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Summary 

Biomass is considered as a renewable and carbon-neutral energy source, and has been utilized as a 

substitute for fossil fuels. Fluidized bed combustion and gasification are promising technologies for 

biomass utilization. However, agglomeration in fluidized bed combustion and gasification of biomass, 

caused by the presence of molten phase originated from biomass, affects the operation of the reactors, 

and may eventually lead to defluidization and unscheduled shut down of the plant. Therefore, an in-

depth understanding of agglomeration in fluidized bed combustion and gasification of biomass and 

the development of countermeasures for minimizing the operational problems caused by 

agglomeration are important.  

Systematic experiments on agglomeration during combustion and gasification of biomass were 

carried in a lab-scale bubbling fluidized bed reactor. The experiments focused on the influence of 

equivalence ratio (ER) in air blown, air/steam and air/carbon dioxide gasification. The influence of 

biomass type on agglomeration was studied in the same way. Different techniques, such as scanning 

electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX), X-ray diffraction 

(XRD), and thermogravimetric analysis (TGA), were applied for characterization of agglomerates, 

biomass ash, and char. The fusion behaviors of the ash were investigated a fixed bed reactor under 

combustion and gasification conditions to further understand the influence of gas atmosphere on 

agglomeration. The thermodynamic equilibrium calculations were carried out to shed light upon the 

distribution of potassium in the ash under the experimental conditions. A pulsed flow was applied to 

explore the possibility of mitigating the agglomeration in fluidized bed combustion/gasification of 

biomass and its effect on the conversion process. 

Combustion and gasification of wheat straw at different ERs in the fluidized bed reveal a trend that 

the agglomeration tendency first increases gradually with decreasing ER. When ER reaches a critical 

value, the agglomeration tendency decreases with further decreasing ER. It has been observed that 

the amount of unconverted carbon in the bed increases as ER decreases. By adding a high 

concentration of steam to the fluidized bed, the agglomeration is promoted. However, when carbon 

dioxide is added, slightly lower agglomeration tendency is observed. The visual examination of the 

fusion behaviors of wheat straw ash in the fixed bed indicates that the ash obtained from gasification 

with steam has the highest fusion tendency followed by the ash from combustion with presence of 

steam and lastly the ash from normal combustion. The experimental results indicate that an enhanced 

reducing atmosphere may result in a slightly higher agglomeration tendency, probably due to an 

increased melting of ash. The inhibition effect of residual carbon on the agglomeration is probably 

attributed to a reduced fusion tendency and melting flow behavior of ash and a retarded interaction 

between ash and bed material. The competition between an enhanced reducing atmosphere and an 
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increased amount of unconverted carbon by lowering ER results in the occurrence of a maximal 

agglomeration tendency at a critical ER. The presence of high concentration of steam accelerates the 

agglomeration probably due to an increased carbon conversion and a lowered ash viscosity, which 

also leads to a lower critical ER value.  

Combustion and gasification of sunflower husk in the fluidized bed indicate that a reducing 

atmosphere, a high concentration of steam, and the residual carbon show consistent influences on the 

agglomeration of sunflower husk and wheat straw, although the agglomeration tendency of sunflower 

husk ash is higher than that of wheat straw ash in both combustion and gasification. In the air blown 

system, the critical ERs of sunflower husk and wheat straw are 0.04 and 0.36, respectively. The 

differences in agglomeration characteristics of these two types of biomass may be attributed to their 

different char reactivity and different molar ratios of silicon to potassium, which are 1.56 and 0.04, 

respectively, for wheat straw and sunflower husk. Different with wheat straw, the accelerated 

agglomeration of sunflower husk under a reducing atmosphere and a high concentration of steam may 

be attributed to their promotive effect on the interaction between sunflower husk ash and bed material. 

The results of TGA experiments indicate that sunflower husk has a higher char reactivity than wheat 

straw, leading to a less amount of residual carbon during gasification of biomass, and thereby causing 

a reduced inhibition effect of residual carbon. Compared to wheat straw, the lower critical ER of 

sunflower husk may be attributed to a higher char reactivity and a different mechanism of reducing 

atmosphere on agglomeration results from a lower molar ratio of silicon to potassium in sunflower 

husk. Gasification of two batches of wheat straw show that the straw with a lower char reactivity has 

a lower agglomeration tendency in gasification at low ERs due to a more pronounced inhibition effect 

caused by a higher amount of residual carbon.  

The results of pulsed fluidized bed experiments suggest that the introducing of a pulsed flow in the 

primary gas mitigates the agglomeration in fluidized bed combustor and gasifier, and the pulsed flow 

shows a minor effect on the combustion behaviors. Among the parameters that have been studied, the 

pulsation duty cycle shows the most significant effect on the agglomeration tendency, while the 

pulsation frequency shows the least impact. Under the combination of pulsation flow rate ratio of 0.4, 

pulsation frequency of 1.5 Hz and pulsation duty cycle of 25/75, the amounts of straw fed for inducing 

defluidization are 151.7% and 137.5% of that at the condition with the continuous flow for 

combustion and gasification, respectively.  

The results of this work reveal that the agglomeration in fluidized bed combustion and gasification 

of biomass can be promoted by a reducing atmosphere and mitigated by the residual carbon. A 

decrease in ER results in an enhanced reducing atmosphere and an increased amount of residual 

carbon, and the competition between two factors results in the occurrence of a maximal agglomeration 

tendency at a critical ER. The presence of high concentration of steam accelerates the agglomeration 

tendency of biomass. A higher char reactivity leads to a reduced inhibition effect of residual carbon, 

thus causing a promoted agglomeration. An increase in steam concentration and char reactivity will 
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result in a decreased critical ER. The different molar ratios of silicon to potassium for different types 

of biomass may result in different agglomeration tendency and mechanisms. The observed results 

indicate that the application of pulsed fluidized bed of promising to mitigate the agglomeration during 

combustion and gasification of biomass and shows insignificant effect on conversion behaviors. 
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Dansk resumé 

Biomasse betragtes som en vedvarende og kulstofneutral energikilde og er blevet brugt som erstatning 

for fossile brændstoffer. Forbrænding of forgasning i fluid bed reaktorer er lovende teknologier til 

anvendelse af biomasse. Imidlertid forårsager tilstedeværelsen af smeltet fase fra biomasseaske 

agglomerering under forbrænding og forgasning, hvilket i værste fald kan føre til defluidisering og 

uønsket lukning af anlægget. Det er derfor yderst vigtigt at opnå en dybtgående forståelse af 

agglomerering under fluid bed forbrænding og forgasning af biomasse for dermed at kunne udvikle 

modforanstaltninger for at minimere de operationelle problemer forårsaget af agglomerering. 

Systematiske eksperimenter med agglomerering under forbrænding og forgasning af biomasse blev 

udført i en boblende fluid bed-reaktor i laboratorieskala. Eksperimenterne fokuserede på indflydelsen 

af ækvivalensforholdet (ER) under luft, luft/damp og luft/carbondioxid -forgasning. Indflydelsen af 

biomassetype på agglomereringen blev undersøgt på samme måde. Forskellige teknikker, såsom 

scanningelektronmikroskopi med energidispersiv røntgenspektroskopi (SEM-EDX), 

røntgendiffraktion (XRD) og termogravimetrisk analyse (TGA) blev anvendt til karakterisering af 

agglomerater, biomasseaske og kul. Askens smelteadfærd blev undersøgt i en fixed bed reaktor under 

forbrændings- og forgasningsbetingelser for yderligere at forstå indflydelsen af gasatmosfære på 

agglomerering. Termodynamiske ligevægtsberegninger blev udført for at belyse fordelingen af 

kalium i asken under de eksperimentelle betingelser. En pulserende strøm blev anvendt for at 

undersøge muligheden for at reducere agglomerering i fluid bed forbrænding/forgasning af biomasse 

og dens virkning på omdannelsesprocessen. 

Fluid bed forbrænding og forgasning af hvedehalm ved forskellige ER afslører, at 

agglomereringstendensen først øges gradvist med faldende ER. Når ER når en kritisk værdi, begynder 

agglomereringstendensen at falde med yderligere faldende ER. Det blev observeret, at mængden af 

ureageret kulstof i beden stiger, når ER falder. Ved at tilføje en høj koncentration af damp til fluid 

beden fremmes agglomerering. Når carbondioxid tilsættes, observeres der dog en lidt lavere 

agglomereringstendens. Den visuelle undersøgelse af smelteadfærden af hvedehalmaske i beden 

indikerer, at asken opnået ved forgasning med damp har den højeste fusionstendens efterfulgt af asken 

fra forbrænding med tilstedeværelse af damp og sidst af asken fra normal forbrænding. De 

eksperimentelle resultater indikerer, at en i høj grad reducerende atmosfære kan resultere i en lidt 

højere agglomereringstendens sandsynligvis på grund af en øget smeltning af asken. 

Inhiberingseffekten af resterende kulstof på agglomerationen tilskrives sandsynligvis en reduceret 

fusionstendens og askensmeltens strømningsadfærd og en forsinket interaktion mellem aske og 

bedmaterialet. Konkurrencen mellem en meget reducerende atmosfære og en øget mængde ikke-

omdannet kulstof ved at sænke ER resulterer i forekomsten af en maksimal agglomereringstendens 
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ved en kritisk ER. Tilstedeværelsen af en høj dampkoncentration fremskynder agglomereringen 

sandsynligvis på grund af en øget kulstofomdannelse og en sænket askeviskositet, hvilket også fører 

til en lavere kritisk ER-værdi. 

Fluid bed forbrænding og forgasning af solsikkefrøskal indikerer, at en reducerende atmosfære, en 

høj koncentration af damp og det resterende kulstof viser ensartet indflydelse på agglomereringen af 

solsikkefrøskal og hvedehalm, skønt agglomereringstendensen for solsikkefrøskal er højere end af 

hvedehalmaske i både forbrænding og forgasning. I det luftblæste system er de kritiske ER værdier 

af solsikkefrøskal og hvedehalm henholdsvis 0,04 og 0,36. Forskellene i 

agglomereringskarakteristika for disse to typer af biomasse kan tilskrives deres forskellige silicium 

til kalium molforhold og koks-reaktivitet. De signifikant forskellige molforhold mellem silicium til 

kalium, som henholdsvis er 1,56 og 0,04 for hvedehalm og solsikkefrøskal. Forskellig fra hvedehalm 

kan den accelererede agglomerering af solsikkefrøskal under en reducerende atmosfære og en høj 

koncentration af damp tilskrives deres promoverende virkning på interaktionen mellem 

solsikkefrøskal og bedmateriale. Resultaterne af TGA-eksperimenter indikerer, at solsikkefrøskal har 

en højere koks-reaktivitet end hvedehalm, hvilket fører til en mindre mængde resterende kulstof under 

forgasning af biomasse og derved forårsager en reduceret inhiberingseffekt af resterende kulstof. 

Sammenlignet med hvedehalm kan den lavere kritiske ER værdi for solsikkefrøskal tilskrives en 

højere koks-reaktivitet, og en alternativ mekanisme for agglomereringen, der er relevant ved 

reducerende betingelser forårsaget af et lavere molforhold mellem silicium til kalium i solsikkefrøskal. 

Forgasning af to batch hvedehalm viser, at halmen med en lavere koksreaktivitet har en lavere 

agglomereringstendens i forgasning ved lave ER værdier på grund af en mere udtalt inhiberingseffekt 

forårsaget af en større mængde restkulstof. 

Resultaterne af puls-forsøg i fluid bed reaktoren antyder, at indførelsen af en pulserende strøm i den 

primære gas dæmper agglomerationen under fluid bed forbrænding og gasificering, og det pulserende 

flow har en mindre effekt på forbrænding. Blandt de parametre, der er blevet undersøgt, viser 

pulseringscyklus sig at være den mest signifikante på agglomereringstendensen, mens 

pulsationsfrekvensen udviser mindst påvirkning. Ved at benytte et pulseringsflowhastighedsforhold 

på 0,4, pulsationsfrekvens på 1,5 Hz og pulsationscyklus på 25/75 er mængderne af halm, der tilføres 

før af defluidisering, 151,7% og 137,5% højere sammenlignet med forholdene uden pulsering dvs. 

med en kontinuerlig strøm under forbrænding henholdsvis forgasning. 

Resultaterne af dette arbejde viser, at agglomerering i fluid bed forbrænding og forgasning af 

biomasse kan fremmes ved en reducerende atmosfære og mindskes af tilstedeværelsen af resterende 

kulstof. En reduktion i ER forårsager en øget reducerende atmosfære og en øget mængde ikke-

omdannet kulstof, og konkurrencen mellem disse to faktorer resulterer i forekomsten af en maksimal 

agglomereringstendens ved en kritisk ER. Tilstedeværelsen af en høj koncentration af damp 

fremskynder biomassens agglomereringstendens. En højere koks-reaktivitet fører til en reduceret 

inhiberingseffekt af resterende carbon, hvilket forårsager en fremmet agglomerering. En stigning i 



Dansk resumé 

IX 

dampkoncentration og kulreaktivitet vil resultere i en nedsat kritisk ER. De forskellige molforhold 

mellem silicium til kalium for forskellige typer biomasse kan resultere i forskellige 

agglomereringstendenser og mekanismer. De observerede resultater indikerer, at anvendelsen af en 

pulserende fluid bed udviser potentiale til at mindske agglomerering under forbrænding og forgasning 

af biomasse med en ubetydelig effekt på forbrændingen. 
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1. Introduction 

1.1 Background 

Biomass is a renewable and carbon neutral energy resource, and it is considered as a good substitute 

to fossil fuels. More than 35% of Denmark’s energy consumption comes from renewable in 20181, 

and Denmark is striving to be 100% independent of fossil fuels by 20502. Biomass is one of important 

renewable energy sources in Denmark, especially woody biomass and straw. In 2018, woody biomass 

and straw account for 48% and 7% of the consumption of renewable energy in Denmark1. More than 

50% of the demand of woody biomass in Denmark depends on import, while straw is produced 

domestically1.  

Fluidized bed combustor and gasifier are widely applied to biomass combustion and gasification 

owing to their characteristics of homogeneous temperature and high fuel flexibility. However, the 

utilization of biomass in fluidized bed faces the challenge of agglomeration, which can strongly 

influence the performance of the reactors and may eventually lead to defluidization and unscheduled 

plant shutdown3–6. The agglomeration in a fluidized bed is mainly caused by the presence of molten 

phase, i.e. the alkali containing compounds, from biomass ash and/or the interaction between biomass 

ash and bed materials. Because of the high content of potassium, the herbaceous biomass is especially 

problematic regarding the agglomeration. For example, the agglomeration was observed at as low as 

700 °C in a straw fired fluidized bed7. The agglomeration in fluidized bed conversion of biomass at 

high temperatures is a complex process4,8. The occurrence and the degree of agglomeration depend 

on biomass properties (such as ash content and ash-forming composition), bed material properties 

(such as size and material type), operation parameters (such as temperature and gas velocity), and 

reaction environment (such as combustion and gasification)8–10.  

Although the agglomeration in biomass combustion and gasification are extensively studied in the 

past decades, the detailed agglomeration tendency and mechanisms in gasification are still not fully 

understood. In particular, the effect of equivalence ratio (ER), which one of the most important 

parameter for the yield and quality of the producer gas11, on the agglomeration is unclear. Moreover, 

steam is introduced to a gasifier alone or together with air/O2, depending on the gasification is 

allothermal or autothermal. The effect of a high concentration of steam on agglomeration in fluidized 

bed gasification of biomass is unknown. A systematically investigation on the influence of these two 

factors on agglomeration could provide more knowledge for design and operation of biomass gasifiers.  

At the beginning of this project, a low-temperature circulating fluidized bed (LTCFB) gasifier at 

CHEC in Risø campus experienced an unscheduled shutdown in gasification of a batch of wheat 
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straw due to the defluidization after operating for two days. However, no such problem was observed 

in gasification of another batch of wheat straw with similar composition after running for more than 

two weeks under the same operation conditions. In order to understand the different agglomeration 

behaviors of two batches of wheat straw, the bed materials from two cases were examined in term of 

defluidization temperature12. As shown in Figure 1-1, the results show that the defluidization 

temperatures of the two bed samples under combustion condition are both around 770 °C. However, 

the carbon content contained in the bed sample that taken from case without defluidization is almost 

five times of that in the bed sample that taken from case with defluidization. It would be of interest 

to study the mechanisms behind the different agglomeration behaviors in gasification of two batches 

of wheat straws. 

 
Figure 1-1 Bed temperature & pressure (left) and concentrations of CO, CO2 and O2 (right) as a function of time during 

the combustion of bed samples that taken from gasification of two batches of wheat straw in LTCFB gasifier.  

Most proposed countermeasures for reducing agglomeration during biomass utilization have been 

focused on changing the ash chemistry in the bed, such as pretreatment of biomass, co-combustion 

of K-lean fuels, addition of additive, and utilization of alternative bed materials13–15. However, all of 

these countermeasures are associated with an additional cost or environmental problems. The pulsed 

flow was applied as a measure to fluidize the sticky particles, e.g., sub-micro size particle16–18, due to 

its positive effects on the fluidization quality in fluidized bed. However, its effect on agglomeration 

in fluidized bed combustion and gasification of biomass is not reported.  

1.2 Project objectives 

This PhD project aims at having an improved understanding of the agglomeration in fluidized bed 

combustion and gasification of biomass, with a special emphasis on the influence of the equivalence 

ratio (ER), the gasification agents (such as air, steam and carbon dioxide), and the biomass types on 

agglomeration. The objectives are to:  
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 Investigate the tendency and mechanism of agglomeration in combustion/gasification of 

wheat straw, focusing on the impacts of varying ER, as well as addition of steam and carbon 

dioxide in the bed on agglomeration. 

 Explore the fusion behavior of ashes from wheat straw under combustion and gasification 

conditions to further understand the agglomeration in biomass gasification, highlighting the 

influence of gas atmosphere on the melting of wheat straw ash. 

 Study the agglomeration of different types of biomass in combustion/gasification, underlining 

the influences of ash-forming elements and char reactivity of different biomasses on 

agglomeration characteristics. Investigate the agglomeration of different batches of same type 

of biomass (two batches of wheat straw described in Section 1.1) to understand the mechanism 

of their different agglomeration behaviors during gasification.  

 Evaluate the pulsed flow as a potential economic countermeasure for mitigating 

agglomeration in combustion and gasification of biomass. 

1.3 Structure of this thesis 

This thesis is divided into seven chapters, including introduction. The content of each chapter is listed 

below: 

Chapter 2: Literature Survey 

This chapter provides an overview of agglomeration in fluidized bed combustion and gasification of 

biomass. Two extensively reported mechanisms of agglomeration in biomass combustion and 

gasification are introduced. The factors that influencing agglomeration, including operating 

conditions, fuel property, bed material property, and gas atmosphere, are reviewed. In addition, the 

countermeasures for retarding agglomeration are discussed.  

Chapter 3: Agglomeration in Fluidized Bed Gasification of Wheat Straw 

This chapter presents the investigations on the agglomeration during combustion and gasification of 

a wheat straw (the wheat straw that caused defluidization in LTCFB gasifier, as described in Section 

1.1) in a lab-scale fluidized bed reactor, with an emphasis on the influence of equivalence ratio (ER) 

on agglomeration in gasification air blown, air/steam and air/carbon dioxide gasification. The 

influence of gasification agents, such as steam and carbon dioxide, on agglomeration tendency are 

discussed.  

Chapter 4: Fusion Behavior of Wheat Straw Ash under Combustion and Gasification 

Conditions  

In this chapter, the fusion behaviors of the ashes from wheat straw (the straw used in Chapter 3), 

straw char and mixture of straw and silica sand under combustion conditions (100% air, and a mixture 
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of 50 vol.% steam and 50 vol.% air) and gasification condition (a mixture of 50 vol.% steam and 50 

vol.% N2) are investigated in a fixed bed reactor at 850 °C. The influences of a high concentration of 

steam and a reducing atmosphere on the fusion tendency of wheat straw ash are studied to further 

understand of the agglomeration tendency in gasification of wheat straw described in Chapter 3.  

Chapter 5: Influence of Biomass Types on Agglomeration during Combustion and Gasification 

In this chapter, the tendencies and mechanisms of agglomeration during combustion and gasification 

of two types of biomass, including two batches of wheat straw used in LTCFB gasifier and one 

sunflower husk, are studied in a lab-scale fluidized bed. The influence of ash-forming elements of 

biomass, especially the molar ratio of silicon to potassium, on the distribution of potassium during 

combustion and gasification, as well as their further effect on the tendency and mechanism of 

agglomeration are discussed. In addition, the effect of char reactivity of biomass on agglomeration 

are investigated, providing an improved understanding for the different agglomeration behaviors of 

two wheat straws in LTCFB gasifier that has been described in Section 1.1.  

Chapter 6: Application of Pulse Flow to a Fluidized Bed for Combustion and Gasification of 

Wheat Straw 

The experimental results of application of a pulsed flow to the fluidized bed combustion and 

gasification of wheat straw (the one used in Chapter 3) are summarized in this chapter. The potential 

of pulsed fluidized bed on mitigating agglomeration is presented. The effects of important operating 

parameters, such as flow rate ratio of pulsation, pulsation frequency, and pulsation duty cycle on 

agglomeration tendency, are investigated.  

Chapter 7: Conclusions and future work  

In this chapter, the main conclusions obtained in this PhD project are summarized. Some suggestions 

for the future work are put forward based on the findings of this work.  

Appendix 

Appendix A-C contain supporting information for Chapters 3, 4, and 5. 
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2. Literature Survey 

Abstract 

This chapter provides an overview of the agglomeration in fluidized bed combustion and gasification 

of biomass. The agglomeration mechanisms, factors influencing agglomeration, and countermeasures 

for mitigating agglomeration are reviewed. It has been shown that the agglomeration in fluidized bed 

combustion and gasification is aggravated by a high bed temperature, a small ratio of superficial gas 

velocity to the minimum fluidization velocity (Ug/Umf), and a high alkali content in biomass. The 

different gas atmospheres in the bed, such as the concentrations of H2, CO, steam, CO2, and O2, may 

be responsible for the different agglomeration characteristics in combustion and gasification. The 

influence of gas atmosphere on the agglomeration tendency of model compounds (alkali chloride, 

carbonate, and sulfate and biomass ashes) has been investigated, showing that a reducing atmosphere 

and a high concentration of steam in the bed accelerate the agglomeration of these alkali salts and 

biomass ashes. However, the agglomeration tendency and mechanism in biomass gasification with 

different gasification agents and equivalence ratios are unclear. Some countermeasures, such as 

utilization of alternative bed materials, application of additives, pretreatment of biomass, and co-

combustion/gasification with alkali-lean fuels, have been proposed for retarding agglomeration in 

fluidized bed combustion and gasification by altering of ash chemistry to reduce the formation of 

low-melting temperature compounds. However, most of these countermeasures lead to an additional 

operation cost. An effective and economic countermeasure for the agglomeration shows great 

practical implication for the utilization of biomass fluidized bed. Due to the improvement of 

fluidization quality in the bed by imposing of a pulsed flow in a conventional fluidized bed, the 

application of pulsed fluidized bed has great potential on mitigating agglomeration in biomass 

combustion and gasification.  
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2.1 Introduction 

2.1.1 Biomass fuels  

Biomass is a kind of biogenic solid product generated by natural and anthropogenic processes. It is a 

mixture of organic matters (mainly cellulose, hemicellulose and lignin) and inorganic matters (such 

as silicates, oxides, hydroxides, sulphates, phosphates, carbonates and chlorides etc.)1,2. According to 

their biological diversity, source and origin, biomass can be categorized into several groups listed 

below1. 

 Wood and woody biomass, e.g., soft and hard wood, bark, and sawdust  

 Herbaceous and agricultural biomass, e.g., grasses and flowers, straws, and husks  

 Aquatic biomass, e.g., algae and seaweed  

 Animal and human biomass wastes, e.g., meat-bone meal and chicken litter  

 Contaminated biomass and industrial biomass wastes, e.g., refuse derived fuel and sewage 

sludge 

Table 2-1 Compositions of representative biomass fuels from each category1  

 
Spruce 

wood 

Spruce 

bark 

Wheat 

straw 

Coffee 

husk 

Micro-

algae 

Chicken 

litter 

Sewage 

sludge 

Ash content 

/wt.% db 
0.5 3.2 7.1 2.5 23.6 37.8 46.3 

Ultimate 

analysis 

/wt.% daf⸸ 

C 52.3 53.6 49.4 45.4 43.2 60.5 50.9 

O 41.2 40.0 43.6 48.3 45.8 25.3 33.4 

H 6.10 6.20 6.10 4.9 6.20 6.80 7.30 

N 0.30 0.10 0.70 1.1 2.20 6.20 6.10 

S 0.10 0.10 0.17 0.35 2.6 1.20 2.33 

Cl 0.01 0.03 0.61 - 3.34 0.50 0.04 

Chemical ash 

composition 

(normalized to 

100%) 

/ wt.% 

SiO2 49.30 6.13 50.35 14.65 1.65 5.77 33.28 

CaO 17.20 72.39 8.21 13.05 12.39 56.85 13.04 

K2O 9.60 7.22 24.89 52.45 15.35 12.19 1.60 

P2O5 1.90 2.69 3.54 4.94 9.76 15.40 15.88 

Al2O3 9.40 0.68 1.54 7.07 0.85 1.01 12.91 

MgO 1.10 4.97 2.74 4.32 12.50 4.11 2.49 

Fe2O3 8.30 1.90 0.88 2.06 1.87 0.45 15.70 

SO3 2.60 1.88 4.24 0.53 25.74 3.59 2.05 

Na2O 0.50 2.02 3.52 0.66 19.88 0.60 2.25 

TiO2 0.10 0.12 0.09 0.27 - 0.03 0.80 

 db: dry basis 

⸸ daf: dry ash free basis 

-: no data 

The typical compositions of representative biomass from each category are summarized in Table 2-

1. The organic composition (C, H, O, N) are similar for various group of biomass. However, the ash 
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content and ash-forming composition of biomass are highly variable. Generally, woody biomass has 

a relatively low ash content and the ash is dominated by Ca and Si. Straw is rich in K and Si, and 

husk is rich in K and Ca3.  

2.1.2 Biomass combustion and gasification in fluidized bed 

Gasification and combustion are extensively applied technologies for the conversion of biomass4,5. 

Combustion is a process that converts biomass into gaseous products (e.g., H2O and CO2) to provide 

heat and other forms of energy in the presence of sufficient oxygen or air6. Gasification transforms 

biomass to combustible gases (e.g., H2, CO, and CH4) with a limited amount of oxidant supply, which 

can be carbon dioxide, steam or oxygen7. Therefore, when the oxygen or air is used as an oxidant, 

gasification process can be considered as a partial combustion process. In industry, the primary 

gasification agents are CO2 and steam, and the dominate product gases are CO and H2
8. Steam 

gasification attracts increasing attention due to the formation of H2-rich products9, and CO2 

gasification will convert CO2 and carbon in biomass into CO, which could further be processed to 

valuable synthetic fuels10. However, the reactions that occurs during steam and CO2 gasification are 

the endothermic reactions. In order to make the process self-sufficient in heat, air or oxygen is 

introduced to provide the necessary heat by partially oxidizing of biomass11.  

 

Figure 2-1 Schematic of (a) typical circulating fluidized reactor and (b) typical bubbling fluidized bed reactor12 

The types of combustors and gasifiers can be distinguished into fixed bed, fluidized bed, and entrained 

flow according to the gas velocity13. Compared to fixed beds, fluidized beds have a better temperature 

distribution, a higher fuel flexibility, a superior conversion efficiency, and a lower investment and 

maintenance cost14. Therefore, fluidized beds are applied in large scale operations extensively. The 

fluidized bed reactors are divided into bubbling fluidized beds (BFBs) and circulating fluidized beds 

(CFBs) according to the fluidizing gas velocity15, as presented in Figure 2-1. BFB is a classical 

approach in which the gas velocity is slightly higher than the minimum fluidization velocity (Umf) of 

bed particles. Compared to BFB, the superficial gas velocity in CFB is much higher. For CFB, a high 
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reactor (riser) and a recirculation loop are used to ensure that the particles circulate around the loop 

multiple times before leaving the system, while the gas passes through only once. Usually, the 

operational temperatures of CFB combustor and BFB combustor are 800-900℃ and 760-870℃16 ,and 

the operating temperature of fluidized bed gasifier is maintained at 700-900°C6. Generally, non-

combustible materials, such as silica sand, lime stone, dolomite, are used as bed materials12,17. 

2.1.3 Challenges in fluidized bed combustion and gasification of biomass 

Biomass combustion and gasification in fluidized bed face many challenging problems, such as 

agglomeration, slagging, corrosion18. Agglomeration of bed materials affects the performance of a 

reactor. Defluidization is observed when the bed particles no longer behave as a fluid in response to 

the fluidizing gas, resulting from an increased mean bed particle size caused by agglomeration19. 

Agglomeration phenomena is observed even at 650 °C during agricultural biomass combustion20. 

