot from coal gasification and of soot from straw and wood gasification, which led to an 

improved carbon conversion. The yields of desired gas products, H2 and CO, increased 

steadily, the yields of CO2 decreased slightly, and thus the producer gas yield increased by 

elevating the reactor temperature. By increasing the reactor temperature from 1200 to 1400 °C, 

the H2/CO molar ratio in the syngas decreased from 1.0 to 0.8 during coal gasification and 

kept constant around 0.9 during biomass gasification. CxHy was a minor gas product and CH4 

was the most abundant component of CxHy. The amount decreased from a very low yield at 

1200 °C to disappear at 1400 °C. Compared with coal gasification, biomass gasification 

yielded more gas products because biomass had higher volatile content and a more complete 

fuel conversion.  

Co-gasification experiments of straw/wood, straw/coal, and wood/coal were investigated at 

1400 °C with steam addition in the same setup. The soot yield decreased with increasing 

straw mixing ratio during co-gasification of straw/wood, and the yields of char and soot 

decreased with increasing biomass mixing ratio during co-gasification of biomass/coal. The 

yield of soot in the co-gasification experiments of wood/straw was lower than the calculated 

value from their weighted yield in the individual fuel experiments, indicating a synergistic 

effect of co-gasification. This may be due to the high potassium content in straw which could 

have a catalytic effect on the gasification process. Similarly, the yield of char and/or soot 

during co-gasification of biomass/coal was also lower than the calculated value, indicating a 

synergistic effect here as well. The actual reason of the synergistic effect is still not clear, but 

some possible explanations have been discussed. There was no yield of CxHy during co-
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gasification probably because of the applied high temperature of 1400 °C. During co-

gasification of straw/wood, the amounts of H2, CO, and CO2 nearly remained unchanged with 

changed mixing ratio, because wood and straw gasification provided almost the same gas 

composition. During co-gasification of biomass/coal, the yields of H2, CO, and CO2 increased 

gradually when the biomass mixing ratio increased because of the improved char conversion 

resulting from the more reactive biomass char. Thereby the carbon conversion and producer 

gas yield also increased. The H2/CO molar ratio increased from 0.8 to 0.9 with increasing 

biomass mixing ratio from 0 to 100 th %, showing that adding biomass increased H2 more 

than CO. 
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Chapter 6 A model for high-temperature 

entrained flow gasification of biomass  

Abstract 

The objective of the present investigation is to simulate biomass entrained flow gasification. 

A mathematic model was developed, which included mixing, drying and pyrolysis, detailed 

gas phase chemistry, char and soot reactions, and mass and heat transfer. Experiments used 

for model validation were carried out in a laboratory-scale entrained flow reactor covering a 

wide range of operating conditions. The simulation results generally showed good agreement 

with the experimental results. They also coincided well with the equilibrium calculation 

results. The simulation result suggested that the soot can be completely converted and thereby 

the H2 and CO yields can reach the maximum values with increasing the reactor length to 2.5 

– 3 m under a reasonable condition (high temperature with steam addition). 

6.1 Introduction  

 The transportation sector accounted for 27 % of the total world delivered energy 

consumption in 2008 and the share is expected to increase continuously [1]. Gasification is a 

thermochemical process currently available for syngas production, which can be subsequently 

used as raw material to synthesize liquid fuels in a catalytic process [2]. Thus, producing 

liquid fuels for transportation is an important utilization of gasification. One of the key 

problems to be solved in liquid fuels from syngas is to control the syngas quality, such as 

harmful impurities [3]. Entrained flow gasification operates at high temperature with small 

particles, which can achieve a high carbon conversion and produce a high-quality syngas 

without tar [4]. Among the renewable energy sources, biomass, as an important alternative 

fuel of coal, has a high potential due to the low net CO2 emission. Thus using biomass as 

feedstock in entrained flow gasifiers attracts great interests.  

In comparison to coal entrained flow gasification, the knowledge of biomass entrained flow 

gasification is limited and systematic investigations are still needed. Experimental work is a 

first and prerequisite step for attaining an insight into the effects of operating conditions on 

process performance. On the basis of the obtained knowledge and experimental results, a 

mathematic model can be developed and used to evaluate, predicted, and optimize the 

gasification process through a low-cost way. 
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The model of coal entrained flow gasification has already been studied and developed 

adequately. Some researchers [5-8] adopted a one-dimensional steady-state model to simulate 

coal entrained flow gasification, which was based on heterogeneous and homogeneous 

reactions and mass and energy balances in solid and gas phases. Govind et al.[9] developed 

the model by adding momentum balance. Besides, a numerical CFD model for coal entrained 

flow gasification was employed by many other researchers [10-15]. However, the reported 

model work on biomass entrained flow gasification is limited [16], since biomass is a new 

alternative fuel in recent years and rare experimental data can be found to support model 

validation.  

The objective of the present work is to develop a mathematic model to describe biomass 

entrained flow gasification. Mixing, drying and pyrolysis, heterogeneous reactions, detailed 

homogeneous chemistry, and mass and heat transfer in solid and gas phases were included in 

the present model. The model was validated by our experimental results which involved 

biomass entrained flow gasification under a wide range of operating conditions.  

6.2 Experimental  

The setup used for gasification experiments was a laboratory-scale atmospheric pressure 

entrained flow reactor, shown in Chapter 3. The properties and particle size distribution of 

wood (beech saw dust) are given in Chapter 3. 

Table 6.1 List of conducted experiments 

NO. 

primary flow secondary flow operating parameters 
fuel 

feeding 
rate 

feeder gas main gas steam purge gas t O2 λ H2O/C T 

g/min Nl/min Nl/min g/min Nl/min s % - mol/mol °C 

1 12.8 10(N2) 6.2(N2) 0.0 0.3(air)+2.7(N2) 2.6 0 0.00 0.0 1400 
2 12.8 10(N2) 6.2(N2) 4.3 0.3(air)+2.7(N2) 2.7 0 0.00 0.5 1400 
3 12.8 10(N2) 6.2(N2) 8.6 0.3(air)+2.7(N2) 2.8 0 0.00 1.0 1400 
4 12.8 10(air) 6.2(air) 4.3 0.3(air)+2.7(N2) 3.1 21 0.30 0.5 1400 
5 15.9 10(air) 10.2(air) 5.4 0.3(air)+2.7(N2) 2.5 21 0.30 0.5 1400 
6 10.7 10(air) 3.5(air) 3.6 0.3(air)+2.7(N2) 3.7 21 0.30 0.5 1400 
7 12.8 6(air) 10.2(air) 4.3 0.3(air)+2.7(N2) 3.1 21 0.30 0.5 1400 
8 12.8 14(air) 2.2(air) 4.3 0.3(air)+2.7(N2) 3.1 21 0.30 0.5 1400 
9 9.7 10(air) 0.5(O2)+5.7(N2) 3.3 0.3(air)+2.7(N2) 3.4 16 0.30 0.5 1400 
10 15.8 10(air) 2.1(O2)+4.1(N2) 5.3 0.3(air)+2.7(N2) 2.8 26 0.30 0.5 1400 
11 15.3 10(air) 6.2(air) 5.2 0.3(air)+2.7(N2) 2.8 21 0.25 0.5 1400 
12 10.9 10(air) 6.2(air) 3.7 0.3(air)+2.7(N2) 3.4 21 0.35 0.5 1400 
13 12.8 10(air) 6.2(air) 0.0 0.3(air)+2.7(N2) 3.2 21 0.30 0.0 1400 
14 12.8 10(air) 6.2(air) 8.6 0.3(air)+2.7(N2) 3.0 21 0.30 1.0 1400 
15 12.8 10(air) 6.2(air) 4.3 0.3(air)+2.7(N2) 3.8 21 0.30 0.5 1200 
16 12.8 10(air) 6.2(air) 4.3 0.3(air)+2.7(N2) 3.4 21 0.30 0.5 1300 
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The present model focused on high-temperature wood gasification. The conducted 

experiments are listed in Table 6.1. The studied operating parameters include residence time 

(2.4 – 3.6 s), feeder gas flow (6 – 14 NL/min), oxygen concentration (16 – 26 %), excess air 

ratio (0.25 - 0.35), steam/carbon ratio (0.0 – 1.0), and reactor temperature (1200 – 1400 °C).  