Agglomeration at high temperature is mainly attributed to the presence of molten phase, i.e. the low-

melting temperature alkali containing compounds originated from biomass21,22. Agglomeration and 

defluidization phenomena are illustrated in Figure 2-2. 

 
Figure 2-2 Illustration of agglomeration and bed defluidization, redrawn from23 

2.1.4 Outline of review 

In the past decades, the agglomeration in biomass combustion are extensively investigated to reveal 

the agglomeration mechanisms, the influencing factors of agglomeration, and the countermeasures 

for reducing agglomeration, as discussed in a few review papers24–27. However, the agglomeration 

phenomena in biomass gasification are less studied. This chapter reviews the agglomeration during 

fluidized bed combustion and gasification of biomass, with a special focus on the agglomeration in 

biomass gasification. This chapter is divided into three sections: 

 Section 2.2: the mechanisms of agglomeration in fluidized bed combustion and gasification 

of biomass  

 Section 2.3: the influencing factors of agglomeration in biomass combustion and gasification 

 Section 2.4: the countermeasures for agglomeration 

Gas Flow

 Complete 

defluidization

Gas Flow
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2.2 Mechanisms of agglomeration 

Agglomeration in a fluidized bed combustor or gasifier is a self-promoting process. Two types of 

agglomeration mechanisms, “melt-induced” agglomeration and “coating-induced” agglomeration, 

are extensively studied28–33. The illustrations of “melt-induced” agglomeration and “coating induced” 

agglomeration are shown in Figure 2-3.  

 
Figure 2-3 (a) “Melt-induced” agglomeration mechanism and (b) “coating-induced” agglomeration mechanism in a 

system with a SiO2-based bed material, adopted from26 

2.2.1 “Melt-induced” agglomeration 

“Melt-induced” agglomeration refers to that the bed particles are directly bonded by a molten 

compound34. The binder, e.g., alkali-salts, is already sticky (i.e., molten) before it deposits on the bed 

particles, with a sufficient surface tension for wetting the bed particles and a viscosity low enough to 

be shaped into a liquid bridge24,35. “Melt-induced” agglomeration is mainly induced by the occurrence 

of (local) peak temperatures, e.g., “hot-spots”, which are higher than the targeted operating 

temperature. A “hot-spot”, that resulting from uneven fuel feeding or temporary defluidization of one 

area of the bed, causes a local temperature rise, resulting in the melting of ash36. Gatternig & Karl35 

found that the less dense fuels, e.g., straws, are observed to “float” on top of the fluidized bed during 

combustion, instead of being submerged within the bed. Olofsson et al.36 suggested that the 

temperature “hot-spots” during less dense fuels combustion perhaps is attributed to this “floating” 

behavior.  

Lin et al.19,37–40 suggested that the agglomerates are already formed in a couple of minutes after the 

straw is fed during fluidized bed combustion. These agglomerates have a similar shape with the straw 

granules and a blackish ash core. They believed that these agglomerates are formed due the 

transformation of potassium-rich ash from the burning char particles to the sand through collisions. 

The transformation of potassium and the subsequent fusion are further accelerated by the high 

(a) Melt-induced agglomeration (b) Coating-induced agglomeration–SiO2 based bed material
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temperature of burning char particles. Scala et al.21,41–44 investigated the role of fine char particles on 

agglomeration during biomass combustion. They found that a large fraction of char particles are 

converted to fine particles due to the attrition/percolative fragmentation process in the bed during 

biomass combustion even when coarsely grained fuel is used41,42. The conversion of fixed carbon 

takes place essentially along two competitive pathways: (1) direct coarse char combustion and (2) 

generation of elutriable carbon fines by attrition of the coarse char, followed by their post-combustion. 

The second pathway is negligible for low-volatile solid fuels (such as Snibston coal), while is 

important for high-volatile biomass fuels (such as Robinia Pseudoacacia). About half of the fixed 

carbon burns along the second pathway, and the remainder is burnt directly as coarse char carbon41. 

The attrited char may experience, upon further burn-off, peak temperatures that largely exceeding the 

bed temperature, whilst coarse particles burn at temperatures only slightly above the bed temperature. 

The combination of attrition-induced generation of fines particles and combustion-induced 

overheating of char particles is responsible for the formation of ash-layered bed material, eventually 

leading to bed agglomeration and defluidization43. It is suggested that the combustion mechanism of 

char fines is that the formation of a “captive” solid carbon phase by adhesion of char fines onto bed 

solids42, implying that the burning char particles could cause a “hot-spot” and could act as a platform 

for agglomerates to grow19. The ash on the char fragment are molten at around 900 °C and attached 

on the sands in the collisions with bed materials. Eventually, the char fragment fully combusts, 

typically leaving an agglomerate with a hollow center in the shape of the initial fuel fragment45.  

2.2.2 “Coating-induced” agglomeration 

“Coating-induced” agglomeration is caused by a coating layer on the sand surface, which is formed 

via continuous deposition of gaseous phase inorganic compounds or solid phase ash on the bed 

materials34. The agglomeration is initiated with the bonding of coated particles when the coating 

thickness or temperature is achieved34. Therefore, “coating-induced” agglomeration is often observed 

under the condition with long operating time29. In addition, the agglomerates formed by “coating-

induced” mechanism usually are easily crushed or fall apart, meaning that the mechanical strength 

between agglomerates is very limited29. Öhman et al.30,46 proposed that a multiple-layers (two- or 

three-layers) coating is formed during agglomeration in fluidized bed combustion and gasification. 

The illustrations of typical cross sections of bed particles are shown in Figure 2-446,47. 
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Figure 2-4 Illustration of typical cross sections of bed particles (a) taken after 40 hour of operation in the bench-scale 

rig during the combustion of olive residue46 and (b) taken from CFB at 122 MWth versus operation times of 4 days 

during the combustion of 40% bark and 60% sawdust & logging residues47 

A homogeneous inner layer is formed by the interaction between multi-components fuel ash and bed 

particles, which is consisted of Ca-rich silicates with slightly amount of K46. For K-rich biomass, K-

Ca silicates are the mainly compositions of the inner layer48. An additional “inner-inner” layer 

consisted of K silicates is observed for the K-rich fuel at long operation time47. Potassium or other 

alkali silicates are dominated at the locations where calcium is not as available, such as cracks in sand 

particles, or when the fuel ash contains less calcium30,46. A heterogeneous and powdery outer layer is 

formed when the small ash particles (<10 µm) are attached on the bed particles during collision. Then 

these small ash particles gradually melt and immerse in the homogeneous inner layer from the inside46. 

During collision, the particles of the outer layer in the contact area are submerged, enabling the melt 

of both colliding bed particles to contact and form a liquid bridge35. The composition of the porous, 

inhomogeneous outer layer is similar with the composition of ash, which largely depended on the 

used fuels. Therefore, the composition of outer layer is more complex. 

The inner layer is found to grow inward through the interaction of ash particles and quartz46. 

According to the second law of thermodynamics, the overall entropy of the system keeps increasing. 

In order to increase the total entropy, ash components interact with the bed material by invading the 

highly ordered SiO2 lattice (Figure 2-5)35. The elements such as Al and Ca incline to replace the 

positions of silicon atoms in tetrahedral grid, and in the meanwhile Na and K occupy the interstitial 

spaces within the crystal lattice. This transformation results in an additional stress on the Si−O−Si 

bonds and reduces the thermal energy required for bond breakage. As a result, the melting point of 

the layer is effectively lowered. Once sufficient amount of silicate melt is produced, continuous layers 

are created on the particle surface. Increased adhesive forces caused by these layers promote further 

adhesion of fresh ash particles, providing additional material to penetrate the remaining SiO2 crystal 

lattice49.  

(a) (b) 
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Figure 2-5 Silicate melt formation in ash coatings35 

A three-step mechanism for the formation of two-layer coating is suggested as shown in Figure 2-650. 

Firstly, ash deposits on the sand surfaces via three paths: a) attachment of the small ash particles; b) 

condensation of the gaseous alkali species (KCl, KOH, and K2SO4); c) reaction of the gaseous alkali 

species with SiO2. Secondly, the inner coating layer become homogenized through sintering as 

incessant ash deposition on the bed particles proceeds, and thereby forming a homogeneous layer. 

Last, the molten homogeneous silicate layer, which has a strong impact on the adhesive forces, leads 

to the collision of bed particles, and eventually to the agglomeration.  

 
Figure 2-6 Illustration of the important chemical sub-processes of the bed agglomeration mechanism50. 

2.3 Agglomeration in combustion and gasification 

As mentioned above, the presence of molten phase, including the soften ash particles and the fused 

eutectics formed by the interactions between ash and bed materials, is responsible for agglomeration 

both in fluidized combustor and gasifier. Agglomeration in fluidized bed combustion or gasification 

of biomass is a complex process influenced by a number of factors, such as bed temperature, the ratio 

of superficial gas velocity to the minimum fluidization velocity (Ug/Umf), bed materials properties, 

types of biomass, as well as gas environment.  
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2.3.1 Influencing parameters on agglomeration in combustion 

Morris et al.26 reviewed the impacts of operational variables on agglomeration in biomass combustion 

and found that the bed temperature, the ratio of Ug/Umf, the compositions of bed materials and fuels 

are the major influence parameters.  

2.3.1.1 Bed temperature 

Bed agglomeration shows a significantly intensifying tendency with increasing bed temperature19. 

Chaivatamaset et al.51 noted that the defluidization time, which defined as the time interval between 

the starting of the fuel feeding and the occurrence of defluidization, is reduced to around one third 

when bed temperature is increased from 850 °C to 950 °C during combustion of eucalyptus bark. In 

addition, the defluidization in fluidized bed is accelerated by a high local temperature, which could 

be caused by char particles burning52, fluctuations in feeding, and other momentary disturbances36. It 

is shown that the temperature of char particles is approximately 50-80 °C higher than the bed 

temperature52. With increasing bed temperatures, the fraction of molten ash increases and the 

viscosity of the molten layer decreases53, both accelerating the agglomeration during combustion19.  

2.3.1.2 Ratio of Ug/Umf 

Bed agglomeration can be mitigated by increasing the ratio of Ug/Umf, i.e. increasing gas velocity51,54 

and utilizing smaller bed materials19,55. Lin et al.19 found that the defluidization time is about 30% 

longer when the gas velocity is doubled. Chaivatamaset et al.51 found that the influence of gas velocity 

on defluidization time is more pronounced at higher bed temperatures. They attribute the good 

performance of a high Ug/Umf ratio on prolonging defluidization time to a good mixing of bed 

particles. With a higher gas velocity, the agglomerates are more easily broken due to the larger force 

acting on agglomerates.  

2.3.1.3 Bed materials 

Agglomeration is often observed in fluidized bed combustion and gasification of biomass using silica 

sand as bed material29, due the formation of low-melting compounds via the interaction between 

biomass ash and SiO2-based bed material56,57. Ghaly et al.57 investigated the behaviors of the mixtures 

of straw ash and silica sand at 620, 740, 850 and 1000 ℃ in a muffle furnace. The results reveal that 

a eutectic layer with low-melting temperature is formed on the silica sand surface at the temperatures 

of 850 and 1000 ℃, resulting from the interaction between straw ash and silica sand. Some bed 

materials, such as Al2O3
58, Fe2O3

36, dolomite59, and limestone50, have been reported that effectively 

mitigate the agglomeration by reducing the formation of low-melting point eutectics. The details of 

influence of bed materials on agglomeration are reviewed in Section 2.4.1.1. 
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2.3.1.4 Types of biomass 

As mentioned above, agglomeration during biomass conversion is mainly ascribed to the alkali (K/Na) 

containing compounds originated from biomass60. The agglomeration tendency of K/Na-rich biomass, 

therefore, could be high60. The formation of Ca/Mg silicates and K-Ca/Mg phosphates with high-

melting temperatures61 inhibit the agglomeration in combustion of Ca- and Mg-rich biomass62,63. 

Generally, the biomass that has a high fraction of K/Na and a lower fraction of Ca/Mg favors 

agglomeration21,64.  

In addition to the alkali (K and Na) and alkaline earth metals (Mg and Ca), other inorganic elements, 

such as Si, Al, Fe, P, and S, also affect the agglomeration during biomass combustion. A biomass 

with an initial fuel ash composition that is close to the low-melting point eutectic composition appears 

to enhance agglomeration64. The softening of wheat straw ash, which is originally rich in both alkali 

and silicon, may start before the ash encounters the sand particles35,65. The presence of a high 

phosphorous content in biomass influences the ash chemistry, resulting in the formed ash is 

dominated by phosphates instead of silicates, and thereby affecting the agglomeration phenomenon 

in combustion of biomass. Piotrowska et al.66 found that the defluidization temperature of bark is 

lowered by co-combustion with rapeseed cake, which is rich in K and P. The low defluidization 

temperature of rapeseed cake is attributed to the formation of sticky ash, which is dominated by K-

Ca/Mg phosphates. Boström et al.67 observed that the co-combustion of bark and rapeseed meal 

causes a low initial defluidization temperature than the pure fuels, implying that an interaction 

between the phosphates and the silicates probably exists that reduces the melting temperature of the 

ash during co-combustion. Billen et al.28 studied the combustion of poultry litter, which is a P-rich 

fuel. It is suggested that the agglomerates found at the walls of freeboard above the fluidized bed are 

caused by K-silicates, while the agglomerates in the bed are caused by a solid bridge of Ca3(PO4)2 

between bed materials formed via the interaction between CaO or Ca and molten HPO42
- or H2PO4

- 

salts. The impact of sulfur on agglomeration in biomass combustion are limitedly reported. Some 

studies68,69 showed that co-combustion of high-sulfur coals and biomass could prevented 

agglomeration. Varol et al.69 suggested that the sulfur in the coal may react with alkali oxides forming 

alkali sulfates. Therefore, sulfur is an alternative reactant for alkali metals, generating a competitive 

reaction to the reactions of Si and alkali oxides or salts. In addition, the existence of iron and 

aluminum content will slow down the agglomeration due to the formation of eutectic with high-

melting point36. 

2.3.2 Influencing parameters on agglomeration in gasification 

The number of studies on agglomeration in fluidized bed gasification appears lower compared to 

combustion, although the studies started earlier for gasification of coal70 and biomass71. In addition 

to the factors that have been discussed for the combustion process, the equivalence ratio (ER, also 
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called air ratio), which will affect the yield and composition of the producer gas in gasification72, is 

an important operational parameter. 

2.3.2.1 Bed temperature, ratio of Ug/Umf, bed materials, and types of biomass 

In biomass gasification, the influences of bed temperature33,71, ratio of Ug/Umf
73, bed material 

types74,75, and biomass types74,76–80 have been investigated. Nisamaneenate et al.33 observed that the 

defluidization time extends to 3 - 6 times by decreasing the bed temperature from 900 °C to 700 °C 

in gasification of rice straw. Lin et al. 
73 found that the defluidization time can be prolonged at a larger 

ratio of Ug/Umf, resulting from either decreasing particle size of bed material or increasing gas velocity. 

Ergudenler et al.71,81 reported that the agglomeration temperature of alumina sand in gasification of 

wheat straw is higher than that of silica sand. Although alumina sand could mitigate agglomeration, 

it is difficult to fluidize due to its high density82. The alkali-rich fuels often show high agglomeration 

tendency. The defluidization is observed at temperatures of 750 °C76 and 780 °C77 during gasification 

of palm empty fruit bunches and cardoon, whose K content in the ash are 50.8 wt.% and 30.6 wt.% 

respectively. Kittivech et al.76 found that the defluidization time of rubber wood sawdust is more than 

5 times of palm empty fruit bunch, although the ash content of rubber wood sawdust is only three 

tenths of palm empty fruit bunch. This may be attributed to the high Ca and Mg content contained in 

the rubber wood sawdust. Lin et al.73 investigated the effect of Na concentration on the agglomeration 

in gasification of the mixture of sawdust and polyethylene by adding NaNO3 solution. The results 

reveal that the addition of NaNO3 sharply reduces the defluidization time of the mixture, and this 

effect becomes less pronounced with increasing Na concentration in the range of 0.2% - 3%. The 

addition of Mg(NO3)2 and Ca(NO3)2 could prolong the defluidization time at the Na concentration 

below 1%, whilst the addition of Mg and Ca shows insignificant effect on the defluidization time at 

Na concentration of 3%.  

In general, the bed temperature, the ratio of Ug/Umf, the fuel composition, and bed material type show 

consistent effects on the agglomeration tendency in biomass gasification and combustion. Therefore, 

the countermeasures that effective for retarding agglomeration in combustion usually also are 

effective for the gasification process76,83,84, such as co-gasification of alkali-lean fuel and utilization 

of alternative bed materials.  

2.3.2.2 Equivalence Ratio (ER) 

The influence of ER on agglomeration in gasification is limitedly studied. Ergudenler and Ghaly71,81 

investigated the impact of ER on the agglomeration in wheat straw gasification using silica sand or 

alumina sand as bed material. It is found that a severe agglomeration is observed in silica sand bed as 

long as the temperature is above 800 °C, thus influence of ER on the agglomeration characteristics is 

hardly to observe at the ER in a range of 0.26 - 0.76. In addition, no agglomeration is found for 

alumina sand at ER in the range of 0.18 - 0.26. In their works, the ER is varied by adjusting the fuel 
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feeding rate with a constant gas flow rate or changing gas flow rate at a same fuel feeding rate. 

Therefore, the bed temperature or the ratio of Ug/Umf seems to be difficult to keep at the same level 

in investigation. Nisamaneenate et al.33 studied the influence of ER on defluidization time of rice 

straw using bed materials with different alumina sand to silica sand ratios at temperature between 700 

and 900 °C. They found that the influence of ER on agglomeration is related to the bed material 

composition and bed temperature. For the pure silica sand or alumina sand, the ER shows negligible 

effect on the defluidization time at 700 and 800 °C. However, the defluidization time is prolonged at 

900 °C by increasing the ER from 0.2 to 0.4. For the mixture of alumina sand and silica sand in 

different proportions, the influence of ER on agglomeration tendency is different.  

2.3.3 Comparison of agglomeration in combustion and gasification 

Different with the oxidizing atmosphere produced in combustion process, the gas environment 

formed during gasification is mainly composed of CO, H2, CH4, H2O, and CO2, and the content of 

each composition strongly depends on the ER and the gasify agent, e.g., air, oxygen, steam and carbon 

dioxide10,85–87. The agglomeration tendencies and mechanisms in biomass gasification and 

combustion may be different, resulting from the different gas environment in the two processes.  

The comparison of agglomeration tendency in biomass combustion and gasification is limitedly 

explored in the literatures. The agglomeration behaviors of several biomasses under gasification and 

combustion atmospheres are compared in fluidized bed using silica sand as bed material by Öhman 

et al.30,88. In their work, the ashes from combustion and gasification are firstly produced with 1.06 

and 0.3/0.35 stoichiometric air, respectively. Then the initial agglomeration temperature of biomass 

ash is determined at the point that the occurrence of agglomeration during heating process under 

combustion and gasification atmospheres. The combustion atmosphere is simulated by the 

combustion products of propane-air mixture, and the gasification atmosphere is simulated by the 

products of a gas mixture containing CO, CO2, H2 and N2 that passes through the preheater and 

platinum catalyst. The initial agglomeration temperatures of bark, olive flesh, and cane trash under 

gasification atmosphere are tens of degrees lower than that under combustion atmosphere. However, 

the reed cancan grass shows the opposite trend. It is suggested that no major difference in the 

agglomeration mechanisms of these fuels is observed between the two different operational modes, 

and the reason for the differences in their agglomeration temperatures under two gas atmospheres is 

not investigated. It is noticed that the agglomeration temperature of Lucerne, which riches in S but 

lean in Si, under gasification condition is much higher (180 °C) than that of combustion. They 

attribute this to the formation of low-melting point KCl and K2SO4 eutectic under combustion 

condition, whilst K2SO4 is unstable at reducing atmospheres. The eutectic mixture of KCl and K2SO4 

is as low as 690 °C89. However, it is noteworthy that the inner layers of agglomerates from combustion 

and gasification of Lucerne are dominated by K and Si, although Lucerne is a Si-lean fuel. The K 

silicates may be produced by the interaction between Lucerne ash and bed material.  
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Ma et al.90 investigated the defluidization temperatures of several straw ashes (wheat straw, rice straw 

and corn straw) in fluidized bed under air, CO2, H2 and steam atmospheres, which was used for 

simulation of combustion and gasification conditions. It is found that the defluidization temperatures 

of the ash samples, which were prepared at 550 °C under air condition, in four atmospheres decrease 

in the order of: air ≈ CO2 > H2 > steam, indicating that the reducing gas and steam promote the 

agglomeration tendency of the straw ashes. The low defluidization temperatures of the straw ashes 

under H2 atmosphere may be attributed to the transformation of K2SO4 into K silicates by interacting 

with bed materials. However, the mechanism of the influence of steam on agglomeration is unclear. 

In addition, these studies were carried out under the simulated gas atmospheres using the biomass 

ashes as material, and the difference in agglomeration characteristics in a continuously feeding 

combustion and gasification system is still unclear.  

2.3.4 Influence of gas environment on ash transformation  

Agglomeration in fluidized bed during thermal conversion process is an ash-related problem, 

especially relates to the molten alkali (K and Na) containing compounds in biomass ash. Compared 

to sodium, potassium plays a more crucial role in agglomeration due to its significant amount in 

biomass91. K may be both organically and inorganically associated in biomass92–98. The chemical 

forms of potassium in woody biomass and wheat straw have been investigated using chemical 

fractionation analysis method99,100. It is suggested that the mainly water-soluble salts contained in 

woody biomass may be KCl, K2SO4, K2HPO4 and KH2PO4
99, and the potassium in wheat straw may 

present in the forms of KCl, K2SO4 and K silicates100. During biomass conversion, the potassium in 

biomass can be transformed into gaseous phase (such as KCl and KOH vapor) and/or into condensed 

phase (such as K2SO4 aerosols and K silicates particles)101–105, and then interacts with the bed 

materials, resulting in agglomeration35. Although the comparison of agglomeration tendency in 

combustion and gasification of biomass is limitedly studied, the influence of gas atmospheres, such 

as oxidizing atmosphere, reducing atmosphere (i.e. CO and H2), high concentration of steam, and 

high concentration of CO2, on transformation of K, e.g., the release of K and the reactions of K-

species and SiO2, and the ash behaviors, e.g., melting temperature and viscosity of the ashes, are 

extensively investigated.  

2.3.4.1 Release of K  

Oxidizing atmospheres 

During combustion, the release of potassium mainly takes place at two main stages: devolatilization 

stage and char burnout stage92,106, as shown in Figure 2-7. In the devolatilization stage, the biomass 

bonded potassium, for example, K-carboxylates and K-phenols, can be decomposed at temperature 

below 700 ℃ to release atomic potassium. During the char oxidation stage, the residual char bonded 

potassium is favored to be transformed to K2CO3 and K2SO4. K2CO3 starts to decompose at 
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temperature above 800 ℃107, the potassium will be further released in the form of K (g) or KOH (g). 

The remaining potassium is likely to transform into K silicates at temperature exceeding 800 ℃92. In 

addition, the potassium could be released as KCl (g), and it is suggested that KCl is the dominate 

form of potassium released108.  

 
Figure 2-7 Possible reaction paths and release mechanism of potassium in biomass during combustion92  

van Lith et al.107 investigated the release of potassium during combustion of woody biomass in a 

laboratory-scale tube reactor at temperature in the range of 500 - 1050 °C. 30g of biomass was 

devolatilized in N2 for 60 min, and then was combusted in the atmosphere with the O2 concentration 

stepwise increased from 1 vol.% to 20 vol.%. The experiments were stopped after the total 

combustion stage of 140 min or when the CO and CO2 concentrations in flue gas was below 50 ppm. 

Knudsen et al.109 studied the release of potassium in annual biomass combustion using similar method. 

4 g of biomass was heated in N2 for 5 - 15 min, depending on the reactor temperature, until biomass 

was completely devolatilized. Subsequently, the gas atmosphere was shifted to the O2 containing gas 

with the O2 concentration stepwise increased from 2 vol.% to ambient air concentration to combust 

the char samples until the CO and CO2 concentrations in flue gas below 5 ppm. The amount of 

potassium remained in the ashes after combustion are summarized in Figure 2-8. Around 20% of 

initial potassium is released at temperature below 700 ℃, and more than half of potassium is released 

at 1050. It is suggested that most potassium can be released when temperature reach 1300 ℃110,111.  
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Figure 2-8 Remained potassium in ash at different combustion temperatures. Redraw based on data from107,109 

Steam  

The release of potassium in air gasification are seldom reported, and this may be attributed to the 

release are usually investigated in batch experiments. Dayton et al.108 suggested that the oxygen 

concertation in the gas flow has little effect on the K release during Switchgrass combustion in an 

oven. The amount of potassium release is related to the carbon conversion. Tchoffor et al.112 

investigated the potassium release of wheat straw pellets in a laboratory-scale bubbling fluidized bed 

reactor at 800 and 900 °C. Two wheat straw char samples are prepared by a 6 min gasification in 

steam (86 vol.% in N2) and a 3 min gasification in steam followed by a 3 min combustion in O2 (6 

vol.% in N2), and the samples are named as G6 and GC3. It is found that the potassium release amount 

in GC3 is around 10% higher than G6, resulting from the higher char conversion and less compact 

char formed. The addition of steam shifts a part of K release from KCl (g) to KOH (g)108,113. 

2.3.4.2 Reactivity of various K-species towards SiO2 

Oxidizing atmospheres  

The presentences of KOH, KCl, K2CO3, K2SO4, K- phosphates and various K-silicates are suggested 

in biomass combustion process65,110,114–117. The global thermodynamic equilibrium distribution of 

potassium species during wheat straw combustion have been calculated by Factsage with the 

compositions of H, C, O, Si, N, K, Cl, Ca, Mg, Na, S, and P are included92. The calculation predict 

that the dominated K-species formed during wheat straw combustion in the temperature range of 800 

- 900 °C are KCl (g), K2SO4 (s) and K silicates (s), as shown in Figure 2-992.  
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Figure 2-9 Calculated potassium distribution of biomass combustion. Calculation composition (wt.% on dry basis) and 

condition: H-5.9%, C-47.5%, N-0.7%, Si-0.8%, K-1.0, Cl-0.4%,Ca-0.4%, Mg-0.07%, Na-0.05%, S-0.15%, and P-

0.08% at the excess air ratio of 1.492.  

The actual forms of K compounds presented in the ash are more complex and difficult to detect. One 

possible analysis technique is X-ray powder diffraction (XRD), which can be used to identify the 

crystalline phase of biomass ash. The typical crystalline phase species detected in wheat straw ashes 

from combustion at different temperatures are summarized in Table 2-2. At fluidized bed 

temperatures (800 - 900 °C), KCl and K2SO4 are the dominated crystalline phase K-species. Although 

K2CO3 is not detected in the ash samples, it is believed that it also plays an important role during 

biomass combustion107. It is reported that the formation of amorphous silicate or glass starts at 

temperatures as low as 400°C118, and the amount of amorphous matters could up to 50% by weight119. 

However, the amorphous silicates cannot be determined by XRD. 

Table 2-2 Typical crystalline phase species detected by XRD in wheat straw ashes from combustion 

Species Ashing Temperature/°C Reference 

KCl, K2SO4, KCaPO4, SiO2 550 120 

KCl, K2SO4, K2Ca(CO3)2, SiO2, CaCO3 550 121 

KCl, K2SO4, CaCO3 500 122 

KCl, K2SO4, SiO2 550 90 

KCl, K2SO4 900 90 

KCl, K2SO4, SiO2 700-800 123 

K2SO4,Ca(Mg,Fe)Si2O6, CaAl2Si2O8, SiO2 900 123 

Various K-species have different melting temperatures and show diverse reaction activities towards 

bed materials, resulting in the different agglomeration tendency and mechanisms. The melting 

temperatures of typical K-species are presented in Table 2-3. The melting temperatures of KCl, KOH, 

and KPO3 are in the range of operational temperatures of fluidized bed, whilst the melting temperature 

of K2SO4 and KCaPO4 are higher than the operational temperatures. K2CO3 is prone to be 

decomposed during combustion and gasification124 (Equation 2-1), and subsequently reacts with other 

compounds due K2O is not stable.  
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𝐾2𝐶𝑂3(𝑠,𝑙) → 𝐶𝑂2(𝑔) + 𝐾2𝑂(𝑠,𝑙) Equation 2-1 

Table 2-3 Melting temperature of typical K-species 

K-species Melting temperature (°C) K-species Melting temperature (°C) 

KCl 770 K2SO4 1069 

KOH 360 KPO3 810125 

K2CO3 891(Decomposes) KCaPO4 1560125 

The agglomeration of typical K-species and their mixture under air condition (oxidizing atmosphere) 

are summarized in Table 2-4. The defluidization mechanisms of these K-salts can be categorized into 

two groups: direct melting of K-salts (e.g., KCl and KCl/K2SO4 eutectic mixture) and formation of K 

silicates by interaction between K-salts (e.g., K2CO3) and SiO2-based bed materials (Equation 2-2). 

The agglomeration temperatures of the salts that cause defluidization by direct melting are close to 

their melting temperatures. For the salts that cause agglomeration by the interaction between slats and 

bed material, the agglomeration temperatures of the salts depend on the operation conditions of 

experiments, such as heating rate, salts amount, and ratio of Ug/Umf. It is noteworthy to highlight that 

no defluidization is observed when around 10 wt.% of K2Si4O9 is added in fluidized bed at 850 °C 

due to the high viscosity of K2Si4O9. Some agglomerates are formed in the bed, being attributed to 

the soften K2Si4O9 could acts a binder for silica sand89.  

𝐾2𝐶𝑂3(𝑠) + nSiO2(𝑠) → 𝐾2𝑂 ∙ nSiO2(𝑙) + 3𝐶𝑂2(𝑔)    (𝑛 = 1, 2 𝑎𝑛𝑑 4) Equation 2-2 

Table 2-4 Agglomeration tendency and mechanisms of K-species under air condition (oxidizing condition) 

Salts Def. 
TDef. 

(°C) 

Tmelting 

(°C)  

Fed Salts 

(wt.%) 
Defluidization Mechanism Ref. 

KCl Yes -⸸ 770 3.0 KCl melting 126 

K2CO3 Yes -⸸ 891 0.97 K2CO3 interact with SiO2 126 

K2SO4 No -⸸ 1069 3.60 - 126 

KCl Yes 750 770 1.2 KCl melting 127 

K2CO3 Yes 670 891 2.85 K2CO3 interact with SiO2 127 

K2SO4 No n/a 1069 2.25 - 127 

KCl Yes 773 770 0.94 KCl melting 89 

KCl/K2SO4=54/46 wt.%* Yes 675 690 1.53 Salts melting 89 

KCl/K2SO4=11/89 wt.% Yes 713 960 5.78 Salts melting 89 

K2CO3 Yes 802 891 1.44 K2CO3 interact with SiO2 89 

KCl/K2CO3=49/51 wt.% Yes 771 629 1.37 
Both KCl melting and K2CO3 interact 

with SiO2, KCl melting dominant 
89 

K2Si4O9 No n/a 764 9.68 - 89 

⸸ The defluidization tendency are investigated at 800, 850 and 900 °C 
* The eutectic composition is corrected from KCl/K2SO4=46/54 wt.% 
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Reducing atmospheres  

The agglomeration mechanisms and tendencies of KCl, K2SO4, and K2CO3 under reducing and 

oxidizing atmospheres are compared by Ma et al.127, as shown in Table 2-5. The reducing atmosphere 

promotes the agglomeration of K2SO4 and K2CO3 due to the improvement of their reactivity towards 

silica sand. The interaction between K2CO3 and SiO2 is promoted in reducing atmosphere. K2SO4 

may transform into K silicates by reacting with silica sand according to Equation 2-3 under a reducing 

atmosphere124.  

𝐾2𝑆𝑂4(𝑠) + nSiO2(𝑠) + 4𝐻2(𝑔)

→ 𝐾2𝑂 ∙ nSiO2(𝑙) + 𝐻2𝑆(𝑔) + 3𝐻2𝑂(𝑔)                   (𝑛 = 2 𝑎𝑛𝑑 4) 
Equation 2-3 

Table 2-5 Impact of reducing atmospheres (H2) on agglomeration temperature and mechanisms of K slats127 

K -species 
Agglomeration temperatures compared to 

oxidizing atmosphere 
Agglomeration mechanisms 

KCl Almost same Melting of KCl 

K2CO3 Lower 
Faster the formation of alkali silicates and alkali-

hydroxide is formed 

K2SO4 Lower Formation of K2Si4O9 

Steam 

The agglomeration tendency and mechanism of pure K/Na slats124,126–128 and K/Na slats-doped 

wood129 under steam atmosphere are compared to oxidizing atmosphere, and the results are 

summarized in Table 2-6. The presence of steam accelerates the agglomeration tendency of the K/Na-

chloride and K/Na-carbonate. Zhao et al.124 found that the KCl in the mixture of KCl and SiO2 is 

almost released to gas phase at the temperatures in the range from 800 to 1000 °C under an inert gas 

environment (pure N2). With addition of 10 vol.% of steam in N2, significant amount of insoluble K-

species, which is believed to be K-silicates, is produced. The amount of insoluble K-species decrease 

with the increasing temperature. The addition of steam shifts a part of released K from KCl (g) to 

KOH (g)108,113 (Equation 2-4), and K-silicates are produced through interaction between KCl and bed 

materials according to Equation 2-5127. Agglomeration of KCl under steam condition may be caused 

by the molten KOH and K-silicates127.  

KCl(𝑔) + 𝐻2𝑂(𝑔)   → 𝐾𝑂𝐻(𝑔) + HCl(𝑔) Equation 2-4 

2KCl(𝑔) + nSiO2(𝑠) + 𝐻2𝑂(𝑔)   → 𝐾2𝑂 ∙ nSiO2(𝑙) + 2HCl(𝑔)  (𝑛 = 1, 2 𝑎𝑛𝑑 4) Equation 2-5 
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The K2CO3 is active and can react with SiO2 even in oxidizing or inert atmosphere124. Under the 

steam condition, these reactions will be significantly accelerated by the presentence of steam, and 

KOH is formed during process (Equation 2-6)109.  

𝐾2𝑂(𝑠,𝑙) + 𝐻2𝑂(𝑔) → 2𝐾𝑂𝐻(𝑔) Equation 2-6 

The impact of steam on agglomeration of wood that doped with K/Na-salts (chloride, carbonate, 

sulfate and phosphate) are investigated under gasification (50 vol.% steam in N2) and combustion (5 

vol.% O2 in N2) in a horizontal tube furnace129. The size of agglomerates and amount of alkali silicates 

are used to evaluate the agglomeration tendency. It is found that the agglomeration of the K/Na-salts-

doped wood except K/Na-phosphate-doped wood is promoted under steam gasification. The 

agglomeration of K/Na-phosphate-doped wood under both atmosphere is caused by the melting of 

the K/Na-phosphate, while the agglomeration of other K/Na-salts-doped wood under steam 

gasification is attributed to the formation of alkali silicates. Compared to combustion, the larger 

agglomerates are formed during steam gasification of K/Na-chloride/carbonate/sulfate-doped wood 

due to the formation of more alkali silicates with a lower melting temperature. For the K/Na-chloride-

doped wood, significantly increased amount of alkali silicates are produced via the interaction of KCl 

and SiO2 in steam gasification.  

Table 2-6 Influence of steam atmosphere on agglomeration tendency and mechanisms of K/Na salts and K/Na doped 

wood 

K/Na-species Agglomeration tendency and mechanisms 

Alkali-chloride Increase the formation of alkali silicates by interact with alkali-chloride, thus 

lower the amount of salts needed to reach defluidization under moist condition124 

Alkali-carbonate Faster the formation of alkali silicates and alkali-hydroxide is formed under 

moist condition126,128. Melting temperature is reduced, wettability increased a lot 

after melting due to the formation of alkali-hydroxides130,131 

Alkali-sulfate No defluidization under both dry and moist conditions126,128.  

Alkali-chloride-doped wood Larger agglomerates and increases the melting and the formation of alkali 

silicates. The gas-solid reactions is important under steam condition. Coating-

induced mechanism is dominate129. 

Alkali-carbonate-doped wood Larger agglomerates but similar amount of alkali silicates with combustion. 

Faster formation of agglomerates during steam gasification129.  

Alkali-sulfate-doped wood Larger agglomerates but similar amount of alkali silicates129 

Alkali-phosphate-doped wood Not influenced by steam. Melting-induced mechanism due to melting of partially 

molten alkali-phosphate129  
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CO2 

The impact of high concentration of CO2 in the system on the agglomeration are limitedly discussed 

in the literatures. Anicic et. al.132 found that the reaction reactivity of K2CO3 towards silica sand 

decreases with increasing CO2 concentration in TGA experiments, because the conversion of K2CO3 

is less favorable in the presence of CO2.  

2.3.4.3 Melting temperature and viscosity of ash 

Oxidizing atmospheres  

Agglomeration occurs when a critical layer thickness and viscosity are reached50. As is obvious, a 

low-melting temperature ash, which would result in a high amount of liquid phase in the bed, will 

promote agglomeration. In addition, it is suggested that the liquid with low viscosity is likely to 

migrate to the surface of the agglomerates133,134, and thus easier forming a coating layer on the bed 

particles. The chemical compositions in ashes can be divided into three categories: network formers, 

network modifiers and amphoteric according to the network theory of molten slag at high 

temperature49. The network formers (e.g., Si4+ and Ti4+), which become the polymers, increase the 

slag viscosity; the network modifiers (e.g., Na+, K+, Mg2+, Ca2+ and Fe2+), which destroy the polymers, 

decrease the slag viscosity; and the amphoteric cation (e.g., Al3+ and Fe3+) can play as network 

formers or network modifiers in different system135. An increase in Al3+ concentration increases the 

viscosity of silicate glass at Al2O3/(M2O+MeO) ratio below 1, whilst reduce the viscosity of silicate 

glass when the Al2O3/(M2O+MeO) ratio higher than 1 (where M could be Na+, K+, and Me could be 

Mg2+, Ca2+). Mostly studies with respect to the ash viscosity are performed based on the coal ashes. 

It is found that the viscosity of coal ashes is strongly affected by the ash compositions and 

temperature136–139. 

Reducing atmospheres  

The reduction of Fe3+ to Fe2+ under reducing atmosphere at high temperature results in an decrease 

in the viscosity of slag140,141. As mentioned above, in a system with high contents of alkali and alkane 

earth metals, Fe3+ tends to enhance the three-dimensional structure of the melt and increases the slag 

viscosity. Fe2+ is likely to disrupt the connectivity of network by providing non-bridging oxygen 

(NBO), thus lowering the slag viscosity140. 

The melting temperature of coal ash under reducing atmosphere is lower than that under oxidizing 

atmosphere142–145. Similar with ash viscosity, the decreasing of sintering temperature of coal ash is 

related to the states of the iron ion. A part of Fe3+ will be converted to Fe2+, which may react with 

other ash constituents, leading to the formation of the eutectics with low-melting point146,147. Wei et 

al.148 found that a more pronounced decreased is observed for the coal with high Fe content under 
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reducing atmosphere. However, these studies focus on the coal ashes, which usually contain higher 

iron content than biomass ashes149.  

The investigations on the melting of biomass ashes under gasification atmosphere are not as 

extensively as coal ashes. Niu et al.150 investigated the melting tendency of the gasified ash of a 

mixture of straw, waste carton, plastic and spent mushroom compost, which is papered in an air blown 

fluidized bed reactor at 800 °C with an equivalence ratio of 0.2, under different gas atmospheres. It 

is found that the melting tendency of gasified ash under reducing condition (a mixture of 50 vol.% 

N2, 30 vol.% CO and 20 vol.% CO2) is higher than that under oxidizing condition (100% air). In 

addition to the reduction of Fe3+ to Fe2+, the conversion of CaSO4 to CaO and the subsequent 

formation of low melting eutectics via interaction between CaO with other compounds are considered 

to be one of the reasons that responsible for the high melting tendency of the mixture under reducing 

atmosphere.  

Steam 

The viscosity of ash relates to the polymerization degree and network structure of ash141,151. Folkedahl 

et al.141 reported that for the viscous and glassy slag contains high silica, who is expected to have a 

three-dimensional network silicate structure, the addition of water vapor could lower its viscosity. It 

is attributed to the cleavage of Si-O-Si bonds by the water molecules according to the following 

reaction:  

−Si − O − Si − + 𝐻2𝑂  → 2 − SiOH Equation 2-7 

The depolymerization of the melt caused by water could reduce the viscosity of slag at a given 

temperature. This result agrees what have been found by Cao et al.151. In addition, the addition of 

water vapor also influence the structure of Al-O bonds. Cao et al.151 found that the ratio of [AlO4]
5-

/[AlO4]
5-+[AlO6]

9- in the slag structure decreases with increasing steam concentration, indicating that 

the presence of water vapor weakens the polymerization degree of the slag, thus decreasing the 

viscosity of slag.  

The impact of steam on the melting of ashes is not widely investigated. Mao et al.152,153 suggested 

that the addition of water vapor lowered the sintering temperature of coal ash significantly. It is 

attributed to that the presence of water vapor promotes the formation of low-melting point eutectics 

by the interaction between K species and bed materials, thus lowering sintering temperature. The 

impact of high steam concentration on the viscosity and melting of biomass ash is still unclear. 

2.4 Countermeasures of agglomeration 
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Based on the mechanisms of agglomeration and the factors influencing agglomeration discussed 

above, some effective and applicable countermeasures are put forward to decelerate the 

agglomeration in combustion and gasification of biomass18,24,25. These countermeasures can be 

categorized into two groups according to their basic mechanisms: reducing the formation of 

compounds with low-melting point via altering the ash chemistry and improving of hydrodynamics 

in the bed.  

2.4.1 Altering ash chemistry 

The agglomeration during fluidized bed combustion and gasification of biomass is primarily 

attributed to the formation of low-melting point compounds. Therefore, the techniques that avoid or 

lessen the production of low-melting point compounds by altering ash chemistry, such as utilizing 

alternative bed materials, applying additives, pretreatment of biomass, and co-combustion with alkali-

lean fuels are effective for reducing agglomeration in fluidized bed.  

2.4.1.1 Alternative bed materials  

The interaction between biomass ash and SiO2-based bed material is one of main origins of low-

melting point eutectics. The replacement of SiO2-based bed material by alternative bed materials, 

aluminum (Al), calcium (Ca), magnesium (Mg), and iron (Fe) containing compounds, could retard 

the agglomeration tendency in fluidized bed.  

Aluminum compounds  

Al-containing compounds are widely applied as the bed materials to substitute the SiO2-based bed 

material in fluidized bed combustion and gasification, such as Al2O3
58,71, mullite (3Al2O3·2SiO2 and 

2Al2O3·SiO2)
36, sillimanite (Al2SiO5) and Bauxite (Al(OH)3)

61,154,155. Ghaly et al.71 found that the 

agglomeration temperature of alumina sand (85-90% Al2O3 and 8-10% SiO2) during wheat straw 

gasification, which is 920 °C, is significant higher than that of silica sand, which is 800 °C. It is 

proposed that the agglomeration is caused by the alumina sands are bonded by the sticky molten straw 

ash58,71. Both sillimanite (Al2SiO5) and Bauxite (Al(OH)3) could extend the defluidization time during 

coal combustion compared to silica sand61,155. The addition of Al2O3 in K2O-SiO2 system results in 

an increased melting temperature. The liquidus temperatures of K2O⸱4SiO2 and K2O⸱Al2O3⸱SiO2 are 

around 770 and 990 °C, respectively58.  

Calcium/Magnesium compounds  

During biomass combustion and gasification, calcium and magnesium show consistent influence on 

the agglomeration behaviors due to their similar properties. Ca-containing compounds, such as 

limestone (CaCO3)
55,88,156,157, dolomite (CaCO3·MgCO3)

55, bone ash (45% CaO, 29% P2O3, 8% SiO2, 

5% Fe2O3, and rest others)36 and blast furnace slag (32% CaO, 18% MgO, 34% SiO2, 12% Al2O3)
48, 
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as well as Mg-containing compounds, such as magnesium oxide (MgO)158, magnesite 

(MgCO3)
36,61,78,156, and Olivine ((MgFe)2SiO4)

74,78,159,160, have been utilized as alternative bed 

materials in fluidized bed combustion of biomass. The limestone and magnesite are likely to be in the 

calcined state, lime and magnesium oxide, at the typical operating temperature of fluidized bed 

combustor and gasifier. When calcite (CaCO3) and magnesite are used as bed materials, the 

defluidization times are prolonged to 8-12 times of that using silica bed material during coal 

combustion at 800 °C156, due to the formation of eutectics with a higher melting point156.  

Iron compounds  

Ferric oxide (Fe2O3)
20,161 can be used as alternative bed material in fluidized bed combustion. The 

agglomerates are observed when the mixture of KNaC4H4O6⸱4H2O and silica sand was heated in a 

laboratory furnace at 700 °C, whereas no agglomerate are observed during the heating of the mixture 

of KNaC4H4O6⸱4H2O and Fe2O3 at 900 ℃. It is attributed to the formation of high-melting 

temperature eutectics (K2Fe2O4 and Na2Fe2O4) through the interaction between Fe2O3 and the alkali 

(K or Na) compounds in biomass ash161.  

2.4.1.2 Additives 

Bed additives can be applied to fluidized bed combustion and gasification to reduce or avoid 

agglomeration. Similar with alternative bed materials, the basic underlying mechanism of influence 

of bed additives on agglomeration is to prevent the formation of low-melting point compounds by 

changing the ash chemistry. Generally, the effective additives can be grouped into Al-Si-based, Ca-

based, P-based, and S-based additives.  

Al-Si-based additives 

Kaolin, a clay mineral consisting of alumina silicate (Al2Si2O5(OH)4), is the most common tested Al-

Si-based additive121,162–165. It is found that the addition of kaolin increases the defluidization 

temperature of wheat straw from 739 ℃ to 886 ℃162. It is attributed to the fact that the released 

potassium is effectively captured by kaolin via the interaction between kaolin and potassium163, 

according to Equation 2-8164. The formation of K-Al silicates with a high-melting temperature 

reduces the agglomeration. In attrition to kaolin, pulverized coal ash166 is also used as additive due to 

it high Al and Si content. 

𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2(𝑠) + 2𝐾𝐶𝑙(𝑔) + 𝐻2𝑂(𝑔) → 𝐾2𝑂 ∙ 𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2(𝑠) + 2 𝐻𝐶𝑙(𝑔)  Equation 2-8 

Ca/Mg-based additives 
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Ca/Mg-based additives, such as CaO167, Ca (NO3)2
167, CaCO3

167,168, MgCO3
89, and marble sludge 

(95.47% CaO and rest others)169, are used during fluidized bed combustion/gasification to reduce the 

agglomeration tendency. Ca-based additives effectively prolong defluidization time due to the 

formation of high-melting temperature Ca silicates and K-Ca phosphates168. Chou et al.167 found that 

the aqueous-phase Ca(NO3)2 is more effective than powder-phase CaO on reducing the agglomeration 

risk in the fluidized bed combustion, which may be attributed to the lager contact area between bed 

particles and aqueous-phase additives.  

P-based additives 

Grimm et al.65,170 investigated the influence of P-based additive, H3PO4, on agglomeration tendency 

in bench scale fluidized bed combustion of logging residue and wheat straw. The results reveal that 

the addition of a certain amount of phosphorus could significantly reduce the formation of volatilized 

deposits and fine particles, whose mainly composition is KCl, for both fuels. For the fuel contains 

relatively high fraction of Ca in comparison to K, such as logging residue, the agglomeration necks 

are mainly composed of Ca-K silicates. The P-based additives will accelerate agglomeration by 

lowering the Ca/K ratio of the Ca-K silicates, since a part of Ca is associated by P. For the K- and Si-

rich wheat straw, increasing amount of potassium presents as K-Ca/Mg phosphates, such as KMgPO4, 

CaK2P2O, and CaKPO4, with addition of P-based additive. The melting temperature of ash is therefore 

increased, thus reducing the agglomeration tendency. However, an excessive amount of phosphorus 

additives will promote the formation of alkali-rich phosphates with low-melting point and leads to 

the risk of bed agglomeration. 

S-based additives 

S-based additives, S165 and (NH4)2SO4
89, are reported that could decrease agglomeration tendency 

during combustion of straw and wood pellets, resulting from the formation of K2SO4 with high-

melting point. Ulusoy171 studied the influence of a series of S-based additives, including 

(NH4)2Fe(SO4)2, NH4Fe(SO4)2, and AlNH4(SO4)2, on agglomeration during wheat straw combustion, 

and found that these additives effectively mitigate the agglomeration during combustion of straw.  

2.4.1.3 Biomass pretreatment  

Pretreatment of biomass is a potential way to prolong the defluidization time. Leaching and 

fractionation are two potential methods reported.  

Leaching 

Leaching, a pretreatment method by removing water-soluble and ion exchangeable inorganic 

elements in biomass using water before combustion, is a possible way to slow down the 

agglomeration tendency172–175. It is found that both the ash content and the contents of alkali species 



Literature Survey 

31 

(Na and K), chlorine, and sulfur in washed biomass are much lower than the untreated biomass176–179. 

Said et al.180 suggested that the decrease in ash content of straw could be as high as around 20% after 

washing. The removal ratios of chlorine and potassium in washed straw reach to about 87% and 50%, 

respectively. Consequently, the washed straw shows no ash sintering tendency at the temperature in 

the range of 900 - 1000 ℃, where the untreated straw is strongly sintered. However, leaching largely 

increases the cost of process, especially on the drying.  

Fractionation  

Fractionation is a method that splitting of the fuels into two fractions: a “coarse” fraction that particle 

size is larger than the average grain width size and a “meal” fraction that particle size is smaller than 

the average grain width size181. Although the ash content significantly decreases (up to 50 wt.% for 

olive residue) with increasing fuel particles size, the potassium content in the ash increases a lot and 

other elements (Ca, Mg, Al etc.) decreases174,175,181,182. Therefore, the fractionation should be used 

with care. In order to overcome the disadvantages of fractionation, the combination of the two 

pretreatment techniques, fractionation and leaching, are applied to prolong the defluidization time 

during biomass combustion. 

2.4.1.4 Co-combustion  

Co-combust the alkali-rich fuels with an alkali-lean one is an effective way to reduce the 

agglomeration tendency during biomass combustion. Coal, woody biomass and sewage sludge are 

suitable co-combustion fuels due to their low potassium content.  

Coal 

Co-combustion biomass and coal is an effective way to reduce the risk of agglomeration183–185. Lin 

and Dam-Johansen37,38 found that the defluidization time of straw is largely prolonged when wheat 

straw is co-combusted with a fraction of 20 - 30 wt.% coal at temperature below 900 ℃. The coal 

ash, which is mainly consisted of silicon, aluminum and calcium, has a much higher melting point 

than the straw ash, which is mainly composed of silicon and potassium. The K-Al silicates are formed 

by the interaction of coal ash and straw ash during co-combustion process, and thereby reducing the 

agglomeration tendency. 

Woody biomass 

Compared to the herbaceous and agricultural biomass (e.g., straw), woody biomass (e.g., bark) 

usually has lower ash yield and potassium content in the ash3. Therefore, some woody biomass is co-

combusted with herbaceous biomass to reduce the agglomeration risk66,76,186,187. Nordgren et al. 186 

found that the defluidization time of co-combustion of a mixture of straw and woody biomass (bark 

and wood) is longer than that of pure straw combustion. Two reasons can explain this tendency: a) 
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the ash forming elements of straw (K, Si, Cl etc.) are diluted by the woody biomass; b) the change of 

ash composition (decrease in K, Si and increase in Ca) leads to a higher melting point of ash.  

 

Sewage sludge 

The agglomeration tendency is significantly reduced when the sewage sludge is added during 

potassium-rich fuel combustion123,188,189. The high content of P and S in the sewage sludge causes the 

ash of mixture of sewage sludge and straw is dominated by phosphates and sulfates188. In addition, 

increased amounts of hematite and aluminosilicates are formed during co-combustion of sewage 

sludge and straw compared to pure straw combustion due to the high content of aluminum, calcium, 

and iron in the sewage sludge189. Therefore, the ash with high-melting temperature, which is 

dominated by alkali phosphates (e.g., Ca9MgK(PO4)7) and potassium aluminosilicates (e.g., 

KAlSi2O6 and KAlSi3O8)
123, is formed during co-combustion of sewage sludge and straw, thus 

reducing the agglomeration tendency.  

2.4.2 Improving fluidization quality in the bed 

2.4.2.1 Controlling of operational conditions 

The fluidization quality in bed can be improved by raising the ratio of superficial gas velocity to 

minimum fluidization velocity (Ug/Umf), such as selecting small bed particles38 and applying high 

fluidizing gas velocity190. However, these methods will result in a higher bed particles entrainment 

during operation190.  

2.4.2.2 Pulsed fluidized bed  

In past decades, the pulsed flow gas, as an external assistant, has been reported that could improve 

the fluidization quality of the Geldart Group A/B/C particles191,192. Pulsed fluidization is a method 

that using an on-and-off fluidizing gas to fluidize the bed particles. The pulsed flow fluidization has 

shown the potential for enhancing the heating transfer in fluidized bed193–196, accelerating the drying 

of biomass and pharmaceutical products197–199, improving the mixing of particles200, and reducing the 

agglomerates size of nanoparticles201. The influences of some key parameters of pulsation, such as 

frequency, duty cycle, and flow rate, are extensively discussed.  

Frequency of pulsation is one of most extensively investigated parameters for the pulsed flow gas, 

and its effects on the hydrodynamics in the fluidized bed, mixing of particles, heating transfer and 

drying rate has been reported. A series of studies investigated the effects of pulsed flow on the 

hydrodynamics characteristics in the bed202–205, covering the minimum fluidization velocity (Umf), 

bubble sizes, bubble velocity, and bed expansion. Pulsed fluidized beds are frequently reported in 

reducing the minimum fluidization velocity (Umf) of particles, especially for the nanoparticles, which 
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are difficult to fluidize204,206,207. The bubble properties, such as size and velocity, in the bed are used 

as the indicators of bed behavior204. The bed expansion may be used as an indicator of particles 

displacement in the fluidized bed193. The minimum fluidization velocity decreases with the increasing 

pulsation frequency208. It is suggested that the minimum fluidization velocity of Group B particles 

can be reduced by up to a third of the minimum fluidization velocity required in continuous flow at a 

frequency of 10 Hz204. Generally, the reduction of bubble size by imposing pulsed flow in the 

conventional fluidized bed is closely related to the pulsation frequency204,207. The bubble size 

decreases with increasing pulsation frequency, and it may be attributed to the reduction of air amount 

that enters in each cycle204. It is found that the size of bubbles formed at a frequency of 10 Hz is same 

as the bubbles formed in the continuous flow at the halfway height point of the bed, but bubbles are 

smaller at positions above this204, indicating that the bubbles formed under continuous flow are easily 

to coalesce at greater distance from the distributor, while are likely to remain scattered and coalesce 

less under the pulsed fluidization204,207. Consistent with the bubble size, the bubble velocity is reduced 

at high pulsation frequency204. It has been found both in experimental work and numerical simulation 

that increasing particles displacement is found at low pulsation frequencies204,209. Bizhaem & 

Tabrizi204 suggests that the great particle displacement is related to the high pressure build up during 

“OFF” period. Zhang &Koksal193 attributes the larger bed expansion at lower frequencies to the larger 

amount of gas that goes into the bed during each “ON” period and the greater extent bed collapses 

during the longer “OFF” periods. Generally, the fluidization quality of the bed particles can be 

improved by increasing the pulsation frequency204.  

Hadi et al.200 investigate the effect of the pulsation on the mixing of the particles with a wide particle 

size distribution (dp10 =42 μm and dp90 =650 μm) at a pulsation frequency in the range of 0.5 - 5 Hz. 

The static bed height is 200 mm. It is found that the introducing of pulsed flow could improve the 

mixing of the particles, and the optimal mixing behaviors is observed at the pulsation frequency of 3 

Hz due to the formation of the maximum bubble size and highest bubble frequency. 

The influence of pulsation frequency on heat transfer and drying process are also investigated. Jia et 

al.194,195,197 studied the heat transfer coefficient and drying rate of various biomass particles in a pulsed 

fluidized bed at a pulsation frequency in the range of 0.5 Hz - 6 Hz. They suggested that the heat 

transfer coefficient and drying rate are strongly affected the pulsation frequency. It is found that the 

optimum frequency are close to the natural frequency of the system (ƒN), which is calculated 

according to the theory proposed by Hao and Bi205:  

1
ƒ

2
N

mf

g

H
  Equation 2-9 
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where Hmf (m) is the static bed height. For a bed with a static bed height of 150 mm, the natural 

frequency is 1.28 Hz. They attribute the good performance of the frequency closed to natural 

frequency to the occurrence of resonance effect could enhance the motion of particles and mass 

transfer. Although a better fluidization is achieved at a higher pulsation frequency, the optimum 

performance of a pulsed flow for biomass drying and particles mixing in fluidized bed is usually 

observed at a frequency in the range of 1 to 3 Hz. Jia et al.210 proposed that the fluidized bed appears 

only will be fluidized intermittently at the frequencies below 3 Hz, resulting in the formation of slugs 

above the distributer and formation of the gas channels in the bed. The larger bubbles instead of gas 

channel are formed at the frequency of 3 Hz, and the bubble sizes will be reduced by increasing 

pulsation frequency. At an even higher frequency, the behaviors of the pulsed fluidized bed are similar 

to a conventional one.  

The effect of flow rate on the biomass drying and heat transfer coefficient are less reported in the 

literatures. It is found that an increase in gas flow rate results in a higher heat transfer coefficient and 

drying rate197,210 due to the better fluidization at a high total flow rate.  