6.3 Model description 

Biomass gasification is a rather complicated process coupled with two-phase flow, mass and 

heat transfer, and heterogeneous and homogenous reactions. When biomass particles are 

injected into a high-temperature reactor, a series of physical and chemical process take place 

in the reactor. Biomass particles are quickly heated and the moistures are evaporated. Then, 

volatiles are escaped from the fuel particles and char particles are formed in the pyrolysis 

process. The pyrolysis products react with each other and other injected species depending on 

the surrounding environment and reaction mechanism. A completed description of the whole 

processes is not possible, due to the complexity and heterogeneity of biomass. Thus, some 

basic assumptions must be made to simplify the process. They include: both the gas and solid 

flows can be described by a plug flow model; there is no temperature gradient inside the solid 

particles; there is no slip velocity between solid particles and gas; there is a stagnant gas film 

layer surrounding the particles and the reactor wall, meaning that Nu ≈ 2 and Sh ≈ 2. Since 

the system is very dilute, interaction between particles is neglected. The biomass entrained 

flow gasification model has been implemented as a FORTRAN77 code that calls on the 

CHEMKIN III subroutine library [17] for calculations of gas phase reactions and some related 

parameters. The process of biomass entrained flow gasification is divided into the following 

sub-models. 

6.3.1 Mixing 

The mixing of the primary flow (including feeder gas entraining the biomass particles) and 

secondary flow (including steam, main gas, and purge gas) is considered as an important 

factor in a thermochemical process [18-22]. A satisfactory description of the mixing process 

becomes critical in the present model, because an assumption of instantaneous mixing may 

lead to considerable error in the prediction of reaction temperature and syngas products yields. 

In the present model, the mixing process was described by a modified Zwietering approach 

[23]. In this approach, the secondary flow gradually entered the primary flow. This was 

modeled by introducing some pseudo species (O2*, N2*, and H2O*) into the secondary flow. 
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These pseudo species became the actual species (O2, N2, and H2O) through a set of reactions, 

shown in equation (6.1) - (6.3). 

��∗
wxyzy{|}~~~~� �� (6.1) 

��∗
wxyzy{|}~~~~� �� (6.2) 

���∗
wxyzy{|}~~~~� ��� (6.3) 

Through these reactions the secondary flow entering the primary flow at a certain position (or 

time) can be calculated by equation (6.4) - (6.6). 
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The mixing rate constant, kmixing, is determined by a measured or estimated mixing time, 

shown in equation (6.7). In the present model, the mixing time was taken as the time for 

which 95 % of the secondary flow was mixed with the primary flow (kJEqE�I = ln20 t��%⁄ ). 

�Y���VX =
ln	( 1
���∗ ,��∗,���∗|�u�/���∗ ,��∗ ,���∗|�uL)

�  
(6.7) 

The cold primary flow and hot secondary flow were assumed to achieve a uniform mixing 

temperature instantaneously at the inlet of the reactor. The important advantage of this 

approach is that it is easily incorporated into CHEMKIN Software Package as additional first-

order reactions for the reactants constituents in the secondary flow. 

6.3.2 Drying and pyrolysis 

When the biomass particles enter the reactor, drying and pyrolysis processes will follow. Due 

to the very high heating rate in the entrained flow reactor (high temperature employed and 

small particle size used), we assumed that drying and pyrolysis completed instantaneously. 

Consequently, the moisture released and pyrolysis products (volatiles and char) produced 

immediately at the inlet of the reactor. At high temperatures (> 1200 °C), the volatiles were 

considered to be composed by H2, CO, CO2, H2O, lighter hydrocarbons, and soot. Thus, under 
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the applied operating conditions, the distribution of drying and pyrolysis products, which was 

prescribed on the basis of the biomass composition, is shown in equation (6.8) - (6.9). 

��� ���	���L��L��L��L��LZ(���)�L� → 

�g ������� + ����������� + ���ℎ��	�����������Z�,p��
�

�ug
= 100	��	% 

(6.8) 

��������� → �g�� + ���� + ����� + �$��� + ����$ + ������,p��
�

�ug
= ��	��	% (6.9) 

6.3.3 Homogeneous and heterogeneous reactions 

The homogeneous reactions used in the present model were adopted directly from CHEMKIN 

III [17]. It was a detailed kinetic mechanism of gas phase chemistry, including 185 species in 

1173 reactions [24]. Besides, the mixing was also incorporated into CHEMKIN III by adding 

3 new species (O2*, N2*, and H2O*) and 3 new reactions (equation (6.1) - (6.3)). Thus, the 

total network involved 188 species in 1176 reactions. 

The heterogeneous reactions taking place in present work are shown in equation (6.10) - 

(6.12). The solid reactants involving these reactions are char and soot. In the present model, 

the char was composed by carbon, hydrogen, oxygen, nitrogen, sulfur, and ash (specified as 

silicon dioxide), and the soot was considered as pure carbon. As soon as the pyrolysis gases 

released, they consumed the insufficient oxygen very quickly. Therefore only char and soot 

gasification reactions with H2O and CO2 were considered in the present model. 

�ℎ��:	����������Z� + (S − �)��� → S�� + eS + U2 − � −  f�� +  ��� +
¡
2�� + ¢Z (6.10) 

�ℎ��:	����������Z� + S��� → 2S�� + ���� + eU2 − � −  f�� +  ��� +
¡
2�� + ¢Z (6.11) 

����:	� + ��� → �� + �� (6.12) 

����:	� + ��� → 2�� (6.13) 

6.3.4 Mass and heat transfer 

The char-gas reactions and soot-gas reactions were described by the progressive conversion 

model with particle shrinkage [25], because in the previous STA experiments shown in 

Chapter 3, we found that the conversion of wood char and soot obtained from entrained flow 
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gasification were adequately described by this model. The shrinking particles were assumed 

to have a constant density and not to form an ash layer. In the high-temperature entrained 

flow reactor, the conversion rate of porose solid particles is usually affected by pore diffusion 

limitation, thus the effectiveness factor (η) [26] is included in the particle conversion model. 

The mole balance for char and soot particles is described by equation (6.14) and (6.15) 

respectively. The gas phase mole balance is described by equation (6.16), which includes the 

contributions from both gas phase reactions (the first term) and solid-gas reactions (the 

second and third terms). In the present model, isothermal conditions were applied since all the 

experiments were conducted in an electrical heated entrained flow reactor and the employed 

fuel feeding rates were low. The energy balance for char and soot particles and gas species is 

described by equation (6.17).  
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6.3.5 Input parameter estimation 

In the previous work, shown in Chapter 3, we observed that increasing feeder gas flow can 

improve the mixing condition, thus in the model different mixing rate constants were 

employed when different feeder gas flows were used, which are listed in Table 6.2. At 

different reactor temperature (1200 – 1400 °C), the different drying and pyrolysis products 

during wood gasification are listed in Table 6.3. The char composition was calculated by the 
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present model on the basis of fuel composition and moisture and volatiles distribution. The 

properties of char and soot particles are given in Table 6.4. 