The influence of pulsation duty cycle, which is defined as the time of “flow-ON” period divided by 

the “flow-OFF” period, on heat transfer has been investigated. Kobayashi et al.211 investigated the 

heat transfer of the glass beads with a static bed height of 300 mm. They found that the highest heat 

transfer coefficient for the glass beads with an average diameter of 138 µm is observed at a pulsation 

duty cycle of 50/50 (a combination of “ON” and “OFF” period of 0.5s and 0.5 s), while for the glass 

beads with an average diameter of 301 µm, the optimum pulsation duty cycle is 25/75 (a combination 

of “ON” and “OFF” period of 0.25 s and 0.75 s). Nishimura et al.212 studied the heat transfer of glass 

beads bed with a static bed height of 700 mm. For the glass beads with an average diameter of 90 and 

340 µm, the optimum heat transfer is observed at the combination of a “OFF” period of 2 s and 3 s 

and an “ON” period of 1 s, namely the duty cycle of 33/66 and 25/75, respectively. It is attributed to 

the formation of larger bubbles at longer “OFF” period. In addition, it is addressed the increasing 

pressure build-up at longer “OFF” period will result in a higher instantaneous gas velocity. The 

instantaneous gas velocity is reduced by increasing duty cycle, since the same amount of gas enters 

in the bed over a longer “ON” period. However, the excessive increase in “OFF” period brings a 

disadvantage for heat transfer, since the bed will be in a static condition in the latter stage of “OFF” 

period. Jia et al.194 investigated the effect of duty cycle on heat transfer of Douglas fir sawdust in the 

range of 10/90 to 90/10 at various frequency with different gas velocity. It is found that the optimum 

duty cycle are related to the pulsation frequency and gas velocity. By decreasing the pulsation 

frequency or increasing the gas velocity, the optimum duty cycle is increased. This may be attributed 

to the air amount introducing into the bed are together decided by the pulsation frequency, the gas 

flow rate and duty cycle.  

The pulsed fluidized bed reactor may be a potential countermeasure for mitigating agglomeration 

tendency during biomass combustion and gasification. The potential of pulsed flow on tackling 
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defluidization of Group B particles has been proved by the discrete element method (DEM) 

simulation213. However, the effect of pulsed flow on the agglomeration is not clearly.  

 

2.5 Summary 

Biomass is a renewable energy resource and is considered as a substitute for fossil fuels. In Denmark, 

wheat straw is one of the main biomass resources. However, the utilization of wheat straw in fluidized 

bed combustion and gasification is challenging due to the high content of potassium and silicon in 

wheat straw. Agglomeration, which influences the operation of a fluidized bed reactor, can be 

observed even at temperature below 700 °C in a straw fired fluidized bed. Although the agglomeration 

behaviors in fluidized bed combustion of wheat straw has been investigated extensively, the 

agglomeration tendency and mechanisms during wheat straw gasification are limitedly studied. A 

reducing atmosphere and a high concentration of steam could promote the agglomeration of straw 

ashes, due to their influences on the ash chemistry and physical properties. However, the 

agglomeration behaviors during continuous wheat straw gasification is still unclear, especially the 

influences of gasification agents and equivalence ratio on agglomeration behaviors. 

Agglomeration tendency is closely related to biomass composition. Different biomass types result in 

different agglomeration tendency. The contents of other inorganic elements, such as Si, S, P, and Cl, 

in biomass also have different effects on agglomeration during combustion. The difference in the 

agglomeration temperatures of an S-rich but Si-lean fuel, Lucerne, under combustion and gasification 

atmospheres is more pronounced compared to other fuel. The agglomeration behaviors during 

gasification of different types of biomass are unclear.  

A series of countermeasures have been evaluated based on the mechanism of reducing the formation 

of compounds with low-melting point via utilizing alternative bed materials, applying additives, 

pretreatment of biomass, and co-combustion with alkali-lean fuels. Most of these countermeasures 

lead to an additional operation cost. An effective and economic countermeasure for the agglomeration 

is lacking. The imposing of pulsed flow in the fluidized bed improves the fluidization quality in the 

bed, indicating that pulsed fluidized bed may be a potential countermeasure for mitigating the 

agglomeration in fluidized bed combustion and gasification.   
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Agglomeration in Fluidized Bed Gasification of Wheat Straw 

This chapter has been written in a manuscript format. A slightly modified version of this chapter will 

be submitted to a peer-reviewed journal.  

3. Agglomeration in Fluidized Bed 

Gasification of Wheat Straw 

Abstract 

In this chapter, the agglomeration during combustion and gasification of wheat straw in an air blown 

system at different equivalence ratios (ERs) was studied in a lab-scale fluidized bed reactor at 850 °C 

using silica sand as bed material. The influence of gasification agents, such as steam and carbon 

dioxide, on agglomeration was further investigated by varying the concentrations of steam and CO2 

in the primary gas. The results reveal that the agglomeration tendency in the fluidized bed increases 

first to a maximum tendency as ER decreases, and then decreases with a decrease of ER. By 

decreasing ER in the primary gas, the produced reducing atmosphere accelerates the agglomeration 

probably due to an increased melting tendency of ash. Meanwhile, an increased residual carbon 

amount in the bed results from a decreased ER will mitigate the agglomeration possibly by reducing 

the fusion tendency and the melting flow behaviors of the straw ash and by retarding the interaction 

between ash and bed material. The competition between an enhanced reducing atmosphere and an 

increased amount of residual carbon caused by lowering ER results in the occurrence of a maximal 

agglomeration tendency at a critical ER. The promoted agglomeration of wheat straw under the 

condition with a high concentration of steam may be attributed to a decreased residual carbon amount 

in the bed and a lowered viscosity of straw ash. However, the addition of CO2 in primary gas slightly 

slows down the agglomeration. A mechanism for agglomeration in fluidized bed gasification of wheat 

straw with respect to the effect of ER and steam is proposed based on the results from this study.  
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3.1 Introduction  

Fluidized bed combustion and gasification of biomass are promising technologies for production of 

power and chemicals from renewable resources1–3. However, the occurrence of bed agglomeration 

can affect the stable and efficient operation of fluidized beds4,5, and may lead to defluidization and 

unscheduled plant shutdown in severe cases 6. In the past decades, the mechanisms of agglomeration 

in fluidized bed combustion of biomass have been investigated extensively from many aspects, 

covering the mechanisms of agglomerate formation at particle scale5,7–9, the influence of biomass 

type10–12 and operation parameters13,14, and the methods for mitigating the problems caused by 

agglomeration15–17. It has been widely accepted that the agglomeration in biomass fired fluidized beds 

results from the interaction between bed material and ash in the presence of a molten phase, e.g., low 

melting temperature alkali containing compounds originated from biomass. Therefore, the 

herbaceous biomass with a high alkali (mainly potassium) content, such as straws and Miscanthus, is 

problematic in connection to agglomeration. The agglomeration phenomena in fluidized bed 

combustion of biomass have been extensively discussed in several review papers18–22.  

Compared to combustion, the study on agglomeration in fluidized bed gasification appears less 

extensive, although the agglomeration studies started earlier for gasification of coal23 and biomass24. 

The studies on agglomeration in biomass gasification investigate the influence of biomass type and 

the operation parameters, such as temperature on the agglomeration tendency24–26, and propose the 

countermeasures for mitigating agglomeration27–29. The methodologies applied for gasification 

studies are normally similar to those for combustion studies, which can be categorized into the 

following groups: predicting the ash behavior via thermodynamic equilibrium calculations30; 

determining the defluidization tendency in trial tests and analyzing the formed agglomerates by 

scanning electron microscopy with energy-dispersive X-ray (SEM-EDX)31,32; the combination of the 

trial tests in fluidized bed and the thermodynamic equilibrium calculations25; estimating the 

agglomeration tendency of the agglomerates formed in fixed beds at designed temperatures33; and 

evaluating of defluidization temperatures of ashes at simulated gasification conditions5,34.  

In the gasification process, biomass converts at reducing conditions, which will result in a different 

ash chemistry from that under combustion. Therefore, the characteristics of biomass ash formed at 

gasification conditions may behave differently from that at combustion conditions with respect to 

fusion, which is strongly related to the agglomeration phenomena. It has been reported that the fusion 

temperature of the coal ash under reducing condition is lower than that under oxidizing condition35–

39, due to the reduction of iron(III) to iron(II) in coal ash. For biomass, the trend is not consistent, 

depending on the types of biomass from limited results5,34,40. Öhman et al.5,40 reported that the 

agglomeration temperatures of bark, olive flesh, cane trash, and rice husk under gasification condition 

are slightly lower than that under combustion condition, while reed cancan grass and Lucerne show 

the opposite trend. Ma et al.34 showed that the defluidization temperatures of three straw ashes (wheat, 
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rice and corn), prepared at 550 °C under air, CO2, H2 and steam atmospheres, which was used for 

simulation of combustion and gasification conditions. They found the decreased order of the 

defluidization temperatures of air ≈ CO2 > H2 >steam. However, the detailed mechanisms are not 

clear yet.  

Moreover, the equivalence ratio (ER, also called air ratio) in gasification is an important operational 

parameter, which will affect the yield and composition of the producer gas41. The influence of ER on 

the agglomeration in fluidized bed gasification of biomass has not been thoroughly studied even 

though a few experimental studies had used the different values of ER24,42,43, which were varied in 

the range of 0.18 to 0.38. Comprehensive studies on the influence of the important parameters, such 

as ER, steam to fuel ratio and CO2 concentration, on the agglomeration tendency in fluidized bed 

gasification of biomass are not found in literature.  

The aim of this work is to reveal the different behaviors of agglomeration of a typical problematic 

biomass, wheat straw, with different ERs, covering gasification and combustion region by a 

systematically experimental study in a lab-scale fluidized bed reactor with a continuously feeding 

system. The influence of the type of gasification agents on the agglomeration behaviors will be 

studied by introducing steam and CO2 containing primary gases to the reactor. Based on the 

experimental results, the possible agglomeration mechanisms will be proposed.  

3.2 Experimental section 

3.2.1 Fuel and bed material 

Wheat straw, the straw that caused defluidization in the low-temperature circulating fluidized bed 

(LTCFB) gasifier as described in Chapter 1, Section 1.1, with a size range of 2 - 4 mm was used as 

fuel in the experiments in order to minimize the elutriation of the fuel particles and to achieve a stable 

feeding. The proximate and ultimate analyses and the inorganic composition of the straw are shown 

in Table 3-1. Silica sand (SiO2 > 97 wt.%) with a size range of 355 - 500 µm was used as bed material. 

The selection of bed particle size and fuel size are presented in Appendix A.  

Table 3-1 Characteristics of wheat straw 

Proximate analysis 

(wt.%, ar) 

Moisture Ash Volatile matter Fixed carbon 

8.35 5.22 68.84 17.59 

Fuel elemental analysis 

(wt.%, daf) 

C H O (by difference) N 

46.16 6.62 46.42 0.80 

Inorganic composition⸸  

(wt.%, db) 

Cl S Al Ca Fe K Mg Na P Si 

0.11 0.081 0.21 0.32 0.013 0.98 0.07 0.0086 0.11 1.1 

ar: as received basis 

daf: dry ash-free basis 

db: dry basis 

⸸ data obtained by inductively coupled plasma - optical emission spectrometry (ICP-OES) 
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3.2.2 Experimental apparatus 

Experiments were conducted in a lab-scale bubbling fluidized bed reactor system, which consists of 

a gas supplying system, a fuel feeding system, a fluidized bed reactor, a gas sampling and analysis 

system and a data acquisition system, as illustrated in Figure 3-1. The flow rates of air, N2, and CO2 

were controlled by a series of precision mass flow controllers (MFCs). The steam was generated by 

a steam generator (VEIT 2365) and its flow rate was controlled by a needle valve with pre-calibrated 

data. An electric heat trace with a setting temperature of 150 °C was applied to the steam line to the 

reactor to prevent the steam from condensation. Two streams of gas were introduced to the reactor, 

fluidizing gas (or primary gas), which is introduced at the bottom of the reactor, and feeding gas (or 

secondary gas), which is introduced with fuel particles. The reactor was made of high temperature 

stainless steel with a total height of 1400 mm. The reactor has three zones: preheating zone, bubbling 

bed and freeboard. The preheating zone is located below the gas distributor, above which is the 

bubbling fluidized bed reactor. The inner diameter of the bubbling bed is 62.5 mm. The reactor was 

externally heated by four independently controlled heating elements to achieve desired temperature 

profile in the reactor. A loss-in-weight gravimetric feeder with twin screws (K-ML-KT20, Coperion 

K-Tron) was used to feed the fuel particles to the reactor continuously. The feed position is located 

at 300 mm above the gas distributor. The inner diameter of the freeboard 500 mm above the dense 

bed is 100 mm to reduce elutriation of fine particles. After the exit of the flue gas at the reactor top, 

a cyclone was used to remove the fine particles in the gas stream. A small amount of flue gas was 

sampled from a port located in the downstream of the cyclone by a gas sampling system, consisting 

of a filter, a pump, and a cooler for water condensation. The concentrations of CO2, CO, O2, NO and 

SO2 in the flue gas were continuously monitored by a series of gas analyzers (Emerson, NGA 2000 

Analyser, FLSmidth A/S). The reactor was equipped with four thermocouples to measure the 

temperatures right below the gas distributor (T1), right above the gas distributor (T2), 7.5 cm above 

the distributor (T3), and 5 cm above the distributor (T4), and two pressure transducers for monitoring 

the pressure drop over the bed and pressure below the gas distributor. The signals from the 

thermocouples and pressure transducers, as well as from gas analyzers were continuously logged to 

a computer by a data acquisition system during experiments.  
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Figure 3-1 A schematic drawing of the lab-scale fluidized bed reactor 

3.2.3 Experimental conditions and procedure 

All experiments were performed at a bed temperature of 850℃ with a fixed straw feeding rate of 0.11 

kg/h (on a dry basis). The primary gas (fluidizing gas) flow rate was kept to a constant value of 11.5 

Nl/min, corresponding to a Ug/Umf ratio of 3 and 2.82 at the conditions with 100% of air and with a 

mixture of 50 vol.% steam and 50 vol.% N2, respectively. The parameters with constant values in the 

experiments are given in Table 3-2. The values of ER in the bubbling bed were varied by changing 

the volume fraction of air, nitrogen and steam or carbon dioxide (in case of varying the gasification 

agents) in the primary gas flow. For the experiments with steam as the gasification agent, a parameter 

of steam to fuel ratio (SFR), defined as the weight ratio of steam to the fuel (g/g), is used. The feeding 

gas not only assists the stable feeding of fuel particles, but also functions as the secondary combustion 

air in order to burn the combustible gas in the freeboard for laboratory safety consideration. The 

composition of the feeding gas was varied in such a way that the total flow to the reactor was kept 

constant, and with a constant total combustion stoichiometric ratio of 1.45. The experimental matrix 

related to the operating parameters of gas feeding rates to the primary and secondary gas streams and 

in-bed ERs and SFRs are shown in Table 3-3. These experiments can be categorized into five groups: 

air blown (A-E), air blown with addition of steam (F-J), air blown with high concentration of steam 

(K-N), air blown with addition of CO2 (O-R) and air blown with simultaneous addition of steam and 
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CO2 (S-V). It should be mentioned here that the experiments were designed for studying the influence 

of ER on agglomeration. The heat balance for the auto-thermal air blown gasification is not 

considered.  

Table 3-2 Typical operating parameters during experiments. 

Parameters Value 

Bed temperature (T4, °C) 850 

Fuel feeding rate (kg/h, db) 0.11 

Bed material loading (kg) 0.50 

Primary gas flow rate (Nl/min, NTP) 11.5 

Secondary gas flow rate (Nl/min, NTP) 15.5 

Superficial fluidization velocity @850 °C (m/s) 0.24 

Table 3-3 Gas compositions used in the experiments 

Exp. Types 
Exp. 

No. 
Exp. Name ER SFR 

Primary gas (vol.%) 
Secondary gas 

(vol.%) 

Air Steam CO2 N2 Air N2 

Air blown 

combustion 

and 

gasification 

A 2.5% air gasification  0.04 0 2.5% 0 0 97.5% 72% 28% 

B 9.5% air gasification 0.14 0 9.5% 0 0 90.5% 67% 33% 

C 25% air gasification  0.36 0 25% 0 0 75% 55.5% 44.5% 

D 75% air combustion  1.09 0 75% 0 0 25% 18.5% 81.5% 

E 100% air combustion 1.45 0 100% 0 0 0 0 100% 

Air blown 

with addition 

of steam 

F 25% steam gasification 0 0 0 25% 0 75% 74% 26% 

G 
25% steam/2.5% air 

gasification  
0.04 2.7 2.5% 25% 0 72.5% 72% 28% 

H 
25% steam/9.5% air 

gasification 
0.14 2.7 9.5% 25% 0 65.5% 67% 33% 

I 25% steam/25% air gasification  0.36 2.7 25% 25% 0 50% 55.5% 44.5% 

J 25% steam/75% air combustion  1.09 2.7 75% 25% 0 0 18.5% 81.5% 

Air blown 

with high 

concentration 

of steam 

K 50% steam gasification 0 5.4 0 50% 0 50% 74% 26% 

L 
50% steam/2.5% air 

gasification  
0.04 5.4 2.5% 50% 0 47.5% 72% 28% 

M 
50% steam/9.5% air 

gasification 
0.14 5.4 9.5% 50% 0 40.5% 67% 33% 

N 50% steam/25% air gasification  0.36 5.4 25% 50% 0 25% 55.5% 44.5% 

Air blown 

with addition 

of CO2 

O 25% CO2/2.5% air gasification  0.04 0 2.5% 0 25% 72.5% 72% 28% 

P 25% CO2/9.5% air gasification 0.14 0 9.5% 0 25% 65.5% 67% 33% 

Q 25% CO2/25% air gasification  0.36 0 25% 0 25% 50% 55.5% 44.5% 

R 25% CO2/75% air gasification 1.09 0 75% 0 25% 0 18.5% 81.5% 

Air blown 

with 

simultaneous 

addition of 

steam and 

CO2 

S 
25% steam/25% CO2 

gasification 
0 2.7 0 25% 25% 50% 74% 26% 

T 
25% steam/25% CO2/2.5% air 

gasification  
0.04 2.7 2.5% 25% 25% 47.5% 72% 28% 

U 
25% steam/25% CO2/9.5% air 

gasification 
0.14 2.7 9.5% 25% 25% 40.5% 67% 33% 

V 
25% steam/25% CO2/25% air 

gasification  
0.36 2.7 25% 25% 25% 25% 55.5% 44.5% 
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The experiment started with loading the bed material (silica sand) of 500 g, corresponding to a static 

height of 100 mm, and with supplying the fluidizing gas. The reactor was then heated up at a heating 

rate of 10 ℃/min. The setting temperature is determined based on the preliminary tests that the bed 

temperature would be kept to a stable level of 850℃ after the straw particles feeding started. When 

the bed temperature reached a stable level, the feeder started with a set point of 0.11 kg/h (on a dry 

basis). The experiment would continuously proceed until defluidization occurred, which is indicated 

by a sudden decrease in pressure drop over the bed as illustrated in Figure 3-2. It is also shown that 

the temperature difference between the two thermocouples at different positions in the bed became 

significant when the bed approached the defluidization state, indicating a worsening mixing in the 

bed due to the formation of agglomerates. Previously, the agglomeration tendency was indicated in 

term of defluidization time13, which is defined as the time when defluidization occurs after fuel 

feeding starts. In this work, the amount of fuel fed to the reactor until defluidization occurs is used to 

evaluate the agglomeration tendency for elimination of the errors caused by the fluctuation of the 

feeder. As soon as defluidization occurred, fuel feeding was stopped. The primary gas was shifted to 

N2 in order to keep the remained carbon in the bed unreacted. The heating elements were switched 

off. After the reactor was cooled to the ambient temperature, the bed material was taken from the 

reactor for further analysis and characterization. Some of the experiments have been duplicated and 

Experiment A was repeated for four times. A good repeatability has been shown with a standard 

deviation of less than 3 g (see Figure A-4 in Appendix A).  

 
Figure 3-2 Diagram of determination of defluidization during gasification with an ER of 0.14 and a SFR of 1.15.  

3.2.4 Characterization  

Selected agglomerate samples taken from cold reactor were analyzed by Scanning Electron 

Microscopy (QUANTA FEG 250) with Energy X-ray (SEM-EDX) to obtain the information of the 

morphology and compositions. All samples were carbon-coated in the pretreatment to reduce the 

charging of samples.  
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3.2.5 Thermodynamic equilibrium calculations  

For studying the influence of the atmosphere in the bed at various ERs, it is desirable to obtain the 

information of the gas compositions at different ERs. However, it is not possible to measure the gas 

composition inside the bubbling bed in the present setup due the overall stoichiometry for combustion 

is 1.45 by introducing the secondary gas in all experiments. Therefore, such information is unknown. 

Thermodynamic equilibrium calculations were performed with respect to the product distribution by 

using FACTSAGE 7.2 package, as estimations for the atmosphere in the bed. The K-species 

distribution in the bed was also carried out. The FToxid, FTsalt, FactPS, and FTpulp databases and 

FToxid-SLAGA solution phase were chosen for the calculations44. The input data was calculated 

based on the straw and primary gas compositions, as well as a dry basis feeding rate of 0.11 kg/h and 

a primary gas flow rate of 11.5 Nl/min. The silica sand amount is in a larger excess, corresponding 

to the molar ratio of SiO2/K is 100. The calculations were performed at a temperature of 850 °C.  

3.3 Results 

The influence of the equivalence ratio (ER) on the agglomeration tendency was studied 

experimentally with and without addition of steam and CO2. The results of experiments, equilibrium 

calculations and characterization of agglomerate samples are presented in this section.  

3.3.1 Agglomeration tendency in an air blown system 

Figure 3-3 shows the amount of fed fuel at occurrence of defluidization as a function of ER, covering 

the spectrum from gasification to combustion (Experiments A-E) in the air blown system. As 

previously described, the agglomeration tendency is indicated by the amount of straw fed until 

defluidization occurs. A high amount of straw fed to the reactor at the point of occurrence of 

defluidization indicates a low agglomeration tendency and vice versa. When the value of ER is higher 

than unity (right two points in Figure 3-3), the bubbling bed is operated in combustion region. The 

left three points are operated in gasification region. The results indicate that the agglomeration 

tendency is gradually increased when the reaction region shifts from combustion to gasification 

region to an ER value of around 0.35, which is within the typical range for auto-thermal air blown 

gasification45. When ER is further decreased, the agglomeration tendency would be decreased. Such 

phenomenon is new and has not been reported in literature from authors’ knowledge. The existence 

of a maximum agglomeration tendency with respect to ER may be caused by two competing factors. 

The mechanisms behind the phenomenon will be explored and discussed in the discussion section of 

the paper.  
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Figure 3-3 Amount of dry basis straw fed for inducing defluidization at various equivalence ratios in an air blown 

system.  

3.3.2 Influence of steam on agglomeration tendency 

The influence of the presence of steam was studied by replacing a part of N2 flow with the same 

volume flow of steam in the primary gas with desired steam to fuel ratios (SFRs). The amount of 

straw fed at defluidization during gasification as a function of SFR with different ERs are presented 

in Figure 3-4. The results indicate that the agglomeration tendency is increased when steam is added 

to the bed. The results are in agreement with those reported by Ma et al.34,46, who found that the 

defluidization temperatures are decreased in steam atmosphere for the ashes from different biomass 

and model compounds of potassium. It appears that a further increase of SFR from 1.15 to 2.3 will 

not affect the agglomeration tendency for the gasification with an ER of 0.14 and 0.36. However, the 

agglomeration tendency increases with a further increased SFR for very low ERs (0 and 0.04). At a 

high concentration of steam (SFR of 2.3, corresponding to an inlet steam concentration of 50 vol.%), 

the agglomeration tendency is very close for the ER in the range of 0.04 - 0.36.  

 
Figure 3-4 Amount of dry basis straw fed for inducing defluidization during gasification as a function of steam to fuel 

ratio at an equivalence ratio in the range of 0 - 0.36.  
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3.3.3 Influence of CO2 on agglomeration tendency 

The addition of CO2 to the primary gas stream was done in the same way as the addition of steam. 

The influence of CO2 was examined by two cases: 25 vol.% of CO2 was added to the primary gas 

stream without addition of steam and with addition of 25 vol.% of steam (corresponding to an SFR 

of 1.15). The comparison of all cases is presented in Figure 3-5. It is shown that the effect of addition 

of CO2 on the agglomeration tendency is insignificant although the agglomeration tendency appears 

slightly lower with addition of CO2 than without CO2 addition for both cases in the absence and the 

presence of steam. 

 
Figure 3-5 Impact of CO2 on amount of dry basis straw fed for inducing defluidization during gasification with an 

equivalence ratio in the range of 0 – 0.36 (top: SFR = 0, bottom: SFR = 1.15).  

3.3.4 Summary of all fluidized bed experiments 

All the results from the experiments in the fluidized bed on the agglomeration tendency of wheat 

straw are summarized in Figure 3-6. The results show that the influence of ER on agglomeration 

tendency for all cases follows the same trend as the air blown system, i.e. the agglomeration tendency 

(indicated by the amount of fuel fed to the bed at defluidization) increases to a maximum value with 

decreasing ER and decreases with further decreasing ER. The values of ER, at which agglomeration 

tendency is the highest, are between 0.14 and 0.36 for the most of the cases except for the case with 

a high steam concentration (SFR of 2.3), at which the ER is 0.04. When CO2 is added, the 

agglomeration tendency is slightly decreased comparing to that without addition of CO2, for both 

with and without addition of steam. Such influence may be caused by the fact that the presence of 

high concentration of CO2 will slow down the reaction between potassium carbonate and silicon oxide 

(e.g., quartz sand)47, which may result in a reduced formation of low-melting temperature potassium 

silicates. The addition of steam results in an increased agglomeration tendency, and the impact of 

steam becomes more pronounced by lowering the ER.  
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Figure 3-6 Amount of dry basis straw fed for inducing defluidization in the performed experiments.  

3.3.5 Residual char in the bed  

It was noticed that different amounts of residual char were present in the bed, when taking out the 

bed material after experiments. Figure 3-7 shows the appearances of three samples from the bed in 

combustion with an ER value (air ratio) of 1.45 (a), in gasification with an ER of 0.14 and a SFR of 

1.15 (b), and in gasification with an ER of 0 and SFR of 1.15 (c). The visual observation of the 

samples seems to indicate that the amount of residual char in the bed increases with decreasing ER. 

The carbon content of selected bed samples was measured by heating the sample in a furnace at 

550 °C under air condition for 3 hours, and the weight loss of sample after heated was considered as 

the carbon amount in the sample. The carbon conversion in each case was calculated by dividing the 

amount of unconverted carbon in the bed sample to the theoretical carbon amount in the fed straw. 

The calculated carbon conversion may be overestimated due to the elutriation of fine char particles 

during experiment and the loss of bed material during sampling. The results of the carbon content, 

the carbon conversion and the fed straw amount for these three cases are summarized in Table 3-4, 

which confirm the visual observation that a decrease in ER results in an increase in the amount of 

char residual, i.e. carbon content. The results in Table 3-4 also show that the highest carbon content 

corresponds to the highest amount of fed straw, i.e. the lowest agglomeration tendency, which 

indicates that the amount of carbon in the bed may affect the agglomeration tendency. In addition, it 

is noticed that the bed sample taken from the condition with an ER of 0 looks much darker than other 

two samples, implying that many soot particles may coated on the sand surface. The role of carbon 

in the bed will be discussed in Section 3.4. 

0.00 0.25 0.50 0.75 1.00 1.25 1.50
0

50

100

150

200

250

300

A
m

o
u

n
t 

o
f 

st
ra

w
 /

 g
, 

d
b

Equivalence Ratio 

 0 steam & 0 CO2

 25% steam & 0 CO2

 50% steam & 0 CO2

 25% steam & 25% CO2

 0 steam & 25% CO2

A
g

g
lo

m
er

a
ti

o
n

 t
en

d
en

cy
 



Agglomeration during Fluidized Bed Combustion and Gasification of Biomass 

64 

 
Figure 3-7 Bed samples taken from the cold reactor under condition of (a) ER = 1.45 & SFR = 0, (b) ER = 0 & SFR = 

1.15, and (c) ER = 0.14 & SFR = 1.15.  

Table 3-4 Carbon content, carbon conversion, and amount of fed straw for the cases shown in Figure 3-7  

Exp. No. ER = 1.45 & SFR = 0 ER = 0.14 & SFR = 1.15 ER = 0 & SFR = 1.15 

Amount of unconverted carbon 

in the bed (g) 
0.25 1.87 14.44 

Carbon conversion (%) 99.34 89.39 85.13 

Amount of fed straw (g, db) 91 43 227 

3.3.6 Morphology and elemental composition of agglomerate samples 

The morphology of silica sand, which was used as the bed material before experiments, and the 

agglomerates sampled from combustion with an ER of 1.45, from gasification with an ER of 0.14 and 

a SFR of 1.15, and from gasification with an ER of 0 and SFR of 1.15 are examined by SEM-EDX 

analysis. The results are shown in Figure 3-8 and Table 3-5. The EDX results are presented on a 

carbon and oxygen free basis, due to the fact that the samples are carbon coated for better images. 

The morphology of the raw silica sand particles (Figure 3-8-a) shows a smooth and clean surface that 

containing almost 100% Si (Spot A-1). The agglomerates sampled from gasification with an ER of 

0.14 and a SFR of 1.15 (Figure 3-8-b) show a relatively homogeneous surface with unevenly coated 

ash. The EDX results of the spots on the smooth surface (Spot SA-1) and on the ash surface (Spot 

SA-2) indicate the similar compositions of mainly the melting potassium silicates. The morphologies 

and EDX analyses of the agglomerates sampled from combustion with an ER of 1.45 and gasification 

with an ER of 0 and SFR of 1.15 show a low potassium coated surface, with attached flocculent ash 

(Figure 3-8-c and 3-8-d). The main compositions of the flocculent ash (Spot C-2 and S-2) are Si, K, 

Ca, Mg and P, similar to those in Table 3-1. The K/Si molar ratio on the surfaces of the agglomerates 

(Spots SA-1, C-1 and S-1) decreases in the order of: gasification with an ER of 0.14 and SFR of 1.15 > 

combustion with an ER of 1.45 > gasification with an ER of 0 and SFR of 1.15, which is same as the 

decreasing trend of the agglomeration tendency observed in the defluidization experiments.  

Humps are observed on the surface of samples taken from combustion with an ER of 1.45 and 

gasification with an ER of 0 and SFR of 1.15 when the magnification is further increased (Figure 3-

8-e and 3-8-f). The humps (Spot C-3) formed during combustion with an ER of 1.45 may be the ash 

particles that immersed in the thin homogenous coating layer, suggested by its main compositions, 

(a) (b) (c)
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which is completely different with sand surface (Spot C-4). However, the humps (Spot S-3) show 

almost same compositions with the sand surface (Spot S-4) for the agglomerates from gasification 

with an ER of 0 and SFR of 1.15, leading to a speculation that these humps may be fine carbon 

particles. However, the speculation cannot be confirmed by the EDX analysis due to the carbon 

coating of samples.  

 
Figure 3-8 Morphology (SEM: SE mode) of (a) raw silica sand, and agglomerates sampled (b) from gasification with 

an ER of 0.14 and a SFR of 1.15, (c) and (e) from combustion with an ER of 1.45, as well as (d) and (f) from 

gasification with an ER of 0 and SFR of 1.15.  

Table 3-5 EDX analysis of selected point of the agglomerates shown in Figure 3-8 (atom% on C-O-free basis) 

 A-1 SA-1 SA-2 C-1 C-2 C-3 C-4 S-1 S-2 S-3 S-4 

Si 99.51 41.61 51.02 85.53 36.95 66.22 88.59 91.27 6.88 89.58 90.46 

K 0.00 41.61 33.37 12.02 26.8 16.07 8.44 7.67 52.80 7.64 6.44 

Ca 0.00 8.07 10.60 1.12 17.4 8.86 1.58 0.00 22.05 0.63 0.59 

Mg 0.00 3.01 1.33 0 4.56 2.09 0.30 0.00 5.97 0.27 0.33 

P 0.00 3.32 2.05 0.49 8.81 6.01 0.30 0.00 9.56 0.27 0.17 

K/Si 0.00 1.00 0.65 0.14 0.73 0.24 0.10 0.08 7.67 0.09 0.07 

c. ER=1.45 Combustion

e. ER=1.45 Combustion

a. Raw SiO2 b. ER=0.14, SFR=1.15 Gasification

d. ER=0, SFR=1.15 Gasification  

f. ER=0, SFR=1.15 Gasification 
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3.3.7 Thermodynamic equilibrium calculations 

As explained in Section 3.2.5, the thermodynamic equilibrium calculations are used to estimate the 

distribution of products. Figure 3-9 shows the concentrations of the producer gas and carbon as a 

function of ER from the equilibrium calculations at 850 °C. The gaseous products are mainly 

comprised of O2, CO2, H2O, and N2 at ERs above 1 with an overall oxidizing condition. For the 

conditions with ER below 1, the gas environment is predominantly composed of H2, CO, CO2, H2O, 

and N2, implying a reducing atmosphere. A decrease in the ER value leads to an increased 

concentrations of CO and H2, suggesting a stronger reducing atmosphere. When the ER is lower than 

0.16, carbon is present in the products and will increase with a decrease of RE. Figure 3-10 shows 

that an increase in SFR results in an increase in formation of H2 and CO2, due to the water gas shift 

reaction. In addition, it is shown that the carbon will decrease with an increase of steam and carbon 

dioxide. 

 
Figure 3-9 Impact of equivalence ratio on the thermodynamic equilibrium calculations of relative distribution of 

elemental C, CO, CO2, H2, O2, H2O, and N2 at 850 °C.  

 
Figure 3-10 Impact of (a) steam to fuel ratio and (b) CO2 concentration on the thermodynamic equilibrium calculations 

of relative distribution of elemental C, CO, CO2, H2, O2, H2O, and N2 at 850 °C.  
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Figure 3-11 shows the influences of ER, SFR, and CO2 concentrations on the K-species distribution 

at 850 °C by the equilibrium calculations. The results show that the amount of K2O containing slag 

phase, which is K silicates indicated by the compositions of slag phase given in Figure A-5 in 

Appendix A, is increased when the condition is shifted from combustion to gasification due to the 

fact that K2SO4 is not stable at reducing atmosphere. A slight decrease of the slag phase with a 

decrease of ER is observed from the calculation due to the increased formation of gas phase KCl, 

which cannot explain the agglomeration tendency observed from the experiments. The steam and 

CO2 show a minor effect on the amount of K2O containing slag phase, which is indirectly influenced 

by the decreased amount of gas phase KCl.  

 
Figure 3-11 Impact of (a) equivalence ratio, (b) steam to fuel ratio and (c) CO2 concentration on the thermodynamic 

equilibrium calculation of K-species distribution at 850 °C.  
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the agglomeration tendency is maximal, will shift to the lower value when steam is added. These 

newly discovered phenomena are related to the reaction atmosphere, the presence of carbon (char) 

and the presence of steam, which will be discussed in the following sections. 

3.4.1 Reducing atmosphere 

The thermodynamic equilibrium calculations indicate that the amount of molten slag phase potassium 

silicates increases when the condition shifts from oxidizing to reducing, i.e. the potassium sulfate 

formed at oxidizing condition will be transformed to potassium silicate with low-melting temperature. 

This indication agrees with the experimental results by Ma et al.46. The high fusion of ash may be 

ascribed to the transformation of K2SO4 into K silicates and the increase in the reactivity of K2CO3, 

which is an important K-species during biomass gasification and combustion due to its significant 

amount48, toward silica sand under reducing atmosphere46. However, the results from equilibrium 

calculation are not able to explain the fact that the agglomeration tendency gradually increases with 

decreasing ER. It is speculated that the fusion behavior of the ash may be correlated to the reducing 

degree that is related to the concentration of reducing agents, such as hydrogen and carbon monoxide, 

and is reaction rate controlled, though no evidence support it. Further studies are needed for more 

understanding.  

3.4.2 Influence of char residuals (unconverted carbon) on the agglomeration 

The visual observation of the bed materials and equilibrium calculations show the existence of 

unconverted carbon at low ERs, which is correlated to the significant reduction of the agglomeration 

tendency, shown in Figure 3-6. Intuitively, the presence of char particles may prevent the particles 

from sticking together. In order to examine the influence of char particles on agglomeration tendency, 

a few stepwise gasification experiments were performed. In the first step, around 50 g of straw was 

continuously fed into reactor using a mixture of 25 vol.% steam and 75 vol.% N2 as primary gas, 

resulting in a certain amount of char accumulated in the bed. In the second step, straw feeding was 

stopped and the primary gas was either shifted to a nitrogen stream, or kept with the mixture of 25 

vol.% steam and 75 vol.% N2, or shifted to a mixture of 25 vol.% air and 75 vol.% N2. The carbon 

converted in the second step were indicated by the outlet concentrations of CO or CO2. The 

experiments were continued until the occurrence of defluidization or for about half hour if no 

defluidization was observed.  

The results of these experiments are illustrated in Figure 3-12. The defluidization tendency is strongly 

affected by the type of the primary gas supplied in the second step. When the gas was shifted to 

nitrogen, the outlet concentrations of CO and CO2 were quickly dropped to zero, indicating that no 

further conversion of the accumulated carbon. No defluidization was observed in 35.5 min in this 

case. When the mixture of 25 vol.% steam and 75 vol.% N2 remains un-shifted, the outlet 

concentration of CO2 was dropped to a low level and decreased slowly, indicating a slow conversion 
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of accumulated carbon. The defluidization occurred in 7 min when the carbon content in the bed is 

low in this case. Once the primary gas was shifted to a mixture of 25 vol.% air and 75 vol.% N2, the 

defluidization occurred in 2 min accompanied by a fast conversion of the carbon in the bed. During 

the gas stream sifting, the bed temperature was kept unchanged, indicating that the occurrence of 

defluidization is caused by reduction of the carbon content in the bed. These results confirm that the 

accumulated char in the bed could inhibit the agglomeration process. It has been reported that the 

presence of residual carbon in the ash can significantly increase of the fusion temperatures and reduce 

the melting flow behaviors of biomass ash49 and coal ash50. In addition, the occurrence of adhesion 

of carbon onto bed solids, indicated by the SEM image in Figure 3-8, may inhibit the formation of 

agglomerates upon the interaction between ash and bed material.  

 
Figure 3-12 Bed temperature (T4), bed pressure (P2) and the concentrations of CO and CO2 in flue gas during stepwise 

gasification.  

3.4.3 Effect of steam 

The experimental results in Figure 3-4 show that the presence of a high concentration of steam 

promotes the agglomeration tendency. This is partly due to the enhanced gasification rate at low ERs, 

leading to the low carbon content. Another reason may be caused by the effect of steam on the 

viscosity of the molten phase. It was reported that the presence of steam (water vapor) can 

significantly affect the viscosity of the coal ash slag from gasification51–53. The SEM-EDX analysis 

in Figure 3-8 shows the significant amount of potassium silicate melting on the surface sand from 

combustion and gasification. Experiments were performed to exam the effect of steam on the fusion 

behaviors of potassium silicates (K2Si4O9). The K2Si4O9 pellets with the mass of around 1 g were 
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placed in a crucible and heated in a fixed bed reactor under the conditions of 100% air and a mixture 

of 50 vol.% steam and 50 vol.% N2 at 850 °C for 3 hours. The appearances of the pellets after heated 

are shown in Figure 3-13. Significant deformation of the K2Si4O9 pellets after heating is observed, 

indicating that the pellets have been molten. It is noticed that the area of the pellets heated in the 

atmosphere with a high concentration of steam is larger than that in air condition, indicating a high 

fusion degree of the K2Si4O9 pellets in steam or a low viscosity in molten phase. It is reported that 

for the viscous and glassy slag contains high silica content, which is expected to have a three-

dimensional network silicate structure, the addition of water vapor could lower its viscosity due to 

the depolymerization of the melt54–56. It is attributed to the diffusion of water vapor into silica glass 

and the formation of Si-OH groups via reaction between water and the silicon-oxygen network, 

according to the following equation57,58:  

−Si − O − Si −  + 𝐻2𝑂  → 2 − SiOH 

This results provide one of the mechanisms of the influence of steam on the agglomeration tendency 

observed in the experiments.  

  
Figure 3-13 K2Si4O9 pellets (a) before and after heating for 3 hours at 850 °C in a fixed bed reactor under (b) 100% air 

and (c) 50 vol.% steam and 50 vol.% N2.  

3.4.4 Role of in-bed high concentration CO2  

The addition of 25 vol.% of CO2 in primary gas stream slightly slows down the agglomeration 

tendency when the ER and the steam concentration in the primary gas are constant (Figure 3-5). The 

reason is not clear, and may be partially attributed the slower reaction rate between K2CO3 and silica 

sand with presence of CO2 
47. The detailed mechanism need to be further studied.  
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3.4.5 Plausible mechanism for agglomeration in fluidized bed gasification of wheat straw 

Based on the experimental results and discussion, a plausible mechanism for agglomeration in 

fluidized bed gasification of wheat straw with respect to the effect of ER and steam is proposed, as 

illustrated in Figure 3-14.  

When ER is decreased, the amount of molten phase increases, leading to an increased agglomeration 

tendency, while the amount of residual char in the bed also increases, inhibiting the agglomeration 

tendency. These two competing factors result in the existence of a maximal agglomeration tendency, 

at which the ER can be defined as the critical ER. The influence of carbon is dominant at an ER lower 

than the critical ER, whilst the influence of reducing atmosphere is dominant at an ER higher than 

the critical ER. Such mechanism applies to all the experimental results in this work.  

When steam is added, the critical ER value will shift to a lower value, which is due to the fact that 

the carbon content at the same ER will be lower than without addition of steam because of an 

enhanced carbon conversion. In addition, the increased steam concentration will result in a reduced 

viscosity of the molten potassium silicates, coated on the sand surfaces, which can increase the 

agglomeration tendency.  

 
Figure 3-14 A plausible agglomeration mechanism of wheat straw during gasification in fluidized bed. 
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3.5 Conclusions  

Systematic experiments have been conducted in a lab-scale fluidized bed reactor the study the 

agglomeration phenomena in biomass gasification with a focus on the effect ER and SFR. The 

following conclusions can be drawn from the study: 

(1) The agglomeration tendency of wheat straw in fluidized bed is strongly influenced by the ER. The 

agglomeration tendency increases first to the maximal tendency with a decrease of ER, and then the 

agglomeration tendency decreases with the further deceasing ER. A decrease in ER will result in an 

increase both in the degree of reducing atmosphere and the amount of unconverted carbon, which 

will promote the agglomeration and mitigate the agglomeration, respectively. The competition 

between these two factors results in a maximal agglomeration tendency occurs at a critical ER. A 

reducing atmosphere formed during gasification could accelerate the agglomeration probably due to 

its promotive effect on the melting tendency of ash. The residual carbon may reduce the fusion 

tendency and the melting flow behaviors of the ash, and the carbon attached on the sand surface may 

inhibit the agglomeration by preventing the interaction between ash and bed material, thus mitigating 

the agglomeration tendency.  

(2) The gasification agents affect the agglomeration tendency of wheat straw in the fluidized bed 

gasification. The presence of steam in primary gas significantly promotes the agglomeration. The 

promoted agglomeration under a high concentration of steam may be attributed to a higher carbon 

conversion, i.e. a lower amount of residual carbon, and a lowered ash viscosity induced by water 

vapor. An increase in steam concentration will result in a decrease in critical ER value due to a 

reduced inhibition effect of residual carbon resulting from a decreased amount of residual carbon. 

The addition of CO2 in primary gas slightly mitigates the agglomeration. The detailed mechanism of 

influence of CO2 on agglomeration need to be further studied. 
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4. Fusion Behavior of Wheat Straw Ash under 

Combustion and Gasification Conditions 

Abstract 

The fusion behavior of biomass ash affects the agglomeration tendency in fluidized bed combustion 

and gasification. In this chapter, the fusion behaviors of the ashes from wheat straw, as well as a 

mixture of wheat straw and silica sand, were investigated in a fixed bed reactor at 850 C under the 

atmospheres of 100% air, a mixture of 50 vol.% steam and 50 vol.% air, and a mixture 50 vol.% of 

steam and 50 vol.% N2. Visual observation and scanning electron microscopy with energy-dispersive 

X-ray spectroscopy (SEM-EDX) analysis show that the fusion tendency of the ashes obtained from 

wheat straw under gasification conditions is higher than that under combustion conditions. In addition, 

the fusion tendency of the ash from combustion with presence of a high concentration of steam is 

higher than that from normal combustion. The results indicate that a reducing atmosphere and a high 

concentration of steam will promote the fusion behaviors of the wheat straw. The fusion tendency of 

ashes from a mixture of wheat straw and silica sand is consistent with the fusion tendency of ashes 

from wheat straw. The mixture that contains the ash with a highest fusion tendency shows a most 

severe agglomeration tendency. The fusion tendency of the wheat straw ash under combustion and 

gasification conditions is consistent with the agglomeration tendency that has been observed in 

fluidized bed combustion and gasification of wheat straw in Chapter 3.  
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4.1 Introduction  

In Chapter 3, it is found that the agglomeration in fluidized bed gasification of wheat straw is 

accelerated by a reducing atmosphere and a high concentration of steam in the bed. Since the fusibility 

of ash has been considered as a key parameter affecting agglomeration tendency1–3, evaluating the 

fusion behavior of wheat straw ash under combustion and gasification conditions may provide an 

improving understanding of agglomeration.  

The fusibility of ash has been extensively investigated by various methods, such as standard ash 

fusion temperatures (AFTs) test4,5, thermal mechanical analysis (TMA)6,7, thermo-gravimetric and 

differential scanning calorimetry (TG/DSC) or differential thermal analysis (TG/DTA)8–11, and 

optical dilatometry analysis (ODA)12–14. Huffman et al.15 studied the fusibility of a series of coal 

ashes under reducing atmosphere (a mixture of 60 vol.% CO and 40 vol.% CO2) and oxidizing 

atmosphere (air) by measuring their AFTs. It is found the AFTs of the ashes under the reducing 

atmosphere are 50 to 200 °C lower than that under the oxidizing atmosphere. And the partial melting 

of ash, which starts at a temperature 200 to 400 °C below the initial deformation temperature (IDT), 

is significantly increased under the reducing atmosphere compared to the oxidizing atmosphere15. 

Similar results have been observed by other researchers2,5,16–18. However, most of these investigations 

focus on coal ashes with a relative high Fe content. The increase in fusion tendency of ashes under 

the reducing condition is probably attributed to the reduction of Fe3+ to Fe2+, which may subsequent 

react with other ash constituents to form the eutectics with low-melting temperature19,20. Mao et 

al.21,22 suggested that the addition of water vapor significantly promotes the melting of coal ash due 

to the formation of K containing compounds with low-melting temperature, such as KOH, and the 

subsequently production of low-temperature eutectics via the interaction between K species in the 

ash and bed material. 

The investigations on the fusion tendency of biomass ashes under different atmospheres are not as 

extensively as coal ashes. Niu et al.23 investigated the melting tendency of the gasified ash of a 

mixture of straw, waste carton, plastic and spent mushroom compost in a fixed bed furnace under 

reducing condition (a mixture of 50 vol.% N2, 30 vol.% CO and 20 vol.% CO2) and oxidizing 

condition (air). The gasified ash was produced in an air blown fluidized bed gasifier at 800 °C with 

an equivalence ratio of 0.2. Based on SEM analysis, it is found that the melting tendency of gasified 

ash under the reducing condition is higher than that under the oxidizing condition. In addition to the 

reduction of Fe3+ to Fe2+, the formation of CaO from CaSO4 and afterwards the production of low-

melting eutectics via interaction between CaO with other compounds are considered to be additional 

reason for the high melting tendency of the gasified ash under the reducing atmosphere. The fusion 

behaviors of wheat straw ash under combustion and gasification condition are still unclear.  

In this chapter, the ashes will be produced from the wheat straw that used in Chapter 3 under 

combustion and gasification conditions in a lab-scale fixed bed reactor. The influence of a reducing 
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atmosphere and a high concentration of steam on the fusion behavior of wheat straw ash will be 

studied by a visual observation and the scanning electron microscopy with energy-dispersive X-ray 

spectroscopy (SEM-EDX) analysis of the formed ash. The fusion tendency of wheat straw ash will 

be compared with the agglomeration tendency during combustion and gasification of wheat straw in 

a fluidized bed discussed in Charter 3.  

4.2 Experimental section 

4.2.1 Materials 

Wheat straw (the one used in Chapter 3) with a size range of 0 - 0.6 mm and silica sand (SiO2 > 97 

wt.%) with a size range of 355-500 µm were used in the experiments. The compositions of the straw 

are shown in Table 3-1 (Chapter 3, Section 3.2.1).  

4.2.2 Experimental apparatus 

Experiments were performed in a lab-scale fixed bed reactor, which consists of a gas supplying 

system, a horizontal ceramic tube reactor with water-cooled flanges at both ends in a furnace, a gas 

analysis system and a data acquisition system, as shown in Figure 4-1.  

 
Figure 4-1 A schematic drawing of the lab-scale fixed bed reactor 

The reactor with a length of 900 mm and an inner diameter of 60 mm was heated by three individually 

heating elements. A water cooled chamber was connected with the reactor at the gas supplying end. 

The temperature profile along with the reactor with a set temperature of 850°C is shown in Figure 4-

2. The flow rate of compressed air and N2 was controlled by the precision mass flow controllers 

(MFCs) and steam was provided by the steam generator described in Chapter 3, Section 3.2.2. The 

pre-mixed gas was heated by an electric heat tracing and was supplied at one end of the reactor. The 

flue gas was extracted at the opposite end of the reactor and sent to ventilation, creating a constant 

flow through the reactor. A stream of the flue gas was sent to a series of gas analyzers after removal 
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of steam by a condenser and fine particles by a filter to monitor the concentrations of CO2, CO, O2, 

NO and SO2 in the flue gas. The signals of gas concentrations were continuously logged to a computer 

by a data acquisition system during experiments. The details of the gas supplying system, the gas 

analysis system and the data acquisition system are described in Chapter 3, Section 3.2.2.  

 
Figure 4-2 Temperature profile along with the reactor with a set temperature of 850 °C 

4.2.3 Experimental conditions and procedures 

Three sets of experiment were performed in this chapter.  

Experiment Set 1 (wheat straw combustion/gasification): The crucible, which was filled lightly 

(without compaction) with 6 g of wheat straw, was placed at the water cooled chamber and the reactor 

was heated to 850°C with a purge of N2 (3 Nl/min) was introduced. The crucible was inserted into 

the center of tube rector when the desired reactor temperature was achieved. The gas flow was 

immediately shifted to 100% air, a mixture of 50 vol.% steam and 50 vol.% air, or a mixture of 50 

vol.% steam and 50 vol.% N2 during experiment to combust/gasify the wheat straw. After a total 

conversion time of 3 h, the crucible was pulled out from the reactor and cooled to ambient temperature 

at the water cooled chamber under desired atmosphere. The ashes from experiments are named as 

high-temperature ashes (HTA), and the ash produced under three conditions are specified as 

HTA(100% air), HTA(50% steam/50% air) and HTA(50% steam/50% N2). The ashes were stored in 

a desiccator and characterized by SEM-EDX and X-ray diffraction (XRD). The fusion behavior of 

HTA samples was analyzed by a visual observation and the SEM-EDX analysis.  

Experiment Set 2 (wheat straw char combustion/gasification): In order to have a better understanding 

of the behavior of samples during char conversion stage and ash heating stage, the stepwise 

experiments were performed with the wheat straw char sample. The char sample was prepared from 

pyrolysis of wheat straw for 1 h at 550 °C under pure N2 condition in the fixed bed reactor described 

above. In this set of experiments, the crucible was filled with around 1.6 g of char sample, which was 

obtained from around 6 g of straw, and inserted into the reactor when the reactor was heated to 850 °C. 

Similar with Experiment Set 1, the gas was shifted from 100% N2 to 100% air, a mixture of 50 vol.% 

steam and 50 vol.% air, or a mixture of 50 vol.% steam and 50 vol.% N2 once the crucible was in the 
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center of reactor. The temperature and CO and CO2 concentrations in the flue gas was monitored 

during experiment. The sample was pulled out from reactor when the concentration CO and CO2 in 

the flue gas was below 0.05 vol.%. After the total mass of crucible and ash was weighed by an 

analytical balance, the crucible was again inserted into the furnace and heated at desired atmosphere 

until the total conversion time reached 3 h. The total mass of crucible and ash was weighed again and 

the ash content after each step was calculated based on the dry basis straw. 

Experiment Set 3 (wheat straw and silica sand mixture combustion/gasification): A mixture of 6 g of 

wheat straw and 1 g of SiO2 was placed in a crucible and was combusted/gasified using the same 

procedure of Experiment Set 1. After a 3 h conversion, the crucible was pulled out from the reactor 

and cooled to ambient temperature at the water cooled chamber under desired atmosphere. Similar 

with the ashes, the agglomerates (AGGs) formed under three conditions are called as AGG(100% air), 

AGG(50% steam/50% air) and AGG(50% steam/50% N2). The agglomerates were stored in a 

desiccator and characterized by SEM-EDX.  

4.2.4 Characterization  

The morphology and compositions of ashes and agglomerates samples were analyzed by Scanning 

Electron Microscopy (QUANTA FEG 250) with Energy X-ray (SEM-EDX). All samples were 

carbon-coated to reduce charging of samples. 

The crystal phases in the ash samples were obtained by X-ray diffraction (XRD) analysis. The XRD 

spectra were determined with a Huber diffractometer with characteristic Cu Kα radiation and 

operation conditions of 40 kV and 40 mA. The wave length was 1.54056 Å. The identification of the 

main crystalline phase was performed with the JADE 6.0 software package (MDI Livermore, CA) 

and the diffraction database of PDF2-2004.  

4.3 Results and discussion 

4.3.1 Fusion behavior of high temperature ashes (HTA) 

4.3.1.1 CO, CO2 and O2 concentrations in flue gas 

The concentrations of CO, CO2 and O2 in the flue gas during wheat straw conversion under conditions 

of 100% air, 50% steam/50% air, and 50% steam/50% N2 are shown in Figure 4-3. The CO, CO2 and 

O2 concentrations under the conditions with presence of 50 vol.% steam in supplying gas, i.e. 50% 

steam/50% air and 50% steam/50% N2, are recalculated based on a total gas flow rate of 3 Nl/min 

due to fact that the steam in the flue gas has been removed before sending to analyzer. Under all 

conditions, large concentration peaks of CO and CO2 are observed within 5 minutes after stating 

experiments, which may be attributed to the devolatilization of wheat straw. During devolatilization 

stage, the CO concentrations in the produced flue gas under three conditions are comparable, while 
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the CO2 concentration decreases with a decrease of air concentration in the system. During carbon 

conversion stage, which follows after the devolatilization stage, the CO concentration in the flue gas 

produced under condition with 50% steam/50% N2 is much higher than that under other two 

conditions with presence of air, which are almost zero. Therefore, HTA(100% air), HTA(50% 

steam/50% air), and HTA(50% steam/50% N2) may represent the ash formed under the oxidizing 

atmosphere with a relative low steam concentration, the oxidizing atmosphere with a high steam 

concentration and the reducing atmosphere with a high steam concentration, respectively.  

 
Figure 4-3 Concentrations of CO, CO2 and O2 in the flue gas during the formation of ash from wheat straw under 

conditions of 100% air, 50% steam/50% air, and 50% steam/50% N2 at 850 °C.  

4.3.1.2 Appearances of HTA samples 

The raw wheat straw samples and the HTA samples from conversion of wheat straw under the 

atmospheres of 100% air, 50% steam/50% air, and 50% steam/50% N2 are show in Figure 4-4. The 

appearances of the three HTA samples are obviously different. HTA(100% air) has a largest volume 

followed by HTA(50% steam/50% air) and lastly HTA(50% steam/50% N2), indicating that the 

shrinking tendency of HTA from wheat straw is promoted by a high concentration of steam and a 

reducing atmosphere. HTA(100% air) is friable and less cohesive, while HTA(50% steam/50% air) 

and HTA(50% steam/50% N2) are tight and compact. 
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Figure 4-4 The appearances of (a) raw straw sample and HTA formed under (b) 100% air; (c) 50% steam/50% air; and 

(d) 50% steam/50% N2.  

4.3.1.3 XRD analysis of HTA samples 

Figure 4-5 presents the crystalline phases detected by XRD analysis of HTA(100% air), HTA(50% 

steam/50% air), and HTA(50% steam/50% N2). The main crystalline phase compounds in the three 

HTA samples are similar, except that K2SO4 is not found in HTA(50% steam/50% N2), due to the 

fact that K2SO4 is unstable under a reducing atmosphere24. K2SO4 probably is transformed to K 

silicates as suggested by the results of thermodynamic equilibrium calculations shown in Chapter 3. 

The existence of K-silicates is difficult to be determined by XRD due to its characteristic of 

amorphous phase. The fusion tendency of HTA samples, therefore, may be increased by the presence 

of reducing atmosphere.  

 
Figure 4-5 Crystalline phases in HTA(100% air), HTA(50% steam/50% air), and HTA(50% steam/50% N2). 