Table 6.2 Mixing rate constant for using different feeder gas flow [22] 

feeder gas flow  6 NL/min 10 NL/min  14 NL/min  

kmixing 2 5 8 

Table 6.3 Composition of wood drying and pyrolysis products at different temperatures [27-29] 

(a) The drying and pyrolysis products 

wood  Tw=1200 °C Tw=1300 °C Tw=1400 °C 

mositure w1, % 9.04 9.04 9.04 
voilatiles w2, % 81.86 83.96 85.96 

char w3, % 9.00 7.00 5.00 

(b) The volatiles composition  

volatiles  Tw=1200 °C Tw=1300 °C Tw=1400 °C 

H2 v1, % 0.40 0.70 1.00 
CO v2, % 18.00 21.00 24.00 
CO2 v3, % 28.50 24.50 20.50 
H2O v5, % 7.96 9.96 11.96 
CH4 v4, % 16.10 14.80 13.50 
soot v6, % 7.00 11.00 15.00 

(c) The char composition  

char Tw=1200 °C Tw=1300 °C Tw=1400 °C 
CαHβOγNδSεA C0.8504H0.0723O0.0275N0.0234S0.0008A C0.6753H0.2500O0.0527N0.0103S0.0003A C0.6256H0.3005O0.0598N0.0066S0.0002A 

Table 6.4 Properties of wood char and soot [24,30-34] 

char  soot  

dc0  µm 200 ds0 nm 100 
ρc kg/m3 500 ρs kg/m3 2000 

dcpore µm 2 dspore nm 1 
εc - 0.8 εs - 0.1 
τc - 2 τs - 9 
ec - 0.9 es - 0.9 

Table 6.5 Measured kinetic parameters of wood char and soot gasification reactions in STA 

in STA char-CO2 char-H2O soot-CO2 soot-H2O 

 measured estimated measured estimated 
temperature interval 610 – 820 °C - 670 – 910 °C - 

gas environment 10, 15, and 20 vol % O2 in N2 - 10, 50, and 90 vol % CO2 in N2 - 
E (kJ/mol) 213 194 247 228 

A0 (s
-1MPa-m) 1.25×108 1.04×108 3.61×109 3.01×109 
m 0.12 0.22 0.54 0.64 
n 0.5 0.5 0.5 0.5 

In the previous work, shown in Chapter 4, the kinetic parameters for char-CO2 and soot- CO2 

reactions were obtained by non-isothermal measurement from about 600 to about 900 °C in 

STA, given in Table 6.5. The estimated kinetic parameters for solid-H2O reaction were based 

on the reaction rate of solid-CO2 reaction [13,35]. In the present model, at 1200 – 1400 °C, 
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the calculated reaction rate of solid-H2O was approximately 2 – 3 times faster than that of 

solid-CO2 when the partial pressure of H2O and CO2 was in the range of 0.01– 0.09 MPa. 

The reaction kinetics was obtained in a low-temperature range in the STA, thus the kinetics 

might be unauthentic and could cause unaccepted error when they were applied in a high-

temperature range. In the present work the changes of the char reaction kinetics were not 

performed, because char was completely converted at the outlet of the reactor in the applied 

experiments listed in Table 6.1 and its conversion profile along with the reactor length was 

unknown. When the soot reaction kinetics obtained in the STA was used in the model, we 

found the soot was completely consumed just at the top of the reactor, which cannot fit the 

experimental results at all. Therefore, the soot reaction kinetics in the applied entrained flow 

gasification condition (1200 – 1400 °C) must be different from that in STA. We assumed that 

the reaction order for solid phase and gas phase, n and m, were unchanged, the activation 

energy, E, was decreased in the high-temperature range. And the changes of kinetics took 

place at 910 °C (soot reaction kinetics obtained at 670 – 910 °C in STA), thereby the changed 

pre-exponential factor, A0, was obtained at this temperature. Five sets of different kinetics 

were investigated in the present model. They are listed in Table 6.6 and the different soot-CO2 

reaction rates are compared in Figure 6.1.  

Table 6.6 Applied kinetic parameters of the wood soot gasification at 910-1400 °C 

NO. soot-CO2 soot-H2O remark 
 E A0 m n E A0 m n  
 kJ/mol s-1MPa-m - - kJ/mol s-1MPa-m - -  

A 247 3.61×109 0.54 0.5 228 3.01×109 0.64 0.5 obtained in the STA 
B 215 1.39×108 0.54 0.5 196 1.16×108 0.64 0.5 - 
C 185 6.60×106 0.54 0.5 166 5.50×106 0.64 0.5 - 
D 155 3.13×105 0.54 0.5 136 2.61×105 0.64 0.5 - 
E 125 1.48×104 0.54 0.5 106 1.23×104 0.64 0.5 used in the model in section 6.4.2  

 

 

Figure 6.1 Arrhenius plots of different soot-CO2 reaction rates: ª« = ¬®¯°(− ±
²«) 
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6.4 Results and discussion 

6.4.1 Input parameter sensitivity study 

The experiment, NO.4 listed in the Table 6.1, was selected as the standard experiment, 

because each operating parameter in this experiment was set as a reasonable value in the 

entrained flow gasification process. The standard experiment was used to investigate the 

sensitivity of simulation results to some selected input parameters, such as soot reaction 

kinetics, soot property, and mixing rate. 

6.4.1.1 Effect of soot reaction kinetics 

Figure 6.2 shows the sensitivity of predicted product yield and temperature to soot reaction 

kinetics. In Figure 6.2 (a), with gradually changing the soot reaction kinetics from A to E 

(listed in Table 6.6), the simulation result of soot yield was close to the experimental result 

step by step. When the reaction kinetics E was employed in the model, the predicted soot 

yield fitted the experimental result well. In Figure 6.2 (b), it can be observed that the varied 

soot reaction kinetics had a little influence on the char conversion along with the reactor 

length. However, when any soot kinetics was employed in the model, the char was completely 

converted at approximate 0.6 m. In Figure 6.2 (c) – (f), we found that the varied soot reaction 

kinetics had an obvious influence on the profiles of gas products yields along with the reactor 

length, while it had negligible influence on the final gas products yields. In compassion to the 

profile of the CO2 and CH4 yields along with the reactor length, the profile of the H2, CO, and 

H2O yields changed a lot with using different kinetics. This probably reveals that the soot-

H2O reaction is more important than the soot-CO2 reaction in the gasification process. When 

the reaction kinetics A, B, and C were used in the model, the soot was gasified very fast and 

completely consumed at the top of the reactor. When the reaction kinetics D was used in the 

model, the soot was completely converted in the middle of the reactor (approximate 1.1 m). In 

Figure 6.2 (g), the initial available O2 from primary gas flow was very quickly consumed by 

gas-phase reactions. The rest O2 from the secondary gas flow gradually mixed with the 

primary gas flow. In Figure 6.2 (f), the added steam from the secondary gas flow also 

gradually mixed with the primary gas flow. The mixing process was accomplished at 

approximate 0.6 m. On the whole, soot reaction kinetics E was reasonable, which made the 

predicted soot yield fit the experimental result and hardly affected the final yields of other 

product. Thus, soot reaction kinetics E was used for parameter validation in section 6.4.1.4. 
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Figure 6.2 Sensitivity of predicted product yield and temperature to soot reaction kinetics: kinetics A-E 

listed in Table 6.6; symbols – experimental results (experiment NO.4 listed in Table 6.1); lines – 

simulation results 

6.4.1.2 Effect of soot property 

Table 6.7 presents the sensitivity of predicted product yield to soot property including pore 
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(pore size, porosity, and tortuosity) hardly affected the product yield. This is probably because 

in the present model the calculated effectiveness factor (η) was always close to one due to the 

very small size of soot particle, indicating the effect of pore diffusion limitation could be 

ignored. The changed soot particle density only affected the effectiveness factor (pore 

diffusion) rather than intrinsic reaction kinetics in the present model. However, the 

effectiveness factor almost stayed at one, thus the soot particle density had negligible 

influence on the product yield in the model. The varied initial size of soot particle, from 50 

nm to 200 nm, changed the soot yield a little, resulting from the changed intrinsic reaction 

kinetics. As shown in equation (6.15), decreasing the initial particle size tended to increase 

the reaction rate and vice versa. According to the above discussion, the soot property did not 

have significant influence on the product yields, thus the standard values of soot property 

(listed in Table 6.7) were used for parameter validation in section 6.4.1.4. 