4.3.1.4 SEM-EDX of HTA samples  

SEM-EDX was used to analyze the morphology and surface elemental compositions of the HTA 

samples, providing some indications for the fusion behavior of HTA samples. The results are given 

in Figure 4-6 and Table 4-1. Since HTA(100% air) is loose and friable, the particle sizes of HTA(100% 
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air) (Figure 4-6-a-1) are smaller than that of HTA(50% steam/50% air) and HTA(50% steam/50% 

N2) (Figure 4-6-b-1 and c-1). Three types of morphology including floccules, smooth surface, and 

spherical particles are observed in the HTA samples from the three conditions. As shown in Figure 

4-6-a-2, HTA(100% air) contains a larger amount of flocculent substances, and only some smooth 

surface and several spherical particles are found. The amount of flocculent substances is significantly 

reduced in HTA(50% steam/50% air) (Figure 4-6-b-2). However, the flocculent substances are hardly 

found in HTA(50% steam/50% N2) (Figure 4-6-c-2), and the ash particles generally have a smooth 

surface. 

The compositions of the selected points for each types of morphology are analyzed by EDX analysis, 

and the results are given on carbon and oxygen free basis due the samples are carbon coated. The 

compositions at the different measurement locations in HTA(100% air) are significantly different. 

The dark-colored spherical particle (Spot 1) and smooth surface (Spot 3) contain high contents of K, 

Si, and Ca, while the white-colored flocculent substance (Spot 2) are rich in K, Ca, P, and S. The 

flocculent substances may be the non-molten ash particles, and spherical particles and smooth surface 

probably indicate the molten ash particles. For HTA(50% steam/50% air), the dark-colored areas 

(Spot 4 and Spot 6) are rich in K, Ca and Si, being consistent with the dark-colored areas of HTA(100% 

air). The white-colored flocculent substances (Spot 5) in HTA(50% steam/50% air) is mainly 

composed of Si and Ca, as well as a low content of K. However, the difference in the compositions 

at different areas (Spot 7, 8, and 9) of HTA(50% steam/50% N2) are small, indicating a relative 

homogenous surface caused by a high melting tendency. The morphology of ashes under the three 

conditions indicate that their melting tendency increases in the order of HTA(100% air) < HTA(50% 

steam/50% air) < HTA(50% steam/50% N2), which is consistent with the observed shrinking 

tendency. The results reveal that a high concentration of steam and a reducing atmosphere promote 

the fusion tendency of HTA from wheat straw.  
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Figure 4-6 Morphology (SEM: SE mode) of ashes from wheat straw under (a) 100% air; (b) 50% steam/50% air; and 

(c) 50% steam/50% N2.  

Table 4-1 EDX analysis of selected point of the ashes shown in Figure 4-6 (atom% on C-O-free basis) 

Spots K Si Ca Mg P S Al Na 

Spot 1 21.64 52.27 15.45 3.65 4.78 0.18 1.72 0.31 

Spot 2 30.26 4.86 26.69 5.22 19.62 12.71 0.36 0.28 

Spot 3 22.52 58.82 9.12 5.09 3.17 0.09 0.43 0.71 

Spot 4 24.34 57.27 8.22 3.19 3.69 1.93 0.70 0.57 

Spot 5 10.26 44.14 35.90 2.71 3.71 2.18 0.50 0.50 

Spot 6 48.46 32.62 10.28 1.87 3.15 1.45 1.33 0.75 

Spot 7 21.28 59.26 9.03 6.86 2.75 0.08 0.26 0.50 

Spot 8 25.26 53.47 12.69 3.27 3.99 0.00 0.98 0.30 

Spot 9 20.99 69.74 5.97 2.13 0.55 0.02 0.24 0.29 

4.3.1.5 Appearances of ashes from char after char conversion and ash heating stage 

In Experiment Set 1, the conversion of wheat straw can be divided into three stages: devolatilization 

(char formation) stage, char conversion (ash formation) stage, and ash heating stage. The 

devolatilization stage during straw pyrolysis is finished in 5 minutes at 850 °C, indicated by the CO 

and CO2 concentrations in the flue gas drop to below 0.05 vol.%, as given in Figure B-1 in Appendix 

B. Therefore, the fusion behavior of ash during char conversion stage and ash heating stage are 

investigated by combustion/gasification of wheat straw char. The ending of the char conversion stage 

and the beginning of the ash heating stage is determined at where the concentrations of CO and CO2 
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in the flue gas below 0.05 vol.%. The reliability of this method can be proved by the fact that the ash 

ratios after two stages are very close, as shown in Table 4-2.  

Table 4-2 Ash ratios at different stages under conditions of 100% air; 50% steam/50% air; and 50% steam/50% N2. 

 Ash formation stage/ wt.% Ash heating stage / wt.% 

100%air 18.7 18.7 

50% steam/50% N2 18.1 18.2 

50% steam/50% air 19.1 18.5 

Figure 4-7 shows the appearances of the char sample before heated, as well as the ashes from char 

samples after char conversion stage and ash heating stage under the conditions of 100% air, 50% 

steam/50% air, and 50% steam/50% N2. The obtained char sample from pyrolysis (Figure 4-7-a-0) 

was collected, and was used to refill the crucible (Figure 4-7-a). The results show that the shrinking 

tendency of the ashes from straw char under three conditions is consistent with the ashes from wheat 

straw. The volumes of ash from both char conversion stage and ash heating stage under 100% air 

(Figure 4-7-b and 4-7-c) are obviously larger than the ashes from other two conditions. However, the 

mobility of ash from straw char seems to be lower than that from straw samples. It may be attributed 

to the porous structure of char samples, resulting in a large voidage of the straw char bed in the 

crucible. In addition, it is found that the shrinking both occurs during char conversion stage and ash 

heating stage. This is in agreement with the results has been reported by Wu et.al25. They found that 

the ash usually begins to melt when the carbon conversion is above 50% during coal char gasification 

under CO2 or H2O atmospheres.  

 
Figure 4-7 Appearances of (a-0) the obtained char samples from pyrolysis, (a) the char samples before heated and ash 

from char sample under (b) 100% air after char conversion stage; (c) 100% air after ash heating stage; (d) 50% 

steam/50% air after char conversion stage; (e) 50% steam/50% air after ash heating stage; (f) 50% steam/50% N2 after 

char conversion stage; and (g) 50% steam/50% N2 after ash heating stage.  

  

(a) (b) (c) (d) (e) (f) (g)(a-0)
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4.3.2 Agglomerates of mixture of wheat straw and sand 

The appearances of the mixture of wheat straw and sand before treatment, AGG(100% air), AGG(50% 

steam/50% air), and AGG(50% steam/50% N2) are shown in Figure 4-8. Consistent with the ashes 

from wheat straw and straw char, the volumes of agglomerates under three conditions decrease in the 

order of: AGG(100% air) > AGG(50% steam/50% air) > AGG(50% steam/50% N2). The mobility of 

agglomerates are less pronounced than the ash samples, probably due to the large density of sand 

particles. Similarly, AGG(100% air) are easily to be broken during collection, and therefore the sizes 

of AGG(100% air) are smaller than that of other two agglomerates.  

 
Figure 4-8 Mixture of straw and sand (a) before heated and agglomerates formed under (b) 100% air; (c) 50% 

steam/50% air; (d) 50% steam/50% N2 in the fixed bed reactor.  

The morphology of agglomerates formed under three conditions are shown in Figure 4-9. Consistent 

with the ash particles, the melting tendency of ash in AGG(50% steam/50% N2) is highest followed 

by the ash in AGG(50% steam/50% air) and lastly the ash in AGG(100% air). The flocculent 

substances are only observed in AGG(100% air), while AGG(50% steam/50% air) and AGG(50% 

steam/50% N2) have the relative homogeneous surfaces. Under all conditions, the formation of 

agglomerates seems to be attributed to the fact that the sand particles, which are covered by coating 

layer, are glued by a molten bridge. The EDX analyses of the selected locations in sand surfaces of 

agglomerates (Spot 2, 5 and 8) show that the coating layers is dominated by Si and K, indicating the 

sand particles are covered by the molten K silicates. For AGG(50% steam/50% N2), slightly amount 

of Ca is also observed. The main compositions of the molten bridges (Spot 1, 4 and 7) are K, Si and 

Ca, suggesting that the agglomeration of wheat straw in combustion and gasification are probably 

caused by the molten K-Ca silicates. The SEM-EDX results reveal that the accelerated agglomeration 

under a reducing atmosphere and a high concentration of steam may be attributed to the high fusion 

tendency of ash.  

(a) (b)

(c) (d)
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Figure 4-9 Morphology (SEM: SE mode) of agglomerates formed under (a) 100% air; (b) 50% steam/50% air; (c) 50% 

steam/50% N2 for 3 h.  

Table 4-3 EDX analysis of selected point of the agglomerates shown in Figure 4-9 (atom% on C-O-free basis)  

Spot K Si Ca Mg P S Al Na 

Spot 1 24.25 51.21 9.76 3.02 4.74 1.44 3.09 2.04 

Spot 2 11.82 84.79 0.28 0.21 0.38 0.38 0.52 1.57 

Spot 3 18.46 23.19 41.65 2.83 5.28 3.01 2.79 2.46 

Spot 4 21.87 53.54 7.52 2.07 4.44 1.10 5.90 3.26 

Spot 5 14.20 82.57 0.40 0.10 0.84 0.54 0.27 1.08 

Spot 6 14.96 42.50 14.42 2.31 16.89 0.54 6.51 1.83 

Spot 7 20.62 71.88 1.41 1.05 0.18 0.18 3.61 1.02 

Spot 8 16.87 74.58 3.00 0.65 0.16 0.10 3.52 1.11 

Spot 9 23.02 59.09 8.20 4.40 4.07 0.11 0.57 0.46 

4.4 Conclusion  

The fusion behavior of ashes from wheat straw, straw char, and mixture of wheat straw and silica 

sand under combustion and gasification conditions is investigated in a fixed bed reactor at 850 °C. 

The main conclusions are drawn as follows:  

(1) The appearances of the wheat straw ash samples obtained from different conditions show that the 

ash from normal combustion (condition of 100% air) is friable and less cohesive, while the ashes 

from combustion with presence of steam (condition of a mixture of 50 vol.% steam and 50 vol.% air) 

and from gasification with steam (condition of a mixture of 50 vol.% steam and 50 vol.% N2) are 
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tight and compact. The fusion tendency of three ash samples increase in the order: the ash from normal 

combustion < the ash from combustion with presence of steam < the ash from gasification with steam. 

The visual observation and SEM-EDX analyses of the ashes from wheat straw indicates that a high 

concentration of steam and a reducing atmosphere will promote the fusion tendency of wheat straw 

ash. 

(2) The fusion tendency of ashes from the mixture of wheat straw and silica sand under the three 

conditions is consistent with the ashes from wheat straw. The ash in agglomerates from condition of 

a mixture of 50 vol.% steam and 50 vol.% N2 shows the highest melting tendency, whist the ash in 

agglomerates from condition of 100% air shows the lowest melting tendency. The agglomerates 

formed under all conditions are caused by the presence of molten K-Ca silicates. A severer 

agglomeration is observed for the mixture that contains the ash with a higher fusion tendency. The 

fusion tendency of wheat straw ash is consistent with the agglomeration tendency of wheat straw in 

the fluidized bed descried in Chapter 3. The accelerated agglomeration under a reducing atmosphere 

and a high concentration of steam condition results from a promoted fusion tendency of ash.  
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Influence of Biomass Types on Agglomeration during Combustion and Gasification 

This chapter has been written in a manuscript format. A slightly modified version of this chapter will 

be submitted to a peer-reviewed journal.  

5. Influence of Biomass Types on Agglomeration 

during Combustion and Gasification 

Abstract 

In this chapter, the agglomeration during combustion and gasification of two types of biomass, 

including two batches of wheat straw (WS, named as WS-1 and WS-2) and one sunflower husk (SFH), 

was studied in a lab-scale fluidized bed reactor at 850 °C using silica sand as bed material. The char 

reactivity of the biomasses was investigated by thermogravimetric analysis (TGA). Selected biomass 

residues and bed agglomerates were characterized by X-ray diffraction (XRD) and scanning electron 

microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX). Thermodynamic equilibrium 

calculations were performed to explore the distribution of potassium during conversion of the three 

biomasses. Fluidized bed experiments show that the agglomeration tendency of SFH ash is higher 

than that of WS ashes under both combustion and gasification conditions. This may be attributed to 

their significantly different molar ratios of silicon to potassium (Si/K), which are 1.56, 2.60 and 0.04, 

respectively, for WS-1, WS-2 and SFH. During gasification, varying the ER and addition of a high 

concentration of steam in primary gas show consistent effects on the agglomeration of the three 

biomasses. A reducing atmosphere and a high concentration of steam promote the agglomeration of 

WS probably by increasing the melting of ashes. For SFH, the accelerated agglomeration under a 

reducing atmosphere and a high concentration of steam may be attributed to their promotive effect 

on the interaction between SFH ash and bed material. TGA experiments result show that SFH has the 

highest char reactivity followed by WS-2 and lastly WS-1. An increase in char reactivity leads to a 

decrease in the inhibition effect of accumulated carbon caused by decreasing ER during gasification 

of biomass. The critical ER of SFH, which is 0.04, is lower than that of WSs, which are 0.36. This 

may be attributed to a high char reactivity of SFH and the different mechanism of the influence of 

reducing atmosphere on the agglomeration results from a low Si/K molar ratio of SFH.  
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5.1 Introduction  

The agglomeration during combustion and gasification of biomass is mainly attributed to the presence 

of the low-melting temperature alkali containing compounds originated from biomass and/or 

interaction between biomass ash and bed materials1,2. Therefore, agglomeration tendencies and 

mechanisms in fluidized bed are closely related to the biomass types due to their diverse ash content 

and different ash-forming compositions3–6.  

Wheat straw, a biomass that both rich in potassium and silicon, is problematic during combustion and 

gasification in fluidized bed7–9 due to the severe agglomeration problem. It is generally accepted that 

a K- and Si-rich ash may start melting before attaching to bed material, subsequently causing the 

agglomeration3,4. The Si-lean husks, such as coffee husk and sunflower husk, also show a high 

agglomeration tendency in combustion and gasification due to their high potassium content10,11. 

Chaivatamaset et al.12 investigated the agglomeration in combustion of a Si-poor eucalyptus bark, 

whose ash is dominated by Ca followed by K. It is found that the dominant agglomeration mechanism 

is the presence of molten potassium silicates produced through the chemical reaction between the 

potassium and calcium of the bark and the silicon from the silica sand. Öhman et al.5 found that the 

agglomeration temperature of olive flesh, a biomass rich in K, Ca, Mg and Si, is 270 °C higher than 

that of Lucerne, a biomass rich in K and Ca but lean in Si, during combustion. Chemical equilibrium 

calculations suggest that K in olive flesh is likely to be transformed into silicates and sulfates during 

combustion, while KCl, K2CO3, K2SO4, and K silicates are the dominant K compounds during 

Lucerne combustion. It is suggested by Öhman et al. that the agglomeration of Lucerne during 

combustion is caused by the melting of KCl and K2SO4 eutectic5. However, it is observed that the 

dominate elements of the inner layer around the bed particles from Lucerne combustion are K and Si, 

indicating that the interaction between Lucerne ash and bed material may be one important 

agglomeration mechanism.  

In Chapter 3, it has been shown that the agglomeration tendency of wheat straw first increases with a 

decrease of ER to a maximal tendency, and then decreases with further decreasing ER. By decreasing 

ER, the produced reducing atmosphere promotes the agglomeration, while an increased amount of 

residual carbon in the bed will mitigate the agglomeration. The competition between these two factors 

results in the occurrence of the maximal agglomeration tendency at a critical ER. The promoted 

agglomeration by adding steam to the primary gas probably attributed to a decreased carbon amount 

in the bed and a lowered ash viscosity. However, whether such phenomena occur to other biomass is 

still unclear. In this chapter, the agglomeration behaviors of the wheat straw that without 

defluidization in the low-temperature circulating fluidized bed (LTCFB) gasifier (described in 

Chapter 1, Section 1.1) and a sunflower husk that rich in K but lean in Si will be investigated under 

combustion and gasification conditions, subsequently compared to the agglomeration behavior of 

wheat straw that used in Chapter 3. The influence of char reactivity and the molar ratio of Si/K on 
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agglomeration in biomass combustion and gasification will be studied to have an improved 

understanding of agglomeration in biomass gasification.  

5.2 Methodology  

5.2.1 Fuel and bed material 

Two types of biomass, including two batches of wheat straw (WS, named as WS-1 and WS-2) and 

sunflower husk (SFH), were used as fuels in this chapter. WS-1 is the straw used in Chapter 3, and 

WS-2 is the straw that without defluidization problem in LTCFB gasifier as descried in Chapter 1, 

Section 1.1. The chemical compositions of the three fuels are shown in Table 5-1. Compared to WS-

1, WS-2 has a relatively low K content but high contents of Al and Si. Although the K content in the 

three fuels is comparable, SFH contains a significantly lower Si content than WSs, causing a low Si/K 

molar ratio for SFH. The fuels were sieved to a size range of 0.6-4 mm in order to avoid feeding 

problem. Silica sand (SiO2 > 97 wt.%) with a size range of 355-500 µm was used as materials in the 

experiments. 

Table 5-1 Properties of the fuels used in the experiments 

 WS-1 WS-2 SFH 

Moisture (wt.%, ar) 8.35 8.52 9.10 

Ash (wt.%, ar) 5.22 6.64 2.91 

Fuel elemental 

analysis 

(wt.%, daf) 

C 46.16 46.46 53.41 

H 6.62 5.72 5.89 

O(by difference) 46.42 46.90 39.87 

N 0.80 0.70 0.83 

Inorganic composition⸸ 

(wt.%, db) 

Cl 0.11 0.12 0.04 

S 0.081 0.10 0.14 

Al 0.21 0.53 0.0055 

Ca 0.32 0.34 0.37 

Fe 0.013 0.035 0.0094 

K 0.98 0.75 0.96 

Mg 0.07 0.073 0.21 

Na 0.0086 0.017 0.0021 

P 0.11 0.12 0.066 

Si 1.1 1.4 0.029 

 Si/K (mol.%) 1.56 2.60 0.04 

ar: as received basis 

daf: dry ash-free basis 

db: dry basis 
⸸ data obtained by inductively coupled plasma - optical emission spectrometry (ICP-OES) 
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5.2.2 Experimental apparatus 

The experiments on agglomeration were carried out in a lab-scale fluidized bed reactor, which 

consists of a gas supplying system, a fuel feeding system, a fluidized bed reactor, a gas sampling and 

analysis system and a data acquisition system. The details of experimental apparatus are described in 

Chapter 3, Section 3.2.2.  

The char reactivity experiments were carried out in a thermogravimetric analyzer (TGA, Netzsch 

STA 449 F1 Jupiter ASC).  

5.2.3 Experimental conditions and procedures 

5.2.3.1 Fluidized bed combustion and gasification of biomass 

All experiments were performed at a temperature of 850 °C with a constant primary gas (fluidizing 

gas) flow rate of 11.5 Nl/min, corresponding to a U/Umf ratio of 3 and 2.82 at the conditions with 

100% air and with a mixture of 50 vol.% steam and 50 vol.% N2, respectively. The feeding rates of 

the biomasses were varied to keep a constant combustion stoichiometric ratio of 1.45. The flow rate 

of secondary gas was 15.5 Nl/min and the composition of the secondary gas was varied in such a way 

that the total amount of air to the reactor was kept constant to keep a total combustion stoichiometric 

ratio is constant. The procedures in this series of experiments are the same as those described in 

Chapter 3, Section 3.2.3. The experimental matrix with respect to the fuel types and in-bed 

equivalence ratios (ERs) and steam to fuel ratios (SFRs) are shown in Table 5-2. The experiment was 

stopped when the defluidization occurred or after 3 h if no defluidization was observed.  

Table 5-2 Experiments matrix 

Fuels  Exp. Types Exp. Gas conditions ER SFR 

SFH Pyrolysis 100% N2 pyrolysis 0 0 

WS-1/WS-2/SFH 

Combustion 100% air combustion 1.45 0 

Air blown 

gasification 

2.5% air gasification 0.04 0 

25% air gasification 0.36 0 

Air blown 

gasification 

with steam 

25% steam gasification 0 0 

25% steam/2.5% air gasification 0.04 1.15 

25% steam/25% air gasification 0.36 1.15 

50% steam gasification 0 2.3 

50% steam/2.5% air gasification 0.04 2.3 

50% steam/25% air gasification 0.36 2.3 
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5.2.3.2 Thermogravimetric analysis (TGA) of char samples 

The char samples were prepared in a fixed bed reactor described in Chapter 4. The biomass was filled 

in a crucible and pyrolyzed at 850 °C under N2 condition for 1 h. The char sample was collected after 

cooling to the ambient temperature and stored in a desiccator. Approximately 2 mg of char sample was 

heated from ambient temperature to 850 ºC at a heating rate of 5 °C/min and kept at 850°C for 30 min in 

the TGA setup. All experiments were performed with a total gas flow of 200 Nml/min. The char reactivity 

of the three biomass in combustion and gasification was investigated under the conditions of 4 vol.% O2 

in N2 and 20 vol.% CO2 in N2, respectively.  

5.2.3.3 Low-temperature ash (LTA) and high-temperature ash (HTA) preparation  

The biomass was dried in the oven at 105 °C and weighed by an analytical balance, which is sensitive 

to 0.1 mg, several times until the mass of the sample varies by less than 0.3 mg from the previous 

weighing. Afterwards, the biomass was heated in a fixed bed reactor under an air atmosphere from 

ambient temperature to 250 °C at a rate of 10 °C/min and hold for 30 min. Following this, the sample 

was heated to 550 °C or 850 °C at a rate of 5 °C/min and hold for another 3 h. The ash sample was 

collected after cooling down and stored in a desiccator. The ashes obtained from 550 °C and 850 °C 

are defined as low-temperature ash (LTA) and high-temperature ash (HTA) respectively. 

5.2.4 Characterization of ashes  

The crystalline phases in the LTA and HTA samples obtained in the fixed bed reactor were detected 

by X-ray diffraction (XRD) analysis. The XRD spectra were determined with a Huber diffractometer 

with characteristic Cu Kα radiation and operation conditions of 40 kV and 40 mA. The wave length 

was 1.54056 Å. The identification of the main crystalline phase was performed with the JADE 6.0 

software package (MDI Livermore, CA) and the diffraction database of PDF2-2004.  

The morphology and compositions of selected residual samples from TGA experiments and 

agglomerates from fluidized bed experiments were analyzed by Scanning Electron Microscopy 

(QUANTA FEG 250) with Energy X-ray (SEM-EDX). All samples were Ag-coated to reduce 

charging of samples. 

5.2.5 Thermodynamic equilibrium calculations 

The distribution of potassium in combustion and gasification of the three fuels at various ERs were 

explored by the thermodynamic equilibrium calculations performed using FACTSAGE software 

version 7.2. The FToxid, FTsalt, FactPS, and FTpulp databases, as well as FToxid-SLAGA solution 

phase were chosen for the calculations44. The input data was calculated based on the primary gas 

compositions with a flow rate of 11.5Nl/min and biomasses composition with a dry basis feeding rate 

of 0.11 kg/h for WSs and 0.09 kg/h for SFH to maintain the stoichiometric ratio during combustion 
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at around 1.45. Two sets of calculations were performed. One set of calculations without inputting of 

silica sand were performed to predict the existence forms of K in the three ashes, and another set of 

calculations with addition of silica sand in input data were used to investigate the K transformation 

in fluidized bed reactor. The silica sand amount is in a larger excess, corresponding to the molar ratio 

of SiO2/K is100.  

5.3 Results 

5.3.1 Agglomeration tendency during combustion 

Figure 5-1 presents the agglomeration tendency of WS-1, WS-2 and SFH, indicated by both the 

amount of dry basis fuel fed and the amount of ash in the fed fuel for inducing defluidization, during 

combustion. The results based on dry fuel basis show that the agglomeration tendency of SFH during 

combustion is lower than that of WS-1 and WS-2. However, the results based on ash amount suggest 

that the agglomeration tendency of SFH ash is higher than that of WS ashes. The difference in 

agglomeration tendency evaluated based on two methods results from the low ash content of SFH. 

The amount of ash in the fed fuel is selected to evaluate the agglomeration tendency due to the fact 

that the agglomeration in fluidized bed is an ash-related problem. The agglomeration tendency of 

three ashes in combustion decrease in the order of: SFH > WS-1 > WS-2.  

 
Figure 5-1 Amount of dry basis fuel fed and the amount of ash in the fed fuel for inducing defluidization during 

combustion with an ER of 1.45. 

5.3.2 Agglomeration tendency during air blown gasification 

Ash-based agglomeration tendencies of WS-1, WS-2 and SFH in air blown gasification/combustion 

at various ERs are given in Figure 5-2. The agglomeration tendencies of the two wheat straws are 

characterized by an initial increase followed by a decrease as ER decreases in the range of 0.04 - 1.45. 

By shifting the ER from 1.45 (combustion region) to 0.36 (gasification region), the amount of wheat 

straw ashes fed for inducing defluidization decreases, indicating that the agglomeration tendency of 

wheat straws is accelerated by a reducing atmosphere. It has been discussed in Chapter 3 and Chapter 
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4 that the reducing atmosphere could promote the melting of wheat straw ash. A further decrease in 

ER from 0.36 to 0.04 slows down the agglomeration of WSs in fluidized bed, most likely due to the 

high amount of residual carbon in the bed at a low ER. In addition, it is found that the decrease in ER 

from 0.36 to 0.04 shows a more pronounced inhibition effect on agglomeration for WS-2 compared 

to WS-1. Different from the WS ashes, the agglomeration tendency of SFH ash is continuously 

promoted by decreasing the ER from 1.45 to 0.04. It is found that no defluidization was observed 

during pyrolysis of SFH using N2 as fluidizing gas when 365 g of dry SFH, corresponding to 11.65 g 

of SFH ash, was fed into the reactor, indicating that the agglomeration tendency of SFH ash is 

significantly mitigated due to the inhibition effect of unconverted carbon on agglomeration. 

Compared to the WSs, the critical ER of SFH, observed at 0.04, is lower. The possible reasons for 

the lower critical ER of SFH are the different char reactivity and different ash-forming elements of 

SFH and WSs, which will be evaluated through TGA experiments, ash characterization and 

thermodynamic equilibrium calculations. 

 
Figure 5-2 Amount of ash in the fed fuel for inducing defluidization at various equivalence ratio in air blown 

gasification and combustion.  

5.3.3 Agglomeration tendency during steam gasification  

Figure 5-3 shows the agglomeration tendencies of the three fuels during gasification at various SFRs 

with an ER in a range of 0 - 0.36. No defluidization was observed during SFH gasification with an 

ER of 0 and a SFR of 1.15 when 304 g dry SFH, corresponding to 9.73 g of SFH ash, was fed into 

the reactor. Under other conditions studied in this chapter, SFH ash shows the highest agglomeration 

tendency followed by WS-1 ash and lastly WS-2 ash, and this trend is consistent with the 

agglomeration tendency in air blown combustion/gasification. The steam shows a consistent 

influence on the agglomeration for the three biomasses. The agglomeration tendencies of the three 

ashes are promoted by increasing SFR in the primary gas at a constant ER in a range of 0 - 0.36. The 

influence of SFR becomes less pronounced at a higher ER. Consistent with combustion/gasification 

in the air blown system, the critical ERs in steam gasification are 0.36 and 0.04 for WS-2 and SFH, 

respectively, as shown in Figure C-1 in Appendix C. For WS-1, an increased steam concentration 
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results in a reduced critical ER due to an increased carbon conversion. The influence of steam 

concentration on the critical ERs of WS-2 and SFH may be covered by the large step size of ER, and 

the more accurate critical ERs of WS-2 and SFH in steam gasification needs to be further studied by 

decreasing the step size of ER.  

 
Figure 5-3 Influence of steam to fuel ratio on amount of ash in the fed fuel during gasification with an ER in the range 

of 0 – 0.36.  

5.3.4 Reactivity of chars from WSs and SFH in combustion and CO2 gasification 

The char reactivity of the three char samples in combustion (4 vol.% O2 in N2) and CO2 gasification 

(20 vol.% CO2 in N2) was investigated in TGA setup, and the results are given in Figure 5-4. The 

thermogravimetry/derivative thermogravimetry (TG/DTG) curves show the oxidization of three char 

samples starts from 300 °C. The maximum weight loss rates (DTGmax) of WS-1, WS-2, and SFH are 

respectively achieved at 423, 444, and 417 °C, as shown in Table 5-3. The reactivity of the three char 

samples during CO2 gasification is much lower than that during char oxidation, and pronounced 

differences are observed among the reactivity of the three char samples under gasification condition. 

The char reactivity of SFH is higher than that of WSs. During SFH gasification, the weight loss starts 

at a temperature of 675 °C, and the weight loss rate reaches a maximum at 845 °C. SFH char is 
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completely converted when the sample is hold at 850 °C for 7 min. The char conversions of WS-1 

and WS-2 are 82% and 65%, respectively, after the samples are hold at 850 °C for 30 min. The 

TG/DTG results of the three char samples reveal that their char reactivity under combustion and 

gasification conditions decreases in the order of: SFH > WS-1 > WS-2.  