Table 6.7 Sensitivity of predicted product yield to soot property 

 ρs ds0 dspore εs τs soot H2 CO CO2 
 kg/m3 nm nm - - g/daf kg fuel Nm3/daf kg fuel 

standard values 2000 100 1.0 0.1 9 9.170 0.630 0.691 0.221 
change dspore 2000 100 0.5 0.1 9 9.204 0.630 0.691 0.221 

2000 100 2.0 0.1 9 9.153 0.630 0.691 0.221 
change εs 2000 100 1.0 0.4 9 9.145 0.630 0.691 0.221 

2000 100 1.0 0.7 9 9.141 0.630 0.691 0.221 
change τs 2000 100 1.0 0.1 6 9.159 0.630 0.691 0.221 

2000 100 1.0 0.1 3 9.148 0.630 0.691 0.221 
change ρs 1500 100 1.0 0.1 9 9.162 0.630 0.691 0.221 

1000 100 1.0 0.1 9 9.153 0.630 0.691 0.221 
change ds0 2000 50 1.0 0.1 9 9.145 0.630 0.691 0.221 

2000 200 1.0 0.1 9 9.273 0.630 0.691 0.221 

6.4.1.3 Effect of mixing rate 

Figure 6.3 and Table 6.8 show the sensitivity of predicted product yield and temperature 

profile to mixing rate. In the standard experiment (NO.4 listed in Table 6.1), 10 NL/min 

feeder air was employed to entrain the fuel particles to the reactor in the primary flow. The 

rest air and added steam were supplied by the secondary flow. Three different mixing rates 

were studied under the standard condition. When kmixing increased from 2 to 8, the location for 

complete mixing moved up from the middle to top of the reactor. In Figure 6.3 (a) and Table 

6.8, we observed that the mixing rate affected the soot yield to some degree. The mixing was 

slower, the produced soot was more. This is probably because of the decreased soot 

gasification rate owing to the slower release of H2O*and O2* and thereby slower formation of 

H2O and CO2 at lower mixing rate. In Figure 6.3 (b), char was always completely converted 

at any used mixing rate, but the decreased mixing rate delayed the char conversion. In Figure 
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6.3 (c) – (g) and Table 6.8, we found that the decreased mixing rate had certain influence on 

the profiles of gas products yields due to the slower released and formed reactants, while it 

hardly affected the final gas product yield. For parameter validation in section 6.4.1.4, a 

moderate value of mixing rate (kmixing = 5) was used. 

 

Figure 6.3 Sensitivity of predicted product yield and temperature to mixing rate: symbols – experimental 

results (experiment NO.4 listed in Table 6.1); lines – simulation results 
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Table 6.8 Sensitivity of predicted product yield to mixing rate 

kmixing complete mixing location soot H2 CO CO2 
s-1 m g/daf kg fuel Nm3/daf kg fuel 

2 1.214 12.456 0.626 0.685 0.221 
5 0.474 9.170 0.630 0.691 0.221 
8 0.293 8.478 0.631 0.693 0.221 

6.4.1.4 Parameter validation 

In order to further investigate the validity of the input parameters, soot reaction kinetics E and 

other input parameters shown in Table 6.2 – Table 6.4 were employed in the present model 

under the pyrolysis conditions with different steam/carbon ratios (same as the conditions of 

experiments NO.1, 2, and 3 listed in Table 6.1). The comparison between the simulation and 

experimental results are shown in Figure 6.4 and Figure 6.5. It can be observed that for both 

the soot and gas product yields, the simulation results were globally in good agreement with 

the experimental results. Thus, the used input parameters were reasonable and reliable at the 

applied reaction temperature, and these parameters were used in the following simulations. 

 

Figure 6.4 Pyrolysis products distribution along with the reactor length at different steam/carbon ratio: 

symbols – experimental results (experiments NO.1, 2, and 3 listed in Table 6.1); lines – simulation results 
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(a) soot yield (b) gas yield 

Figure 6.5 Pyrolysis product yields at different steam/carbon ratio: symbols – experimental results 

(experiments NO.1, 2, and 3 listed in Table 6.1); lines – simulation results 

6.4.2 Comparison between experiment and simulation 

6.4.2.1 Effect of residence time 

  
(a) soot yield (b) gas yield 

Figure 6.6 Effect of residence time on product yield: symbols – experimental results (experiments NO.4, 5, 

and 6 listed in Table 6.1); lines – simulation results 

Figure 6.6 shows the comparison between experimental and simulation results of product 
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pyrolysis products distribution, probably because operating conditions were close to the 

equilibrium conditions [27].  

6.4.2.2 Effect of feeder air flow 

Figure 6.7 shows the comparison between experimental and simulation results of product 

yield as a function of feeder air flow. The simulations were conducted for experiments NO. 4, 

7, and 8 listed in Table 6.1. In the present model, we assumed that different feeder air flows 

only affected the mixing, thus the employed kmixing was varied from 2 to 8 with increasing 

feeder air flow from 6 to 14 NL/min. It can be observed that in both experiments and 

simulations, the soot yield decreased and the yield of the individual gas species increased a 

little with increasing feeder air flow. On the whole, the simulation results were in good 

agreement with the experimental results, which confirmed the expectations that mixing was 

very important for the formation of soot. When feeder air flow of 6 NL/min was employed, 

the simulation result clearly underestimated the soot yield and overestimated the H2 yield. It is 

probably because in the experiment employed lower feeder air flow, the mixing at the top of 

the reactor was poor, which led to more soot formation because of tar being converted to soot 

instead of cracking to light gases, mostly H2. However, in the present model, the initial 

produced amounts of soot at different feeder air flows were assumed the same.  

  
(a) soot yield (b) gas yield 

Figure 6.7 Effect of feeder air flow on product yield: symbols – experimental results (experiments NO.4, 7, 

and 8 listed in Table 6.1); lines – simulation results 
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simulations, the soot yield increased a little and the yield of the individual gas species almost 

kept constant with increasing oxygen concentration from 16 to 26 %. The simulation results 

were globally in good agreement with the experimental results. In the experiments, we 

thought that the increasing oxygen concentration could raise the flame temperature, which 

may cause more soot formation [36]. In the present model, we assumed that the initial 

produced amounts of soot at different oxygen concentrations were the same. However, in the 

simulation the soot yield still increased with increasing oxygen concentration. This probably 

reveals that the increased initial produced amounts of soot are not the main reason to 

increasing the soot yield in the experiments. In the experiments and simulations, the increased 

oxygen concentration was obtained by increasing fuel feeding rate and changing gas 

composition but fixing the flows of feeder gas, main gas, and purge gas. At oxygen 

concentration of 16 %, a smaller amount of fuel was carried by the fixed amount of feeder gas, 

which may lead to a higher local excess air ratio at the top of the reactor owing to the 

premixed feeder air and fuel. Thus, much more H2O and CO2 produced locally, resulting in 

more soot was gasified and finally lower soot left at the outlet of the reactor. The gas products 

were nearly independent of the oxygen concentration, because they were close to equilibrium 

at the nominal reactor temperature. 

  
(a) soot yield (b) gas yield 

Figure 6.8 Effect of oxygen concentration on product yield: symbols – experimental results (experiments 

NO.4, 9, and 10 listed in Table 6.1); lines – simulation results 
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gas, and purge gas. It can be observed that in both experiments and simulations, the yields of 

soot, H2, and CO decreased while the CO2 yield increased with increasing excess air ratio 

from 0.25 to 0.35. The simulation results were globally in good agreement with the 

experimental results. At excess air ratio of 0.25, the simulation result clearly underestimated 

the soot yield. This is probably because in the present model, we assumed that the initial 

produced amounts of soot at different excess air ratios were the same. However, in the 

experiments, the initially generated soot might be higher at the lower excess air ratio due to 

the higher fuel feeding rate and lower oxygen content resulting in more soot formation at the 

top of the reactor [27]. The errors in the yields of gas products between the simulations and 

experiments might be related to the gas phase reaction kinetics. 

  
(a) soot yield (b) gas yield 

Figure 6.9 Effect of excess air ratio on product yield: symbols – experimental results (experiments NO.4, 

11, and 12 listed in Table 6.1); lines – simulation results 
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(a) soot yield (b) gas yield 

Figure 6.10 Effect of steam/carbon ratio on product yield: symbols – experimental results (experiments 

NO.4, 13, and 14 listed in Table 6.1); lines – simulation results 

6.4.2.6 Effect of reactor temperature 

  
(a) soot yield (b) gas yield 

Figure 6.11 Effect of reactor temperature on product yield: symbols – experimental results (experiments 

NO.4, 15, and 16 listed in Table 6.1); lines – simulation results 

Figure 6.11 shows the comparison between experimental and simulation results of product 

yield as a function of reactor temperature. The simulations were conducted for experiments 
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in the yields of gas products between the simulations and experiments might be related to the 

employed pyrolysis products distributions and gas phase reaction kinetics. 

6.4.3 Comparison among experiment, simulation and equilibrium 

calculation 

In comparison to the experimental results of wood gasification, simulation and equilibrium 

calculations were performed for the standard experiment, No .4 listed in Table 6.1. There was 

no carbon left in the equilibrium calculation, therefore the equilibrium syngas consisted of CO, 

CO2, H2, and H2O. The comparison among experimental, simulation, and equilibrium 

calculation results are shown in Figure 6.12. In the experiment, H2O cannot be measured and 

thus its yield is estimated on the basis of the hydrogen mass balance. Generally, the results 

obtained from the experiment, simulation, and equilibrium calculation were reasonably 

similar. Comparison between simulation and equilibrium calculation results, it can be found 

that their gas product yields were quite similar. This probably indicates that the gas phase 

reaction kinetics used by the CHEMKIN III subroutine library in the simulation and by the 

FactSage Program in the equilibrium calculation must be very similar in the current operating 

condition (high temperature with steam addition). 

 

Figure 6.12 Comparison among experimental (experiment NO.4 listed in Table 6.1), simulation, and 

equilibrium calculation results 
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Figure 6.13 compares the simulation results with the experimental results shown in Figure 6.6 
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6.13, it can be seen that the largest deviation between simulation and experimental results was 

about 15 % absolute errors. Therefore, it can be conclude that the model generally provided a 

satisfactory description of biomass entrained flow gasification under the applied operating 

conditions. 

 
(a) soot 

  
(b) H2 (c) CO 

  
(d) CO2 (e) CxHy 

Figure 6.13 Comparison between experimental and simulation results in ± 15 % absolute errors 
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6.4.5 Model prediction on complete soot conversion 

Soot, produced at high-temperature entrained flow gasification, is an undesired byproduct, 

which could generate fouling problem in gasification devices [33,38]. Besides, unconverted 

soot in the syngas reduces the efficiency of the gasification process and makes further syngas 

cleaning more comprehensive. In the applied experiments, listed in Table 6.1, char was 

completely converted but soot was always left. Thus, in the present model, the reactor length 

was prolonged to 3 m to improve soot conversion. The standard experiment, No.4 listed in 

Table 6.1, was employed to investigate the effect of reactor length on the soot yield and gas 

product yield. The simulation results are shown in Figure 6.14. It can be observed that with 

increasing the reactor length, the soot was completely converted after 2.5 m. When the reactor 

length was between 2 and 2.5 m, the yields of H2 and CO increased while the CO2 yield 

almost kept constant. When the reactor length was longer than 2.5 m, these gas products 

yields nearly remained unchanged. Therefore, it is suggested that the reactor length of 2.5 – 3 

m is suitable for soot removal in the present work. 

  
(a) soot yield (b) gas yield 

Figure 6.14  Effect of reactor length on product yield: symbols – experimental results (experiment NO.4 in 

Table 6.1); lines – simulation results 

6.5 Conclusions  

A mathematic model with detailed gas phase chemistry was developed to describe entrained 

flow gasification of biomass. The present model included mixing, drying and pyrolysis, 

homogeneous and heterogeneous reactions, and mass and heat transfer in solid and gas phase. 

It is able to predict syngas composition, particularly soot, under different operating conditions. 

The simulations were performed under different operating conditions by changing residence 

time, feeder air flow, oxygen concentration, excess air ratio, steam/carbon ratio, and reactor 
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temperature. All the simulation results of the soot and gas product yields generally coincided 

with the experimental results well. The differences between simulation and experimental 

results for each product might be mainly caused by the errors in the estimation of the 

pyrolysis product distribution, solid-gas reaction kinetics, and simple assumption of mixing, 

which were below approximate 15 % absolute error. The experimental, simulation, and 

equilibrium calculation results under the standard condition were compared. Generally, they 

were reasonably similar, especially the simulation and equilibrium calculation results, 

probably related to the similar gas phase chemistry used in them. Under a reasonable 

gasification condition (t = 3.1 s, feeder air flow = 10 NL/min, oxygen concentration = 21 %, 

excess air ratio = 0.3, steam/carbon ratio = 0.5, and reactor temperature = 1400 °C), 2.5 – 3 m 

reactor is suitable for completely soot conversion and optimizing the gas composition 

(maximum yields of H2 and CO). On the whole, it can be confirmed that most features of 

biomass entrained flow gasification under a wide range of operating conditions can be 

identified and predicted reliably by the present model.  

6.6 Notation 

A = cross section area of entrained flow reactor (m2) 
Ac0 = pre-exponential factor in char gasification reaction (s-1MPa-m) 
As0 = pre-exponential factor in soot gasification reaction (s-1MPa-m) 
asc = total external surface area of char particles (m2s-1) 
ass = total external surface area of soot particles (m2s-1) 
aw = external surface area of entrained flow reactor per length (m) 
Cpc = molar heat capacity of char (Jmol-1K-1) 
Cpg = molar heat capacity of gas (Jmol-1K-1) 
Cps = molar heat capacity of soot (Jmol-1K-1) 
Ec = activation energy in char gasification reaction (Jmol-1) 
Es = activation energy in soot gasification reaction (Jmol-1) 
ec = char emissivity (-) 
es = soot emissivity (-) 
dc0 = initial diameter of char (m) 
ds0 = initial diameter of soot (m) 
dcpore = diameter of pore in char (m) 
dspore = diameter of pore in soot (m) 
Fc = molar flow rate of char (mol/s) 
Fg = molar flow rate of gas (mol/s) 
Fs = molar flow rate of soot (mol/s) 
Fc0 = initial molar flow rate of char (mol/s) 
Fs0 = initial molar flow rate of soot (mol/s) 
Fwc = view factor between reactor wall and char particles (-) 
Fws = view factor between reactor wall and soot particles (-) 
FO2 = molar flow rate of oxygen (mol/s) 
FN2 = molar flow rate of nitrogen (mol/s) 
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FH2O = molar flow rate of steam (mol/s) 
hsc = convection heat transfer coefficient between char and gas (Wm-2K-1) 
hss = convection heat transfer coefficient between soot and gas (Wm-2K-1) 
hw = convection heat transfer coefficient between wall and gas (Wm-2K-1) 
∆Hc = heat of char gasification reaction  (Jmol-1) 
∆Hg = heat of gas phase reaction (Jmol-1) 
∆Hs = heat of soot gasification reaction (Jmol-1) 
L = reactor length (m) 
mc = reaction order for gas phase in char gasification reaction (-) 
ms = reaction order for gas phase in soot gasification reaction (-) 
nc = reaction order for solid phase in char gasification reaction (-) 
ns = reaction order for solid phase in soot gasification reaction (-) 
Pc = gas partial pressure at the char surface (MPa) 
Ps = gas partial pressure at the soot surface (MPa) 
R = ideal gas constant (Jmol-1K-1) 
Rc = radius of char (m) 
Rs = radius of soot (m) 
Rc0 = initial radius of char (m) 
Rs0 = initial radius of soot (m) 
rc = char gasification reaction rate (mols-1m-1) 
rg = gas phase reaction rate (mols-1m-3) 
rs = soot gasification reaction rate (mols-1m-1) 
Tc = char temperature (K) 
Tg = gas temperature (K) 
Ts = soot temperature (K) 
Tw = reactor wall temperature (K) 
t = residence time  (s) 
v = gas and solid velocity  (m/s) 
εc = porosity of char (-) 
εs = porosity of soot (-) 
ηc = effectiveness factor in char gasification reaction (-) 
ηs = effectiveness factor in soot gasification reaction (-) 
θ = stoichiometric ratio in solid-gas reaction (-) 
ρc = density of char (Kgm-3) 
ρs = density of soot (Kgm-3) 
σ = Stefan-Boltzmann constant (Wm-2K-4) 
τc = tortuosity of char (-) 
τs = tortuosity of soot (-) 
subscript 
i = reaction number (-) 
j = gas species (-) 
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Chapter 7 Conclusions and suggestions for 