 
Figure 5-4 TG/DTG results of WS-1 char (red), WS-2 char (black) and SFH char (blue) under (a) 4 vol.% of O2 in N2 

and (b) 20 vol.% of CO2 in N2 (TG: solid line and DTG: Dash line).  

Table 5-3 Maximum weight loss rates (DTGmax) and temperature of maximum weight loss rates (Tp) of three char 

samples 

 
O2 oxidization CO2 gasification 

DTGmax / %⸱min-1  Tp / °C DTGmax / %⸱min-1 Tp / °C 

WS-1 5.01 423 1.86 850 

WS-2 4.20 444 1.20 850 

SFH 6.26 417 6.78 845 

5.3.5 Characterization of ash and agglomerates 

5.3.5.1 Crystalline phase in three ashes formed during combustion 

The crystalline phases in the LTA and HTA samples were examined by XRD, and the results are 

presented in Figure 5-5. For WSs, in addition to quartz (SiO2), which is an important crystalline 

compound in the ashes of WS-1 and WS-2, arcanite (K2SO4) is observed in both the LTA and HTA 

samples from combustion of the two wheat straws. The phosphates, which are KCaPO4 and 

Ca9MgK(PO4)7 for WS-1 and WS-2, respectively, are observed in the LTA samples, whilst silicates, 

which are K2MgSi3O8 and KAlSiO4, respectively, for WS-1 and WS-2, are detected in the HTA 

samples. In addition, Al phosphate (AlPO4) is formed in the HTA of WS-2 due to the high Al content 

in WS-2. For the LTA of SFH, K2Ca(CO3)2 and K2SO4 are the dominant crystalline compounds, and 

minor amounts of MgO and CaO are observed. However, K2Ca(CO3)2 disappears in the HTA of SFH, 

probably being attributed to the decomposition of carbonates due to the fact that the ash is heated at 

high temperature (850 °C) for 3 hours. Increased amounts of MgO and CaO are found in the HTA of 

SFH.  

0 25 50 75 100 125 150 175 200
0

10

20

30

40

50

60

70

80

90

100

T
G

/%

Time/min

 WS-1

 WS-2

 SFH

4% O2/N2

0

100

200

300

400

500

600

700

800

900
Temp./°C

0

-2

-4

-6

-8

-10

-12

-14

-16

-18

-20

D
T

G
/(

%
/m

in
)

DTG

TG

0 25 50 75 100 125 150 175 200
0

10

20

30

40

50

60

70

80

90

100

T
G

/%

Time/min

 WS-1

 WS-2

 SFH

20% CO2/N2

DTG

TG

0

100

200

300

400

500

600

700

800

900
Temp./°C

0

-2

-4

-6

-8

-10

-12

-14

-16

-18

-20

D
T

G
/(

%
/m

in
)



Agglomeration during Fluidized Bed Combustion and Gasification of Biomass 

104 

 
Figure 5-5 XRD results of the ash samples of (a) WS-1, (b) WS-2 and (c) SFH that prepared at 550 °C and 850 °C 

under air condition.  

5.3.5.2 Surface elemental distribution of the resides of WS-1 and SFH  

The morphology and mapping of the primary elements, including K, Ca, Mg, Si, P, S, C, and O, of 

WS-1 char and SFH ash produced under CO2 gasification in TGA were examined by SEM-EDX, as 

given in Figure 5-6. The elemental compositions of the residues are shown on C-O-free basis. The 

results show that WS-1 char is dominated by K, Ca, and Si, and the main elements of SFH ash are K, 

Ca, and Mg. Generally, K is uniformly distributed in the two residues, whilst the distribution of Ca, 

Mg, Si, and P are not evenly. For WS-1 char sample, the Si-rich areas are consistent with K- and O-

rich areas, indicating that Si may present as K-rich silicates. However, the Si-rich areas in SFH ash 

are in agreement with the Ca-rich area, suggesting that the slightly amount of Si in SFH probably 

exists in forms of Ca-rich silicates. The distribution of P in WS-1 char and SFH ash is consistent with 

the distribution of Mg and Ca, indicating that P may present as K-Ca/Mg phosphates.  
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Figure 5-6 SEM-EDX elemental mapping of surfaces of (a) WS-1 char and (b) SFH ash produced during CO2 

gasification in TGA experiments (elemental analyses are presented as atom% on C-O-free basis). 

To better illustrate the elemental compositions of the residues, the selected points of the two residues 

were analyzed by EDX, and the results are presented in Figure 5-7 and Table 5-4. The elemental 

compositions are shown on C-O-free basis, and the raw data is given in Table C-1 in Appendix C. As 

shown in Figure 5-7, three types of morphology can be observed in the WS-1 char, including light-

colored flocculent substances, dark-colored smooth substances, and spherical particles. The light-

colored areas (Point 1 and 2) contain a major amount of K, Ca, Si, and a small amount of Mg, P and 

S, indicating that the dominated compounds may be K-rich K-Ca/Mg silicates. The dark-colored areas 

are (Point 5 and 6) is dominated by K followed by Ca and S, and then Mg, P, and Si. The possible 

compounds may be K-Ca/Mg sulfates/phosphates/silicates. The partially molten spherical particles 

(Point 3 and 4) are mainly composed of K and Si, suggesting that they probably are K silicates. Two 

types of morphology are found in SFH ash. One is the light-colored flocculent substances, and the 

other is dark-colored smooth substances. The elements of the light-colored flocculent substances 

(Point 1 and 2) includes a significant amount of Mg, Ca and K, minor amount of P and S, as well as 

a slightly amount of Si. When the silicon, sulfur and phosphorous in the ash are assumed to be 

presented as K2SiO3, K2SO4, and KPO3, respectively, the presence of K carbonates or K hydroxides 
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probably can be indicated by a molar ratio of K/(2Si+2S+P) higher than unity. The molar ratios of 

K/(2Si+2S+P) are 1.75 and 1.51, respectively, for Point 1 and 2, indicating that carbonates, 

hydroxides or oxides may exist in the SFH ash. The dominated elements of the dark-colored smooth 

substances (Point 3 and 4) are K, Ca and Si, revealing they may be Ca-rich K-Ca silicates. Around 

10 atom% of carbon is detected in SFH ash (as shown in Table C-1 in Appendix C), which also 

indicates that the carbonates may be formed in SFH ash.  

 
Figure 5-7 Morphology (SEM: SE mode) of (a) WS-1 char and (b) SFH ash produced during CO2 gasification in TGA 

experiments.  

Table 5-4 EDX analysis of selected point of the residues shown in Figure 5-7 (atom% on C-O-free basis) 

 WS-1 

Point 1 

WS-1 

Point 2 

WS-1 

Point 3 

WS-1 

Point 4 

WS-1 

Point 5 

WS-1 

Point 6 

SFH 

Point 1 

SFH 

Point 2 

SFH 

Point 3 

SFH 

Point 4 

K 28.05 36.79 15.58 27.78 53.06 57.05 28.54 23.22 10.86 11.00 

Ca 29.18 13.10 0.57 0.72 14.59 8.75 14.98 25.01 54.01 54.01 

Mg 8.50 5.47 0.11 0.92 6.49 6.97 46.35 41.32 0.66 1.26 

Al 0.47 0.46 0.20 0.13 0.18 0.32 0.28 1.15 0.28 0.33 

Si 19.83 33.37 83.02 68.76 6.67 8.75 0.87 1.84 30.71 29.25 

P 9.44 6.15 0.51 0.72 7.93 4.38 3.36 3.20 2.40 3.00 

S 4.53 4.67 0.00 0.98 11.08 13.78 5.63 4.27 1.07 1.15 

Si/K 0.71 0.91 5.33 2.48 0.13 0.15 0.03 0.08 2.83 2.66 

5.3.5.3 Morphology of agglomerates from selected conditions 

The morphology of the selected agglomerates from combustion of WS-1 and SFH are given in Figure 

5-8. It is found that the bed particles from combustion of WS-1 and SFH are coated and glued by a 

molten phase, and some light-colored flocculent substances are attached on the sand surfaces. The 

elemental compositions of agglomerate necks, sand surfaces, and flocculent substances are examined 

by EDX analysis, and the results are summarized in Table 5-5. For WS-1, the necks between two bed 

particles from combustion (Point 1 and 2) are composed of Si, K and Ca, suggesting that the bed 

particles probably are agglomerated by the molten K silicates and K-Ca silicates. The sand surfaces 

(Point 3) have the similar elemental compositions with the necks. The light-colored flocculent 
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substances (Point 4) are consisted with Si, K, Ca, and P, indicating that they may be the unmelted 

wheat straw ash particles. The main elements of the neck of agglomerate from combustion of SFH 

(Point 1) are Si, K, Ca and Mg, suggesting that the sands possibly are glued by the molten K-Ca/Mg 

silicates, which may produce by the interaction between SFH ash and bed material (SiO2) due SFH 

is a Si-lean fuel. The compositions of sand surfaces (Point 3) are similar with the agglomerate necks 

but with a relatively lower Mg and Ca content, suggesting that the coating layers may be K-silicates. 

The light-colored flocculent substances (Point 2) are composed of O, C, Mg, Ca, P, and a slightly 

amount of Si, indicating that they may be the SFH ash particles. Although the dominant K-species in 

WS-1 ash and SFH ash may be quite different, the agglomeration of WS-1 and SFH probably both 

are caused by the molten K containing silicates.  

 

Figure 5-8 Morphology (SEM: SE mode) of agglomerates from (a) WS-1 and (b) SFH combustion with an ER of 1.45. 

Table 5-5 EDX analysis of selected point of the agglomerates shown in Figure 5-8 (atom%) 

 WS-1 Point 1 WS-1 Point 2 WS-1 Point 3 WS-1 Point 4 SFH Point 1 SFH Point 2 SFH Point 3 

C 5.94 5.51 5.72 7.68 7.85 9.73 15.53 

O 58.62 59.74 53.23 56.02 60.49 59.77 66.73 

K 6.07 9.52 6.17 8.79 7.60 0.80 2.68 

Ca 0.58 2.43 0.89 5.14 2.39 8.56 0.11 

Mg 0.33 0.61 0.03 1.41 2.62 13.36 0.24 

Al 0.41 0.24 0.09 2.40 1.21 0.63 0.21 

Si 27.71 21.49 33.63 15.63 15.60 2.04 14.42 

P 0.33 0.46 0.24 2.93 1.98 4.91 0.08 

S 0.00 0.00 0.00 0.00 0.25 0.20 0.00 

Si/K 4.57 2.26 5.45 1.78 2.05 2.54 5.38 

In order to investigate the agglomeration during gasification of SFH, the morphology and surface 

elemental compositions of the selected agglomerates from gasification with an ER of 0 and a SFR of 

2.3 are given in Figure 5-9. Consistent with the agglomerates formed in combustion, the bed particles 

are glued by a molten K silicates (Point 1), which probably result from the interaction between SFH 

ash and bed material.  
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Element K Ca Mg Al 

Atom% 20.53 0.45 0.45 0.29 

Element Si P S  

Atom% 78.15 0.12 0.00  
 

  Data are in atom% (carbon and oxygen free basis). 

Figure 5-9 Morphology (SEM: SE mode) (left) and EDX analysis of selected point (right) of agglomerates from SFH 

gasification with an ER of 0 and a SFR of 2.3.  

5.3.6 K distribution predicted by thermodynamic equilibrium calculations 

5.3.6.1 Predicted K-species distribution in the ash 

As presented in the Table 5-1, the two wheat straws are Si-rich fuels with the Si/K molar ratios of 

1.56 and 2.60, respectively, for WS-1 and WS-2, whilst the sunflower husk is a Si-lean fuel with a 

Si/K molar ratio of 0.04. Thermodynamic equilibrium calculations were performed to understand the 

possible ash transformation during combustion and gasification of the three biomasses at ER in a 

range of 0 - 1.4 at 850 °C, and the results are shown in Figure 5-10. For WS-1, a K and Si rich fuel 

with moderate Al, the thermodynamically favorable K-species under combustion condition are gas 

phase KCl, molten phase K containing slag, as well as solid phase KAlSi2O6 and K2SO4. The 

compositions of slag phase indicates that the slag phase is molten K-silicates and K-Al silicates, as 

shown in Figure C-2 in Appendix C. Solid phase K2Si2O5 appears while K2SO4 disappears under a 

reducing atmosphere due to the fact that K2SO4 is unstable under reducing atmosphere. Since it is 

suggested that Si4+, as a network former, increases the slag viscosity, and K+, as a network modifier, 

could decrease the slag viscosity13, the molar ratios of Si/K in the slag phase are plotted. As shown 

in Figure 5-11, the Si/K molar ratios of the slag formed under oxidizing atmosphere is higher than 

that of under reducing atmosphere, suggesting that the viscosity of slag phase produced under 

reducing atmosphere probably is lower than that formed under oxidizing atmosphere. For WS-2, a K 

and Si rich fuel with relatively high Al, the calculations predict that K-Al silicates (KAlSi2O6 and 

KAlSi3O8), are produced. However, the formation of K-Al silicates in the ash at 850 °C probably is 

a kinetics controlled process14,15, resulting in the amount of K-Al silicates may be far below the 

equilibrium calculations16,17. Therefore, a slag phase still could be found in WS-2 ash. For SFH, K 

presents as gas phase KOH and KCl, as well as solid phase K2Ca(CO3)2, K2CO3, and K2SO4 during 

combustion. During SFH gasification, the carbonates, such as K2Ca(CO3)2 and K2CO3, are still the 

dominant K-species. However, K2Ca(CO3)2 is unstable at the ER below 0.37. In general, the 

dominated K-species produced during conversion of WSs are K silicates. Potassium exists as K 

1
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carbonates during conversion of SFH. These results are in agreement with what has been found in 

thermodynamic equilibrium calculations calculated by Öhman5. The equilibrium calculations results 

generally are in agreement with the XRD analysis results.  

 
Figure 5-10 Predicated K-species in three ashes at various equivalence ratio by thermodynamic equilibrium 

calculations at 850 °C.  

 
Figure 5-11 Predicated molar ratios of Si to K in the slag phase during WS-1 conversion at various equivalence ratio by 

thermodynamic equilibrium calculations at 850 °C.  
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5.3.6.2 Predicted K-species distribution with bed material  

Figure 5-12 shows the predicted K-species distribution during WS-1 and SFH conversion at various 

ERs when the bed material are included. The addition of SiO2 in the calculations slightly increases 

the amount of slag phase during WS-1 conversion. For SFH, significant amount of slag phase, which 

is composed of K2O and SiO2 (Figure C-3 in Appendix C), and/or K silicate (K2Si4O9) are formed 

during gasification, probably resulting from the interaction between K carbonates and bed material 

(SiO2). This result is in agreement with the observation found in SEM analysis of agglomerates.  

 
Figure 5-12 Predicted distribution of K-species during conversion of WS-1 and SFH in fluidized bed at 850 °C at 

various equivalence ratio by thermodynamic equilibrium calculations.  

5.4 Discussion 

5.4.1 Influence of Si/K on ash chemistry and agglomeration  

The significantly different Si contents in WSs and SFH may result in the different distribution of K 

in their ashes, and thereby causing different agglomeration tendency and mechanism in combustion 

and gasification of WSs and SFH. SEM-EDX analyses of the ashes of WSs and SFH and the 

equilibrium calculations results suggest that the dominated K-species probably are K silicates and K 

carbonates, respectively, for WSs and SFH under both combustion and gasification conditions. 

Although K carbonates are not detected by XRD in the HTA of SFH, which probably due to a long 

ashing time during preparation of ash, significant amount K carbonates may be produced during SFH 

conversion as indicated by the XRD analysis of LTA of SFH. The agglomeration of WSs may be 

induced by the attachment of the partially molten ash, which contains significant amount of K-rich 

silicates, on the bed material, subsequently forming a coating layer3. A higher Al content in the WS 
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ash may increase the melting temperature of ash18, causing a decrease in the agglomeration tendency 

of WS ash. Therefore, WS-2 ash has a lower agglomeration tendency than WS-1 ash. Although SFH 

is a Si-lean fuel, the dominated compositions of agglomeration necks still are molten K silicates. 

Therefore, the agglomeration during conversion of SFH may be caused by the interaction between 

SFH ash, whose ash may contain significant amount of K carbonates, and SiO2. It is has be shown 

that K2CO3 may induce agglomeration under air condition by forming molten K silicates though 

reaction between K2CO3 and silica sand19.  

A reducing atmosphere and a high concentration of steam in gasification accelerate the agglomeration 

of WS ashes and SFH ash (as shown in Figure 5-2 and 5-3). As discussed in Chapter 3 and Chapter 

4, the reducing atmosphere promotes the melting of the WS ashes, and thereby accelerating the 

agglomeration of WSs. The presence of steam most likely to decrease the residual carbon amount in 

the bed and to lower the viscosity of WS ashes, resulting in an accelerated agglomeration. The SEM-

EDX analyses of agglomerates from gasification (Figure5-9) indicates that the formation of K 

silicates via the interaction between SFH ash and bed material may be the dominant agglomeration 

mechanism during SFH gasification. It is speculated that the reactivity of K2CO3 towards SiO2 is 

promoted by the reducing atmosphere19. In addition, it is suggested that K2CO3 can be converted into 

KOH by reacting with steam19,21,22, resulting in the reactivity of K2CO3 towards SiO2 is strongly 

enhanced by the presence of steam22. It also has been speculated that SiO2 probably could be glued 

by a molten KOH, which has a melting temperature of 360 °C, in a K2CO3/SiO2 system under a steam 

containing atmosphere19. The promoted agglomeration of SFH caused by a reducing atmosphere and 

a high concentration of steam in this study may be related to these speculations. The melting of SFH 

ash may be promoted by the reducing atmosphere, due to the fact that K2SO4 with a melting 

temperature of 1069 °C is unstable under reducing atmosphere (as shown in Figure 5-10). Meanwhile, 

the reducing atmosphere probably accelerate the interaction between SFH ash and bed material, thus 

promoting the agglomeration. Under the condition with a high concentration of steam, the accelerated 

agglomeration probably caused by an increased melting of ashes and a promoted interaction between 

SFH ash and bed material. In addition, the viscosity of the produced K silicates may also be lowered 

by the steam. However, the detailed mechanism of influence of reducing atmosphere and steam on 

agglomeration of SFH needs to be further studied.  

5.4.2 Influence of char reactivity on agglomeration  

During gasification of biomass, the inhibition effect of residual carbon caused by decreasing ER 

decreases with increasing char reactivity. A higher char reactivity will result in a low amount of 

residual carbon in the bed and thereby causes a less inhibition effect on agglomeration during 

gasification, thus may increase the agglomeration tendency of biomass. The char reactivity of the 

three biomasses is consistent with their agglomeration tendency observed in fluidized bed gasification 

experiments with a low ER. Therefore, the higher amount of residual carbon in the bed in LTCFB 

gasification of WS-2, caused by the lower char reactivity of WS-2, may be the dominate reason for 
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the different agglomeration behaviors of WS-1 and WS-2 in LTCFB gasifier described in Chapter 1, 

Section 1.1. In the air blown gasification system, the lower critical ER of SFH compared to the WSs 

may be partially attributed to the higher char reactivity of SFH.  

5.5 Conclusions  

The agglomeration of two types of biomass (two batches of wheat straws and one sunflower husk) in 

fluidized bed combustion and gasification are investigated in this chapter. The effects of char 

reactivity and molar ratio of Si/K on the agglomeration of biomass at various ERs and SFRs are 

studied. The following conclusions can be drawn: 

(1) The difference in the molar ratios of Si/K in WSs and SFH may result in the different 

agglomeration tendency and mechanisms of WSs and SFH. During combustion and gasification of 

WSs, the agglomeration may be caused by the partially molten ashes adhere on the bed particles and 

subsequently form a coating layer. The SFH ash may lead to the agglomeration by forming K silicates 

via interacting with bed particles (SiO2) during SFH conversion. For WSs, the higher Al content in 

WS-2 compared to WS-1 may result in a decrease in the melting of ash, and thereby causing a 

decrease in the agglomeration tendency during conversion.  

(2) A reducing atmosphere, a high concentration of steam, and the residual carbon in the bed show 

consistent effect on the agglomeration of the three fuels. However, the reducing atmosphere and 

steam probably promote the agglomeration of Si-rich wheat straws and Si-lean sunflower husk by 

different routes due to their different agglomeration mechanisms. For SFH, the promoted 

agglomeration under a reducing atmosphere and a high concentration of steam probably results from 

an increased melting of ash and a promoted interaction between ash and bed particles. The detailed 

mechanism of influence of reducing atmosphere and steam on agglomeration of SFH needs to be 

further studied.  

(3) During gasification of biomass, the inhibition effect of residual carbon caused by decreasing ER 

reduces with increasing char reactivity. The high char reactivity of SFH results in less residual carbon 

in the bed, thus causing a high agglomeration tendency of SFH during gasification with a low ER.  

(4) The critical ER of SFH, which is 0.04, is lower than that of WSs, which are 0.36. The low critical 

ER of SFH is probably attributed to the high char reactivity of SFH and the different agglomeration 

mechanism of SFH from WSs caused by a low Si/K molar ratio.  
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This chapter has been written in a manuscript format. A slightly modified version of this chapter will 

be submitted to a peer-reviewed journal.  

6. Application of Pulse Flow to a Fluidized Bed for 

Combustion and Gasification of Wheat Straw 

Abstract 

Agglomeration may cause severe problems in operation of biomass combustion and gasification in 

fluidized beds. Improving fluidization quality by external forces may be one of the options as the 

potential countermeasure to mitigate the agglomeration problem. In this chapter, the pulsed flow is 

applied to the fluidized bed reactor to examine the possibility for mitigation of agglomeration in 

combustion and gasification of wheat straw. The effects of parameters related to pulsed flow, such as 

flow rate ratio of pulsation (defined as the flow rate of pulsed flow divided by the total flow rate of 

primary gas), pulsation frequency and pulsation duty cycle (defined as the time of “flow-ON” period 

divided by the “flow-OFF” period in a pulsation), on the agglomeration tendency were studied in a 

lab-scale bubbling fluidized bed reactor at 850 °C using silica sand as bed material. The results reveal 

that the introducing of a pulsed flow to the reactor mitigates the agglomeration in fluidized bed 

combustor and gasifier. Among the parameters studied, the pulsation duty cycle shows the most 

significant effect on reducing the agglomeration tendency, while the pulsation frequency shows the 

least impact. At the condition of pulsation flow rate ratio of 0.4, pulsation frequency of 1.5 Hz and 

pulsation duty cycle of 25/75, the amounts of straw fed for inducing defluidization is 151.7% and 

137.5% of that under the condition with the continuous flow for in combustion and gasification, 

respectively. Moreover, the effect of application of the pulsed flow to the reaction process is 

negligible. 

  



Agglomeration during Fluidized Bed Combustion and Gasification of Biomass 

116 

6.1 Introduction  

Fluidized beds are widely applied in biomass combustion and gasification due to their fuel flexibility 

and high efficiency1–3. However, the occurrence of agglomeration causes operational problems, and 

may lead to completely defluidization4. Extensive investigations have been carried out for 

understanding the agglomeration mechanisms and for mitigating the agglomeration, as have been 

discussed in a few review papers5–8. It is widely accepted that the presence of the molten phase, 

mainly the potassium containing compounds, responsible for the agglomeration in fluidized bed 

reactor9. 

Many countermeasures to agglomeration have been proposed based on the mechanism of increasing 

the melting temperature of the ash by altering the ash chemistry, including utilization of alternative 

bed materials, such as Al-10,11, Ca-12, Mg-13, or Fe-containing14 materials, application of additives, 

such as Al-Si-15, Ca-16 or P-based17 additives, pretreating of biomass18, and co-combustion of K-lean 

fuels19,20. Other countermeasures are proposed based on the mechanism of improving the fluidization 

quality by increasing the ratio of gas velocity to the minimum fluidization velocity, i.e. applying high 

gas velocity21 and selecting small particles22, which may limit the agglomerates accumulation by a 

high break rate to the agglomerates21. The introducing of a pulsed flow to a fluidized bed, as a kind 

of external assistance, could be a countermeasure for improving the fluidization quality in fluidized 

bed23,24.  

Pulsed fluidization is a method that using an on-and-off primary gas to fluidize the bed particles. It is 

well known that application of a pulsed flow can improve the fluidization quality for Geldart Group 

A/B/C particles by reducing the minimum fluidization velocities of the bed particles25,26. It is 

suggested that the pulsed flow shows positive effects on enhancing the heating transfer in fluidized 

bed27–29, accelerating the drying of biomass30,31, and improving the mixing of particles32. Therefore, 

the pulsed fluidized bed reactor may be a potential countermeasure for mitigating agglomeration 

tendency in biomass combustion and gasification.  

The potential of pulsed flow on tackling defluidization of Group B particles has been indicated by 

discrete element method (DEM) simulations33. However, mostly of experimental work has been 

carried out focusing on the effect of pulsed flow on the formation and breakage of agglomerates of 

nanoparticles34,35. Limited studies have been reported on the application of pulsed flow in fluidized 

bed combustion and gasification, and these studies focus on the influence of pulsed flow on the heat 

transfer and combustion efficiency36. The influence of pulse flow on agglomeration in fluidized bed 

combustion/gasification has not been revealed from author’s knowledge. In this chapter, the 

possibility of application of pulsed flow to fluidized bed combustion/gasification of biomass to 

mitigate agglomeration is experimentally studied in a lab-scale bubbling fluidized bed.  

 



Application of Pulse Flow to a Fluidized Bed for Combustion and Gasification of Wheat Straw 

117 

6.2 Experimental section 

6.2.1 Fuel and bed material 

Silica sand (SiO2 > 97 wt.%) with a density of 2600 kg/m3 and a size range of 355 - 500 µm was used 

as bed material in the experiments. Wheat straw used in Chapter 3 was used as fuel and its 

compositions are shown in Table 3-1, Chapter 3. In order to achieve a smooth feeding, wheat straw 

with a size range of 0.6-2 mm was used.  

6.2.2 Experimental apparatus 

Experiments were carried out in a lab-scale bubbling fluidized bed reactor system, schematically 

shown in Figure 6-1. The setup consists of a gas supplying system, a fuel feeding system, a fluidized 

bed reactor, a gas sampling and analysis system and a data acquisition system. The gas supplied at 

the bottom of the reactor (Ut), which is called as primary gas, is composed of a continuous flow (Uc) 

and a pulsed flow (Up). The compressed air and the N2 in the continuous flow were controlled by the 

precision mass flow controllers (MFCs). The steam in the continuous flow was produced by a steam 

generator (VEIT 2365), and the supplying pipe was heated by an electric heat tracing. The schematic 

of square wave of gas pulsation was illustrated in Figure 6-2. A two-way solenoid valve, which was 

controlled by a programmable logic controller (PLC), was used to generate a gas pulsation (Yantai 

Songling Chemical Equipment CO., LTD, China). The valve opened when energized and closed when 

de-energized, and the gas flow, therefore, was intermittently supplied at a desired frequency. Duration 

of the “flow-ON” and “flow-OFF” period were separately controlled, allowing variations in both 

pulsation frequency and duty cycle. The accuracy of the “flow-ON” and “flow-OFF” period for each 

pulsation cycle was 10 milliseconds, resulting a maximum frequency of 50 Hz. The flow rate of 

pulsation during combustion was controlled by a gas regulator and a needle valve. The primary gas, 

passed through a preheating section (air-plenum) and distributed by a gas distributor with an open 

area of 4%, was introduced to the bubbling fluidized bed reactor with an inner diameter of 62.5 mm. 

The freeboard, with an inner diameter of 100 mm, was designed 600 mm above the gas distributor to 

reduce the elutriation of fine particles. The reactor, including preheating section and the reactor body, 

was externally heated by four independently controlled heating elements. A twin screws feeder (K-

ML-KT20, Coperion K-Tron) was installed in the middle of the gas distributor and the freeboard to 

continuously feed the fuel with the assistance of a secondary gas. The fine particles in flue gas was 

collected in a container after being removed by a cyclone. A small amount of flue gas, sampled at the 

downstream of the cyclone, was sent to a series of analyzers (Emerson, NGA 2000 Analyser, 

FLSmidth A/S) after removal of the water and other condensed impurities to continuously monitor 

the concentrations of CO2, CO, O2, NO and SO2. The temperatures right below air distributor (T1), 

right above air distributor (T2), 5 cm above air distributor (T3), 2.5 cm above air distributor (T4) were 

measured by four thermocouples, and the gauge pressure at position that right below air distributor 

(P1, pressure in the air-plenum) and the pressure drop over the bed (P2) were monitored by two 
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pressure sensors (Noding P121-4B0-311, with a pressure range of 0-50 mbar having a response time 

of 200 ms; Honeywell ST-3000 with a response time of 478 ms). The profiles of temperatures, 

pressures and gas concentrations were recorded by a data acquisition system every 200 ms during 

experiments. 