future work  

The objective of the present work is to contribute to an increased knowledge on biomass 

entrained flow gasification. This information should be helpful to support the development of 

commercial entrained flow biomass gasifiers. A comprehensive literature study of biomass 

entrained flow gasification was presented. An experimental study on biomass entrained flow 

gasification was conducted, and a mathematic model of biomass entrained flow gasification 

was developed on the basis of the obtained experimental results. An experimental study on 

entrained flow co-gasification of biomass and coal was also conducted, because the first step 

to use biomass is to apply it together with coal in the plants originally designed only for coal. 

The conclusions are summarized and suggestions for further work are given. 

7.1 Conclusions 

Biomass gasification was investigated in a laboratory-scale atmospheric pressure entrained 

flow reactor. The experimental study focused on the effects of operating parameters and 

biomass types on the yields of gas (H2, CO, CO2, and light hydrocarbons) and residual 

particulates (char and soot). Six operating parameters, reactor temperature (1000 – 1400 °C), 

steam/carbon ratio (0.0 – 1.0), excess air ratio (0.25 – 0.50), oxygen concentration (5 – 26 %), 

feeder gas flow (6 – 14 NL/min), and residence time (2.4 – 6.0 s) were selected due to their 

intimate association with practical application. Wood (beech sawdust), straw (pulverized 

wheat straw pellets), and lignin (byproduct from a straw ethanol plant), which are typical 

forestry, agricultural, and industrial wastes respectively, were used as biomass fuels. In all 

gasification experiments, most biomass carbon was partitioned to CO and CO2. The part of 

biomass carbon to light hydrocarbons decreased gradually with increasing the reactor 

temperature. Moreover, the biomass carbon that was not completely converted to gas only 

appeared as soot particles except for two experiments performed at 1000 °C without steam 

addition where a very small amount unconverted of char was also left. In the high-

temperature gasification experiments (> 1200 °C), the carbon mass balance closures were 

reasonable, typically higher than 90 %, except for a few experiments conducted at 1000 and 

1100 °C (approximate 10 – 20 % gap) probably due to the deposited carbonaceous products 

on the reactor wall. H2 and CO are the desired products during entrained flow gasification, 

while soot is the main byproduct and is required to be removed or minimized. Increasing the 
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reactor temperature, increasing the steam/carbon ratio, and decreasing the excess air ratio 

were beneficial to increasing the H2 yield. Increasing the reactor temperature, decreasing the 

steam/carbon ratio, and decreasing the excess air ratio were helpful to increasing the CO yield. 

Changing oxygen concentration, feeder air flow, and residence time did not affect the H2 and 

CO yield noticeably. The soot yield was reduced by employing a higher reactor temperature, 

higher steam/carbon ratio, higher excess air ratio, lower oxygen concentration, larger feeder 

air flow, and longer residence time. Wood, straw, and lignin gasification exhibited similar gas 

compositions. However, the soot yield was much lower during straw gasification than that 

during both wood and lignin gasification, probably related to the high potassium content in 

straw. Besides a comprehensive experimental study on biomass gasification, a few biomass 

pyrolysis experiments were also conducted to obtain a better understanding of the whole 

gasification process. In the pyrolysis experiments, besides the contribution of CO and CO2, 

soot also contributed obviously to the closure of carbon mass balance. In comparison to 

gasification, higher yields of H2, CO, and soot were produced during pyrolysis. On the basis 

of our present work, it can be concluded that high-temperature (> 1200 °C) entrained flow 

air/steam gasification of biomass can achieve a high carbon conversion within a few seconds 

of residence time and a high-quality syngas without tar while with a low but not negligible 

amount of soot. Increasing the excess air ratio, feeder air flow, and residence time can further 

reduce the amount of soot in syngas. In addition, FactSage Program was employed to 

calculate the equilibrium product composition under the applied operating conditions in the 

gasification experiments. At high temperature with steam addition, the experimental results 

were close to the gas composition obtained by equilibrium calculation. Therefore, high 

temperature and steam addition can help the experimental results approaching to the 

equilibrium product composition. 

In all biomass gasification experiments, residual particulates were always left in the metal 

filter, while residual particulates were observed in the cyclone only in two experiments 

conducted at 1000 °C without steam addition. STA was employed to analyze the composition 

(moisture, organic matters, volatilizable inorganic compound, and residual ash), reactivity and 

kinetics of the obtained solid samples. SEM with EDS was employed to analyze their 

morphology and elemental distribution. During wood gasification, soot was the major part of 

the filter sample, which appeared as agglomerated nano-size spheres (< 100 nm) being rich in 

carbon. In comparison to wood gasification, the filter sample obtained from straw gasification 

had quite low content of soot while high contents of volatilizable KCl and K2SO4 and 
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appeared as irregular crystals (> 100 nm) due to the deposited KCl and K2SO4 on the soot 

surface. The filter sample obtained from the lignin gasification experiment mainly consisted 

of soot and non-volatilizable inorganic matter due to the high silica and calcium contents in 

lignin. The obtained cyclone sample was char. The parent wood particles and the derived 

wood char particles had a layered structure with a loose and porous texture and appeared as 

similar size and shape. However, the derived wood char particle surface looked smoother. 

These observations indicated that only some degree of melting rather than complete melting 

took place on the wood char particles which were obtained from the gasification experiment 

conducted at 1000 °C without steam addition. In the study on the reactivity and kinetics of the 

wood soot and wood char, it can be found that the wood char was more reactive than the 

wood soot with respect to both oxidation and CO2 gasification probably due to a less ordered 

structure of carbon in the char compared to the soot. For both the wood soot and char, the 

reaction order with respect to the solid phase was found to be 1.0 during oxidation and to be 

0.5 during gasification. In the wood soot and char oxidation, the reaction order with respect to 

the gas phase was 0.99 and 0.71 respectively. In the wood soot and char CO2 gasification, the 

reaction order with respect to the gas phase was 0.54 and 0.12 respectively. The activation 

energy of the wood soot conversion is higher than that of the wood char conversion. This 

difference in reactivity was a possible evidence to explain why char was generally fully 

converted in the conducted biomass gasification experiments while soot was not. Moreover, 

we also found that the wood soot produced at a higher temperature was more reactive than the 

soot produced at a lower temperature. 

Coal gasification and biomass and coal co-gasification experiments were performed in the 

same entrained flow reactor. Compared with biomass gasification, coal gasification yielded 

less gas products because coal had lower volatile content and a relatively worse fuel 

conversion. This indicates that lower oxygen to fuel ratio is needed to accomplish biomass 

gasification, which is beneficial to the process economy. The effect of mixing ratio on co-

gasification of straw/wood, straw/coal, and wood/coal were investigated at 1400 °C with 

steam addition. The yields of residual particulates decreased with increasing straw fraction 

during straw/wood co-gasification and with increasing biomass fraction (straw or wood) 

during biomass/coal co-gasification. Moreover, the measured yields of residual particulates in 

the co-gasification experiments were lower than the calculated values from their weighted 

yields in the individual biomass gasification experiments, indicating a synergistic effect of co-

gasification. The yields of H2, CO, and CO2 nearly kept constant with changing mixing ratio 
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during straw/wood co-gasification due to the similar gas composition in straw and wood 

gasification, while increased with increasing biomass mixing ratio during biomass/coal co-

gasification because of the more reactive biomass char leading to an improved char 

conversion. The H2/CO molar ratio increased with increasing biomass mixing ratio, indicating 

that adding biomass increased H2 more than CO. 

A mathematic model was developed to describe biomass entrained flow gasification. The 

model included mixing, drying and pyrolysis, char-gas and soot-gas reactions, detailed gas-

phase reactions, and mass and heat transfer. The simulations were performed under different 

operating conditions applied in the wood gasification experiments. The simulation results 

usually compared well with the experimental data. However, there were still certain 

difference between the simulation and experimental results, which might be mainly caused by 

the errors in the estimation of the pyrolysis product distribution, solid-gas reaction kinetics, 

and simple assumption of mixing. Besides, the simulation and equilibrium calculation results 

were also similar. On the whole, the model has a reasonable ability to predict syngas 

composition, particularly the amount of soot, under different gasification conditions. 

Moreover, the simulation result suggested that 2.5 – 3 m reactor was suitable for complete 

soot conversion and optimizing the gas composition (maximum yields of H2 and CO) under a 

reasonable gasification condition (reactor temperature = 1400 °C, steam/carbon ratio = 0.5, 

excess air ratio = 0.3, oxygen concentration = 21 %, feeder air flow = 10 NL/min, and 

residence time = 3.1 s). 

7.2 Suggestions for future works 

In all experiments conducted in the entrained flow reactor, the syngas products were obtained 

at the outlet of the reactor, so the intermediate process and product along with the reactor 

length is unknown. If the syngas products can be sampled at different location along with the 

reactor length in the future work, a more comprehensive understanding of the whole 

gasification process and deeper information of reaction mechanism can be obtained.  

The carbon mass balance closure was reasonable in all experiments, typically > 90 %, except 

for biomass gasification experiments conducted at 1000 – 1100 °C and coal gasification 

experiments conducted at 1200 °C (the lowest temperature used in coal gasification 

experiments). The gap (approximate 10 – 20 %) was probably caused by the deposited 

carbonaceous products (e.g. unreacted char, soot, and tar) on the reactor wall, uncollected tar 

compounds by Petersen column, and unmeasured tar by the employed method. A standard 
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method of tar sampling and analysis should be used during relatively low-temperature 

gasification in the future work, which can determine the relative importance of these possible 

reasons.  

In the biomass gasification experiments, we found that straw gasification yielded much less 

soot than both wood and lignin gasification. This is probably related to the high potassium 

content in straw but is still unclear. In the biomass and coal co-gasification experiments, a 

synergistic effect on the yield of residual particulates (char and soot) was observed. The 

possible reasons were discussed in the present work but the main reason is still undetermined. 

Thus, pretreated materials, such as wood with additives, leached straw, and leached coal, are 

expected to be used during individual fuel gasification and mixtures of these pretreated 

materials are also expected to be used during co-gasification experiments. These new 

increased results can be used to verify the discussed explanations. 

In the biomass gasification experiments conducted at high temperatures, char was completely 

converted but soot was always left. The unconverted soot particles reduce the fuel conversion 

and gasification efficiency and are required to be removed or minimized. Thus, the knowledge 

on characterization of soot is needed. The composition, morphology, and kinetics (oxidation 

and CO2 gasification) of soot were investigated by STA and SEM with EDS analysis in the 

present work. However, some additional information of soot is still required: elemental 

composition, particle size distribution, intrinsic structure, and soot-H2O reaction kinetics.  

In the model work on biomass entrained flow gasification, the initial pyrolysis products 

distribution was estimated on the basis of the final products distribution obtained at the outlet 

of the reactor in the pyrolysis experiments. During high-temperature pyrolysis, the 

considerable difference between the initial pyrolysis products distribution at the top of the 

reactor and final pyrolysis products distribution at the bottom of reactor might exist, 

especially for solid particles due to their rapid consuming rate. If the pyrolysis products can 

be sampled at the top of the reactor in the future experimental investigation, then the 

measured initial pyrolysis products distribution can be applied to the model and thereby 

improve the prediction accuracy. Besides, if the pyrolysis products can be sampled at 

different location along with the reactor length, the obtained experimental data should be 

helpful to further model validation. With respect to tar destruction and soot formation in the 

model, we assumed that tar was completely converted to soot immediately in the high-

temperature pyrolysis process (> 1200 °C). If the composition of tar and soot and the reaction 

mechanism of tar destruction and soot formation can be included, then the model can predict 
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the soot yield with greater accuracy during high-temperature gasification and also can predict 

the tar and soot yields during relatively low-temperature gasification. Moreover, the soot 

reaction kinetics was measured at low temperatures (< 1000 °C) in STA. Soot reaction 

kinetics at high temperatures used in the model was estimated by the measured kinetics at low 

temperatures, which may lead to certain errors in the prediction. If the kinetics of soot 

reaction can be measured at high temperatures, the uncertainty of soot reaction rate in the 

model can be reduced.  
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Appendix 

A.1 Temperature profile in the entrained flow reactor 

The axial temperature profile in the entrained flow reactor at setting temperature of 1000 °C 

without fuel feeding was roughly monitored by using a thermocouple of S type (the positive 

wire: 90 % platinum and 10 % rhodium;  the negative wire: 100 % platinum). The measured 

axial temperature profile is shown in Figure A.1. It can be observed that a reasonably uniform 

temperature, which was close to the setting temperature, was achieved in the reaction tube 

except its top and end. A lower temperature at the top of the reactor was caused by the 

injection of cold feeder gas (10 NL/min). The temperature at the end of the reactor dropped 

sharply due to the applied water-cooled bottom. Therefore, in an experiment, as the fuel and 

gas are injected into the reactor, they and/or the products undergo a sequence of three thermal 

processes: heating, isothermal, and cooling. 

 

Figure A.1 Temperature profile in the entrained flow reactor at setting temperature of 1000°C without 

fuel feeding  

A.2 Fuel feeding rate and syngas composition 

During an experiment, numerous data were logged. Most data were sampled automatically by 

Labview, such as reactor pressure, fuel feeding rate, and gas concentration (measured by the 

NDIR gas analyzer). The data were typically logged with an interval of one second. Other 

data were logged manually or semi-automatically, such as reactor temperature, gas flow, and 

gas concentration (measured by the Micro GC).  Figure A.2 and Figure A.3 show the most 

important online data (the fuel feeding rate and the gas concentration measured by the NDIR 

gas analyzer) automatically logged during some typical gasification and co-gasification 
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experiments. These typical experiments were conducted under the same operating condition: 

feeder air flow = 10 NL/min, oxygen concentration = 21 %, excess air flow = 0.3, 

steam/carbon ratio = 0.5, and reactor temperature = 1400 °C. The setting point of fuel feeding 

rate during these experiments is listed in Table A.1. A small deviation (< 2 %) between the 

attained fuel feeding rate and the setting point was observed when the experimental condition 

reached a stable state. The NDIR gas analyzer was calibrated every day prior to the 

experiment. The general information about measurement and calibration of the NDIR gas 

analyzer is listed in Table A.2.  In Figure A.2 and Figure A.3, it can be observed that the 

produced CO concentration was out of the calibrated measurement range that was restricted 

by the range of upper limit and calibrating gas composition, thus the accuracy of CO 

measurement was uncertain. The data collected by the NDIR gas analyzer were used as 

reference values to compare with the collected data by the Micro GC. Besides, these data 

were also used to determine if the experimental condition reached a stable state.  

(a) fuel: wood (b) fuel: straw 

(c) fuel: dried lignin (d) fuel: coal 

Figure A.2 The fuel feeding rate and the syngas composition measured by the NDIR gas analyzer during 

some typical gasification experiments (operating condition: feeder air flow = 10 NL/min, oxygen 

concentration = 21 %, excess air flow = 0.3, steam/carbon ratio = 0.5, and reactor temperature = 1400 °C) 
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(a) fuel: 50 th % straw + 50 th % wood 

(b) fuel: 50 th % straw + 50 th % coal (c) fuel: 50 th % wood + 50 th % coal 

Figure A.3 The fuel feeding rate and the syngas composition measured by the NDIR gas analyzer during 

some typical co-gasification experiments (operating condition: feeder air flow = 10 NL/min, oxygen 

concentration = 21 %, excess air flow = 0.3, steam/carbon ratio = 0.5, and reactor temperature = 1400 °C) 

Table A.1 The setting point of fuel feeding rate during some typical gasification and co-gasification 

experiments (operating condition: feeder air flow = 10 NL/min, oxygen concentration = 21 %, excess air 

flow = 0.3, steam/carbon ratio = 0.5, and reactor temperature = 1400 °C) 

fuel fuel feeding rate 
- g/h 

wood 766.4 
straw 770.6 

dried lignin 588.3 
coal 465.1 

50 th % straw + 50 th % wood 768.5 
50 th % straw + 50 th % coal 617.9 
50 th % wood + 50 th % coal 615.8 

Table A.2 The general information about measurement and calibration of the NDIR gas analyzer 

gas species range of upper limit calibrating gas 
- % % 

O2 10 9.52 
CO 5 4.51 
CO2 25 18.8 
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The Micro GC was started to measure the gas concentration when the fuel feeding rate and 

the gas concentration measured by the NDIR gas analyzer reached a stable state. The general 

information about the Micro GC is listed in Table A.3. The sampling interval for the Micro 

GC measurement is significantly longer than one second obtainable for the NDIR gas 

analyzer. Typically, the Micro GC provides data with a six-minute interval. The employed 

calibrating gas for the Micro GC calibration is listed in Table A.4. The measured syngas 

composition during some typical gasification and co-gasification experiments is listed in 

Table A.5. The operating conditions of these typical gasification and co-gasification 

experiments were mentioned above. The corresponding measured chromatograph data during 

these typical gasification and co-gasification experiments are shown in Figure A.4 - Figure 

A.10. Compared Table A.5 with Figure A.2 and Figure A.3, good correlation between the 

NDIR gas analyzer and the Micro GC measurement was observed. 

Table A.3 The general information about the Micro GC 

channel  column carrier gas 

A molsieve, 30m×320µm×12µm He 
B plotU, 8m×320µm×30µm He 
C molsieve, 10m×320µm×12µm N2 

Table A.4 The employed calibrating gas for the Micro GC calibration  

calibrating gas gas species in N2 

NO. O2 CO CO2 CH4 C2H6 C2H4 C2H2 C3H8 C3H6 H2 

1 1% - - - - - - - - - 

2 9.52% 4.51% 18.8% - - - - - - - 

3 - - 1.9% - - - - - - - 

4 - 50% - - - - - 1000ppm - - 

5 - - - 1% - - - - - - 

6 - - - 5% - - - - - - 

7 - - - - 1.01% 1.02% 0.996% - 5% - 

8 - - - - - - - - - 10% 

9 - - - - - - - - - 50% 

Table A.5 The syngas composition measured by the Micro GC during some typical gasification and co-

gasification experiments (operating condition: feeder air flow = 10 NL/min, oxygen concentration = 21 %, 

excess air flow = 0.3, steam/carbon ratio = 0.5, and reactor temperature = 1400 °C) 

fuel gas concentration (%) 
- O2 N2 CO CO2 H2 

wood 0.92 48.93 22.05 9.17 19.60 
straw 0.68 46.98 22.34 9.06 20.37 

dried lignin 0.92 50.18 22.72 6.95 19.00 
coal 0.92 52.16 21.89 6.34 17.82 

50 th % straw + 50 th % wood 0.81 48.34 22.30 9.69 19.99 
50 th % straw + 50 th % coal 0.89 49.82 23.44 7.71 19.69 
50 th % wood + 50 th % coal 0.93 48.97 22.71 7.72 19.00 
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(a) channel A 

 
(b) channel B 

 
(c) channel C 

Figure A.4 The chromatograph data of syngas composition measured by the micro GC during wood 

gasification experiment (operating condition: feeder air flow = 10 NL/min, oxygen concentration = 21 %, 

excess air flow = 0.3, steam/carbon ratio = 0.5, and reactor temperature = 1400 °C) 
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(a) channel A 

 
(b) channel B 

 
(c) channel C 

Figure A.5 The chromatograph data of syngas composition measured by the micro GC during straw 

gasification experiment (operating condition: feeder air flow = 10 NL/min, oxygen concentration = 21 %, 

excess air flow = 0.3, steam/carbon ratio = 0.5, and reactor temperature = 1400 °C) 
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(a) channel A 

 

 
(b) channel B 

 
(c) channel C 

Figure A.6 The chromatograph data of syngas composition measured by the micro GC during dried lignin 

gasification experiment (operating condition: feeder air flow = 10 NL/min, oxygen concentration = 21 %, 

excess air flow = 0.3, steam/carbon ratio = 0.5, and reactor temperature = 1400 °C) 
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(a) channel A 

 
(b) channel B 

 
(c) channel C 

Figure A.7 The chromatograph data of syngas composition measured by the micro GC during coal 

gasification experiment (operating condition: feeder air flow = 10 NL/min, oxygen concentration = 21 %, 

excess air flow = 0.3, steam/carbon ratio = 0.5, and reactor temperature = 1400 °C) 
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(a) channel A 

 
(b) channel B 

 
(c) channel C 

Figure A.8 The chromatograph data of syngas composition measured by the micro GC during 50 th % 

straw and 50 th % wood co-gasification experiment (operating condition: feeder air flow = 10 NL/min, 

oxygen concentration = 21 %, excess air flow = 0.3, steam/carbon ratio = 0.5, and reactor temperature = 

1400 °C) 
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(a) channel A 

 
(b) channel B 

 
(c) channel C 

Figure A.9 The chromatograph data of syngas composition measured by the micro GC during 50 th % 

straw and 50 th % coal co-gasification experiment (operating condition: feeder air flow = 10 NL/min, 

oxygen concentration = 21 %, excess air flow = 0.3, steam/carbon ratio = 0.5, and reactor temperature = 

1400 °C) 
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(a) channel A 

 
(b) channel B 

 
(c) channel C 

Figure A.10 The chromatograph data of syngas composition measured by the micro GC during 50 th % 

wood and 50 th % coal co-gasification experiment (operating condition: feeder air flow = 10 NL/min, 

oxygen concentration = 21 %, excess air flow = 0.3, steam/carbon ratio = 0.5, and reactor temperature = 

1400 °C) 

 