  
Figure 6-1 A schematic drawing of the lab-scale 

pulsed fluidized bed reactor 

Figure 6-2 A schematic of square wave of gas 

pulsation. Ut: total flow rat of primary gas; Up: flow 

rate of pulsed flow; Uc: flow rate of continuous flow; 

TON: time of “flow-ON” period; TOFF: time of “flow-

OFF” period 

6.2.3 Experimental conditions and procedures 

The primary gas was kept to a constant total flow rate of 11.5 Nl/min, with a composition of 100% 

air, and a mixture of 25 vol.% steam, 25 vol.% air, and 50 vol.% N2 for combustion and gasification, 

respectively. The secondary gas, with a flow rate of 15.5 Nl/min, was 100% N2 and a mixture of 55.5 

vol.% air and 44.5 vol.% N2, respectively, in combustion and gasification, to keep a constant total 

excess air ratio of 1.45 in the system. All experiments were conducted at a temperature of 850°C with 

a set fuel feeding rate of 0.11 kg/h.  

The influence of vital parameters, including flow rate ratio of pulsation(Up/Ut, defined as the flow 

rate of pulsed flow divided by the total flow rate of primary gas), pulsation frequency and pulsation 

duty cycle(TON/TOFF, defined as the time of “flow-ON” period divided by the “flow-OFF” period in 

a pulsation), which show signification effects on the biomass drying27,30 and the hydrodynamics24,26 

in fluidized bed, on agglomeration tendency were evaluated in combustion and gasification. In order 
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to maintain the fluidization of bed particles during the “flow-OFF” period, the flow rate ratio of 

pulsation was varied in the range from 0.2 to 0.4. Compressed air and N2 was used as the pulsed flow 

in combustion and gasification, respectively. The fluidized bed can be considered analogous to a 

second-order mechanical vibration system and the undamped natural frequency of the system (ƒN) 

can be calculated according to the equation that proposed by Bi et al.37: 

1
ƒ

2
N

mf

g

H
  

where Hmf (m) is the static bed height. The pulsation frequency was varied in the range of 0.5 - 3 Hz, 

covering the ƒN of this system, which is 1.57 Hz. Three typical pulsation duty cycles, namely 25/75, 

50/50 and 75/25, were investigated. The experimental matrix is shown in Table 6-1. The repeatability 

of experiments are proved by the standard deviations of repeated experiments, which are within 2 g.  

500 g of bed material (silica sand), corresponding to a static bed height of 0.1 m, was loaded and 

fluidized by the primary gas at the start-up of experiment. Afterwards, the reactor was heated at a 

heating rate of 10 °C/min to a designed temperature, which is 820 °C and 840 °C for combustion and 

gasification respectively, in order to keep the bed temperature stable at 850 °C after the straw was fed 

into the reactor. The fuel was continuously fed up to the occurrence of defluidization, which is 

indicated by a sudden decrease in pressure drop over the bed. The feeding was stopped once the 

defluidization is observed, and then the heating elements were turned off. The agglomeration 

tendency was evaluated by the amount of straw fed for causing defluidization in the experiments. The 

detailed procedures of experiments are described in Chapter 3, Section 3.2.3.  
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Table 6-1 Experiments matrix 

Parameters Exp. Name Up/Ut ƒ (Hz) TON/TOFF 
Primary gas (Nl/min) Secondary gas (Nl/min) 

Air Steam N2 Air N2 

Combustion 

Reference 
Ref-c - - - 11.5 0 0 0 15.5 

Ref-ca  - - 11.5 0 0 0 15.5 

Flow rate  

cR1 0.2 1.5 50/50 11.5 0 0 0 15.5 

cR2 0.25 1.5 50/50 11.5 0 0 0 15.5 

cR3 0.3 1.5 50/50 11.5 0 0 0 15.5 

cR3a 0.3 1.5 50/50 11.5 0 0 0 15.5 

cR4 0.35 1.5 50/50 11.5 0 0 0 15.5 

cR4a 0.35 1.5 50/50 11.5 0 0 0 15.5 

cR5 0.4 1.5 50/50 11.5 0 0 0 15.5 

cR5a 0.4 1.5 50/50 11.5 0 0 0 15.5 

Frequency  

cF1 0.3 0.5 50/50 11.5 0 0 0 15.5 

cF2 0.3 0.75 50/50 11.5 0 0 0 15.5 

cF3 0.3 1 50/50 11.5 0 0 0 15.5 

cF4 0.3 2 50/50 11.5 0 0 0 15.5 

cF5 0.3 3 50/50 11.5 0 0 0 15.5 

cF6 0.4 0.5 50/50 11.5 0 0 0 15.5 

cF7 0.4 0.75 50/50 11.5 0 0 0 15.5 

cF8 0.4 1 50/50 11.5 0 0 0 15.5 

cF9 0.4 2 50/50 11.5 0 0 0 15.5 

cF10 0.4 3 50/50 11.5 0 0 0 15.5 

Duty cycle  

cD1 0.4 1.5 25/75 11.5 0 0 0 15.5 

cD2 0.4 1.5 75/25 11.5 0 0 0 15.5 

cD2a 0.4 1.5 75/25 11.5 0 0 0 15.5 

Gasification 

Reference Ref-g - - - 2.875 2.875 5.75 8.625 6.875 

Flow rate 

gR1 0.2 1.5 50/50 2.875 2.875 5.75 8.625 6.875 

gR2 0.3 1.5 50/50 2.875 2.875 5.75 8.625 6.875 

gR2a 0.3 1.5 50/50 2.875 2.875 5.75 8.625 6.875 

gR3 0.4 1.5 50/50 2.875 2.875 5.75 8.625 6.875 

gR3a 0.4 1.5 50/50 2.875 2.875 5.75 8.625 6.875 

gR3b 0.4 1.5 50/50 2.875 2.875 5.75 8.625 6.875 

Frequency 

gF1 0.2 0.75 50/50 2.875 2.875 5.75 8.625 6.875 

gF1a 0.2 0.75 50/50 2.875 2.875 5.75 8.625 6.875 

gF2 0.2 3 50/50 2.875 2.875 5.75 8.625 6.875 

gF3a 0.4 0.75 50/50 2.875 2.875 5.75 8.625 6.875 

gF3a 0.4 0.75 50/50 2.875 2.875 5.75 8.625 6.875 

gF4 0.4 3 50/50 2.875 2.875 5.75 8.625 6.875 

Duty cycle 

gD1 0.4 1.5 25/75 2.875 2.875 5.75 8.625 6.875 

gD1a 0.4 1.5 25/75 2.875 2.875 5.75 8.625 6.875 

gD2 0.4 1.5 75/25 2.875 2.875 5.75 8.625 6.875 

a, b Repetition experiments were performed. 
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The fluctuations of bed pressure drop could reflect the bubble size and fluidization quality38. A low-

pressure fluctuation amplitude in the fluidized bed indicates the existence of small bubbles, and thus 

corresponding to a homogeneous fluidization38. Zhang et al.39 found that the gauge pressure at air-

plenum has the same fluctuations with the flow rate of gas through the air-plenum when the bed is 

empty. Sasic et al.40 suggested that for a lab-scale fluidized bed that fed from pressurized air systems 

and has an air-distributor with a reasonably low pressure drop, the bed will interact with the air-

plenum, and the trend of pressure fluctuations in the air-plenum is consistent with that of the flow 

fluctuations. Although the open area of air distributor in this work (4%) is a little lower than that used 

in their work (6.2%), the fluctuations of the flow still may be reflected by the fluctuations of pressure 

in the air-plenum. The fluctuation amplitudes and standard deviations of P1 and P2 during stable 

fluidization stage (without feeding of straw) were calculated to evaluate the fluidization behaviors in 

this work. In order to minimize the errors of the calculated values, the fluctuation amplitudes and the 

standard deviations for P1 and P2 in every 10 seconds were calculated, and then the averages of 60 

calculated values in 10 consecutive minutes were used as the final fluctuation amplitudes and standard 

deviations of P1 and P2. The average values and standard deviation of the concentrations of CO, CO2, 

O2, SO2 and NO in flue gas during steady combustion stage (10 - 20 minutes in the experiment) were 

calculated in the same method to evaluate the effects of pulsation on the combustion behaviors. 

6.3 Results and discussion 

6.3.1 Influence of pulsed flow on defluidization tendency during combustion 

6.3.1.1 Flow rate ratio of pulsation 

Firstly, the reference experiments were performed using a continuous flow as the primary gas, and 

the amounts of straw fed for leading to defluidization under combustion condition are 60 g and 62 g. 

As illustrated in Figure 6-3, the amounts of straw fed at the conditions with introducing of a pulsed 

flow in primary gas are higher than that fed at the condition with a continuous flow, indicating that 

the imposing of pulsed flow could decelerate the defluidization tendency in fluidized bed. This may 

be attributed to the reduced minimum fluidization velocity (Umf) caused by the introducing of pulsed 

flow, and thereby the ratios of superficial gas velocity to minimum fluidization velocity (Ug/Umf) are 

increased using the same total primary gas flow rate. A larger Ug/Umf results in a better mixing of the 

bed particles, thus retarding the defluidization.  
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Figure 6-3 Influcence of flow rate ratio of pulsation (0.2-0.4) on amount of straw fed for inducing defluidization during 

combustion. Pulsation frequency = 1.5 Hz; pulsation duty cycle = 50/50.  

The impact of flow rate ratio of pulsation (Up/Ut), in the range of 0.2 - 0.4, on the defluidization 

tendency in combustion of wheat straw is investigated at a pulsation frequency of 1.5 Hz and a 

pulsation duty cycle of 50/50. When the Up/Ut increases from 0.2 to 0.3, the amount of straw fed for 

inducing defluidization increases from 66 g to 77 g, suggesting that a higher Up/Ut shows a more 

pronounced effect on mitigating defluidization (Figure 6-3). This may be partially attributed to a more 

intense fluctuation of pulsation at a higher Up/Ut, suggested by the larger fluctuation amplitude and 

standard deviation of pressure in the air-plenum (P1), as illustrated in Figure 6-4-a. It is suggested 

that the agglomerates are easier to be broken when falling from a greater height attained at higher 

velocity during the “flow-OFF” period bed collapse35. With an increase of Up/Ut, the pulsed flow may 

give a higher moving velocity to the particles and lead to a higher particle displacement in the bed 

during the “flow-ON” period. Meanwhile, the lower continuous flow rate at the “flow-OFF” period 

may cause a higher falling speed. These two reasons result in a higher broken rate of agglomerates, 

thus slowing down the defluidization. As shown in Figure 6-4-b, the fluctuation amplitude and 

standard deviation of bed pressure drop (P2) decrease with increasing Up/Ut, suggesting that a more 

homogenous fluidization in the bed at a larger Up/Ut. This may be another possible explanation for 

the better performance of pulsed flow at Up/Ut of 0.3 than at Up/Ut of 0.2. However, the increase in 

the amount of straw fed for causing defluidization becomes less pronounced when Up/Ut is further 

increased from 0.3 to 0.4. This may be explained by the reason that the decrease in continuous flow 

rate will cause a low Ug/Umf during the “flow-OFF” period of pulsation, although an increased 

fluctuation amplitude is achieved at a higher Up/Ut. In addition, the fluctuation amplitude and standard 

deviation of P2 maintains stable when Up/Ut is in the range of 0.3 - 0.4, implying the fluidization 

quality is not further improved by increasing the Up/Ut.  
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Figure 6-4 Fluctuation amplitudes and standard deviations of (a) pressure in the air-plenum (P1) and (b) bed pressure 

drop (P2) in the pulsed fluidized bed without feeding at different flow rate ratios of pulsation (0.2-0.4). Pulsation 

frequency =1.5 Hz; pulsation duty cycle = 50/50. 

6.3.1.2 Pulsation frequency  

The pulsation frequency shows a minor effect on the defluidization tendency in combustion of wheat 

straw, as shown in Figure 6-5. When the Up/Ut and the TON/TOFF maintain constants, the trend of 

straw amount fed for inducing defluidization during combustion is characterized by an initial slightly 

increase followed by an decrease as pulsation frequency increases in the range of 0.5 Hz - 3 Hz. The 

best performance is obtained at the pulsation frequency of 1.5Hz, which is close to the natural 

frequency of system calculated according to equation proposed by Hao and Bi37. Similar results are 

observed by Jia et al. in biomass drying in a pulsed fluidized bed30,31. They attribute this to the 

occurrence of resonance effect at the pulsation frequency that close to the natural frequency of system, 

and thus increasing the particle motion and mass transfer30.  

As shown in Figure 6-6, both the fluctuation amplitudes and standard deviations of P1 and P2 decrease 

with the increasing pulsation frequency in the range of 0.5 Hz - 2 Hz. It has been found both in 

experimental work and numerical simulation that an increase in the pulsation frequency will lead to 

a smoother and more homogenous bed behavior in pulsed fluidized bed39,41. This may be ascribed to 

the smaller amount of air entering the bed during each “flow-ON” period and the bed collapses to a 

less extent during the shorter “flow-OFF” periods at the higher frequency39. However, the short 

“flow-ON” and “flow-OFF” period may also result in a small particle displacement in the bed due to 

the small pressure build-up39. The impact of pulsation frequency on the defluidization tendency 

becomes unpronounced because the decrease in particle displacement and the increase in fluidization 

quality may neutralize each other as the pulsation frequency increases. An outlier is observed at the 

pulsation frequency of 3 Hz, and it may be imputed to the long response time of the pressure sensors. 

At a pulsation frequency of 3 Hz, the “flow-ON” and “flow-OFF” periods within a pulsation are 170 

ms, which is smaller than the response time of the pressure sensors.  
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Figure 6-5 Influence of pulsation frequency (0.5-3 Hz) on amount of straw fed for inducing defluidization during 

combustion. Flow rate ratio of pulsaiton = 0.3 and 0.4; pulsation duty cycle = 50/50. 

 
Figure 6-6 Fluctuation amplitudes and standard deviations of (a) pressure in the air-plenum (P1) and (b) bed pressure 

drop (P2) in the pulsed fluidized bed without feeding at different pulsation frequencies (0.5-3Hz). Flow rate ratio of 

pulsaiton = 0.3 and 0.4; pulsation duty cycle = 50/50. 

6.3.1.3 Pulsation duty cycle  

The pulsation duty cycle is an important parameter for the performance of pulsed fluidized bed. With 

a constant pulsation frequency of 1.5 Hz and a constant Up/Ut of 0.4, the “flow-ON” period of 

pulsation within each cycle was set as 170 ms, 330 ms and 500 ms, resulting in a pulsation duty cycle 

of 25/75, 50/50, and 75/25, respectively. As shown in Figure 6-7, the pulsation duty cycle has the 

most significant effect on the defluidization tendency among the parameters that have been 

investigated in this work. The defluidization tendency decreases with the shorting “flow-ON” period 

of pulsation within each cycle. The amount of straw fed for causing defluidization is 91 g at the 

TON/TOFF of 25/75, which is 151.7% of that fed at continuous flow. Similar results are observed by 

other researchers on the heat transfer in pulsed fluidized bed. Kobayashi et al.42 investigated the heat 

transfer of the glass beads bed with a static bed height of 300 mm. They found that for the glass beads 

with an average diameter of 301 µm, the optimum pulsation duty cycle is 25/75 (a combination of 
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“flow-ON” and “flow-OFF” period of 0.25 s and 0.75 s). Nishimura et al.43 studied the heat transfer 

of the glass beads bed having an average diameter of 340 µm with a static bed height of 700 mm. The 

optimum heat transfer is observed at the combination of the “flow-ON” period of 1 s and the “flow-

OFF” period of 3 s, namely the duty cycle of 25/75. However, the effect of pulsation becomes 

negligible at the TON/TOFF of 75/25. 

 
Figure 6-7 Influence of duty cycle of pulsation (25/75, 50/50, and 75/25) on amount of straw fed for inducing 

defluidization during combustion. Pulsation flow rate ratio Up/Ut = 0.4; pulsation frequency = 1.5 Hz. 

The good performance of pulsation at the TON/TOFF of 25/75 may be ascribed to the large fluctuation 

amplitude of pulsation, which is also observed in the other work30, caused by a high pressure build-

up in a long “flow-OFF” period, as shown in Figure 6-8-a. As mentioned above, the agglomerates are 

likely broken by the large displacement of particles in the bed. Compared to the TON/TOFF of 50/50, 

the higher pressure build-up at the TON/TOFF of 25/75 may provide a higher instantaneous gas velocity 

to the particles, thus resulting in an increased displacement of particles. The instantaneous gas 

velocity is reduced by increasing duty cycle, since the same amount of gas enters in the bed over a 

longer “flow-ON” period27. Meanwhile, the longer “flow-OFF” period at the TON/TOFF of 25/75, 

indicating a longer falling down period, may also promote the broken of agglomerates. For the 

TON/TOFF of 75/25, the fluctuation amplitude and standard deviation of P1 is larger than that at the 

TON/TOFF of 50/50. However, the fluctuation amplitude and standard deviation of P2 at the TON/TOFF 

of 75/25 is significant larger than that at the TON/TOFF of 50/50 (Figure 6-8-b), indicating a worse 

fluidization quality in the bed. This probably attributed to the behaviors of the pulsed fluidized bed 

with a TON/TOFF of 75/25 may be similar to a conventional fluidized bed, and thereby the effect of 

pulsation becomes unpronounced at the TON/TOFF of 75/25. 
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Figure 6-8 Fluctuation amplitudes and standard deviations of (a) pressure in the air-plenum (P1) and (b) bed pressure 

drop (P2) in a pulsed fluidized bed without feeding at different pulsation duty cycles. Flow rate ratio of pulsation Up/Ut 

= 0.4; pulsation frequency = 1.5 Hz. 

6.3.2 Application of pulsed flow on defluidization tendency during gasification 

The influence of pulsed flow on the defluidization tendency during gasification of wheat straw is also 

investigated. Similarly, a reference experiment was performed using continuous primary gas, and the 

amount of straw fed for causing defluidization under steam/air gasification condition is 40 g. The 

impacts of flow rate, frequency, and duty cycle of pulsation are summarized in Figure 6-9. The results 

show that the pulsation shows a consistent influence on combustion and gasification of wheat straw. 

Compared to combustion condition, the effect of pulsed flow on the defluidization during steam/air 

gasification is less obvious. Besides the combination of Up/Ut of 0.4, frequency of 1.5 Hz, and 

TON/TOFF of 25/75, the amounts of straw fed for inducing defluidization at other conditions maintain 

in the range of 45 - 48 g. This may be attributed to the high defluidization tendency in gasification, 

and thereby the differences in defluidization at various conditions are within the uncertainties of the 

experiments. The best performance of pulsation under gasification condition is obtained at the 

combination of Up/Ut of 0.4, frequency of 1.5 Hz, and TON/TOFF of 25/75, which is consistent with 

the optimal condition under combustion condition. Under the optimum condition, the amount of straw 

fed for approaching defluidization is 55 g, which is 137.5% of that at continuous flow.  
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Figure 6-9 Influence of (a) flow rate of pulsation, (b) pulsation frequency and (c) pulsation duty cycle on amount of 

straw fed for inducing defluidization during gasification. (a) pulsation frequency = 1.5 Hz; pulsation duty cycle = 50/50; 

(b) pulsation flow rate ratio = 0.2 and 0.4; pulsation duty cycle =50/50; (c) pulsation flow rate ratio =0.4; pulsation 

frequency = 1.5 Hz. 

The fluctuation amplitudes and standard deviations of P1 and P2 at all conditions are shown in Figure 

6-10. Generally, the Up/Ut, frequency, and TON/TOFF shows consistent effects on the fluctuation 

amplitudes and standard deviations of P1 and P2 in gasification and combustion. An increase in Up/Ut 

as well as a decrease in pulsation frequency and TON/TOFF will result in an increasing fluctuations of 

P1. An outlier is observed at the combination of Up/Ut of 0.2, frequency of 3 Hz, and TON/TOFF of 

50/50, probably being attributed to the long response time of pressure sensors. The fluctuation 

amplitudes and standard deviations of P2 in gasification are higher than that in combustion, indicating 

that the fluidization quality of bed particles in gasification is worse. This may be ascribed to an 

increased Umf caused by the presence of steam in the primary gas. The larger fluctuation amplitudes 

of P1 is probably caused by the fluctuated generation of steam. 
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Figure 6-10 Fluctuation amplitudes and standard deviations of (a-1) pressure in the air-plenum (P1) and (a-2) bed 

pressure drop (P2) at different flow ratios of pulsaiton, (b-1) pressure in the air-plenum (P1) and (b-2) bed pressure drop 

(P2) at different pulsation frequencies, (c-1) pressure in the air-plenum (P1) and (c-2) bed pressure drop (P2) at different 

duty cycles in a pulsed fluidized bed without feeding during gasification. (a) pulsation frequency = 1.5 Hz; pulsation 

duty cycle = 50/50; (b) pulsation flow rate ratio = 0.2 and 0.4; pulsation duty cycle = 50/50; (c) pulsation flow rate ratio 

= 0.4; pulsation frequency = 1.5 Hz. 
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6.3.3 Influence of pulsed flow on combustion behaviors 

The effects of pulsed flow on combustion behaviors are evaluated according to the concentrations of 

CO, CO2, O2, SO2 and NO in flue gas during stable combustion period. As illustrated in Figure 6-11, 

the average O2 concentrations in the flue gas are varied in the range of 2.3% - 3.3%. This range is in 

agreement with a stoichiometric ratio of 1.45 during combustion. The CO and CO2 concentrations 

remain stable under all conditions, which are in the range of 0.23% - 0.69% and 5.1% - 6.6%, 

respectively. Since the feeding rate is slightly different in each experiment, the impact of pulsed flow 

gas on the combustion efficiency is difficult to evaluate. A larger feeding rate leads to a higher oxygen 

consumption and a higher incomplete conversion of carbon, and thereby causing a lower O2 

concentration and a higher CO concentration. An outlier is found at the combination of pulsation flow 

rate ratio of 0.4, pulsation frequency of 0.5 Hz, and pulsation duty cycle of 50/50 (Figure 6-11-c). 

Both O2 and CO concentrations at pulsation frequency of 0.5 Hz are slightly higher than other 

frequencies. In addition to feeding rate, the CO concentration is related to the amount of air entering 

into the bed. The high CO concentration may be attributed to the less amount of air enters during the 

longer “OFF” period at a low frequency. The NO concentration has the opposite trend with CO 

concentration, while the concentration of SO2 shows the same trend with CO concentration. These 

trends are consistent with the trends have been reported44,45. In addition to CO and CO2 concentrations, 

the concentrations of NO and SO2 in the flue gas also maintain stable. The results suggest that the 

pulsed flow shows negligible effect on the combustion behaviors in the bed.  
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Figure 6-11 Influence of (a) flow rate of pulsation (b) & (c) pulsation frequency, and (d) pulsation duty cycle on flue 

gas (CO, CO2, O2, NO, and SO2) compositions during stable combustion period. (a) pulsation frequency = 1.5 Hz; 

pulsation duty cycle = 50/50; (b) pulsation flow rate ratio = 0.3; pulsation duty cycle = 50/50; (c) pulsation flow rate 

ratio = 0.4; pulsation duty cycle = 50/50; (d) pulsation flow rate ratio = 0.4; pulsation frequency = 1.5 Hz.  
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6.4 Conclusions  

A pulsed fluidized bed reactor could be a potential countermeasure for retarding the defluidization 

tendency during biomass combustion and gasification. The effects of operating parameters, including 

flow rate ratio of pulsation, pulsation frequency, and pulsation duty cycle, on defluidization tendency 

are investigated. Among the parameters have been investigated in this chapter, the pulsation duty 

cycle shows the most pronounced effect on the defluidization, whilst the pulsation frequency shows 

the least obvious influence. With imposing of a pulsed flow with pulsation flow rate ratio of 0.4, 

pulsation frequency of 1.5 Hz and pulsation duty cycle of 25/75, the amounts of straw fed for inducing 

defluidization are 151.6% and 137.5% of that during the conventional combustion and gasification, 

respectively. The good performance of pulsed flow on mitigating defluidization may be attributed to 

the large displacement of bed particles caused by a high moving velocity of particles during “flow-

ON” period and/or a long falling down time during “flow-OFF” period, as well as the homogeneous 

fluidization in the bed resulted from a reduced minimum fluidization velocity. The mechanism of 

mitigated effect of pulsed flow on defluidization needs to be further investigated. Introducing of 

pulsed flow in primary gas shows negligible effect on the combustion behaviors.  
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7. Conclusions and suggestions for future work 

This chapter provides a summary of main conclusions, as well as the suggestions for the future work.  

7.1 Conclusions 

In this work, the agglomeration during combustion and gasification of biomass was investigated in a 

lab-scale bubbling fluidized bed reactor at 850 °C using silica sand as bed material. The influences 

of equivalence ratio (ER) and gasification agent (air, steam and carbon dioxide) on agglomeration of 

wheat straw were systematically studied. In addition, the agglomeration of sunflower husk and 

another batch of wheat straw was investigated to study the influences of type and property of biomass 

on agglomeration in combustion and gasification. The fusion behaviors of wheat straw ash were 

investigated a fixed bed reactor under combustion and gasification conditions to further understand 

the influence of gas atmosphere on agglomeration. Different techniques, such as scanning electron 

microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX), X-ray diffraction (XRD), and 

thermogravimetric analysis (TGA), were applied to characterize the selected agglomerates, biomass 

ash, and char. The thermodynamic equilibrium calculations were carried out to shed light upon the 

distribution of potassium in the biomass ashes under the experimental conditions. A pulsed flow was 

applied to the fluidized bed to explore the possibility of mitigating the agglomeration in 

combustion/gasification of biomass and its effect on the conversion process. The main conclusions 

from this work are summarized as bellows.  

The agglomeration in fluidized bed combustion and gasification of wheat straw is strongly influenced 

by the ER and gasification agent in primary gas. In an air blown fluidized bed, the agglomeration 

tendency of wheat straw first increases with decreasing ER, and then decreases as ER further 

decreases. By shifting ER from combustion region (ER > 1) gradually to gasification region (ER < 

1), the enhanced reducing atmosphere could accelerate the agglomeration, possibly resulting from an 

increased melting of wheat straw ash. However, the increased amount of residual carbon caused by 

decreasing ER mitigates the agglomeration in the bed. The residual carbon may reduce the fusion 

tendency and melting flow behavior of ash, thus mitigating the agglomeration. In addition, the carbon 

attached on the sand surface may inhibit the agglomeration by preventing the interaction between ash 

and bed material. The competition between an enhanced reducing atmosphere and a higher amount 

of residual carbon by lowering ER results in the occurrence of a maximal agglomeration tendency at 

a critical ER. The critical ER would be lowered by adding steam to the primary gas, due to an 

increased carbon conversion. In addition, the presence of steam in primary gas may significantly 
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lower the viscosity of wheat straw ash, and thereby promoting the agglomeration. The addition of 

CO2 in primary gas slightly mitigates the agglomeration.  

The appearances of the ashes from wheat straw under combustion conditions (100% air and a mixture 

of 50 vol.% steam and 50 vol.% air) and gasification condition (a mixture of 50 vol.% steam and 50 

vol.% N2) are significantly different. The ash from normal combustion is friable and less cohesive, 

while the ashes from combustion with presence of steam and the ash from gasification with steam are 

tight and compact. The visual observation and SEM-EDX results indicate that the ash obtained from 

gasification with steam has the highest fusion tendency followed by the ash from combustion with 

presence of steam and lastly the ash from normal combustion, indicating that a high concentration of 

steam and a reducing atmosphere could promote the fusion behaviors of straw ashes. The fusion 

tendency of the ashes from a mixture of wheat straw and silica sand under the three conditions is 

consistent with the ashes from wheat straw. Although the formation of the agglomerates under all 

conditions are caused by the molten K-Ca silicates, a severer agglomeration is observed for the 

mixture that contains the ash with a higher fusion tendency. The fusion tendency of the ashes is 

consistent with the agglomeration tendency in fluidized bed experiments.  

Sunflower husk ash has a higher agglomeration than wheat straw ash in both combustion and 

gasification. The different agglomeration tendency of two types of biomass probably result from the 

significantly different Si/K molar ratios for wheat straw and sunflower husk, which may result in 

different distribution of potassium in their ashes, thus causing different agglomeration mechanisms. 

The agglomeration mechanism of the Si-rich wheat straw probably is that the partially molten ashes 

adhere on the bed particles and subsequently form a coating layer, leading to agglomeration. The 

agglomeration of the Si-lean sunflower husk may be caused by the formation of K silicates via the 

interaction between sunflower husk ash and bed particles (SiO2). The influence of ER on 

agglomeration tendency of sunflower husk follows the same trend as wheat straw, indicating that a 

reducing atmosphere and the residual carbon in the bed show consistent effects on the agglomeration 

of two types of biomass. In the air blown gasification, the critical ER of sunflower husk, which is 

0.04, is lower than that of wheat straw, which is 0.36. Different from wheat straw, the accelerated 

agglomeration of sunflower husk under a reducing atmosphere possibly is attributed to a promoted 

reactivity of sunflower husk ash towards SiO2. During gasification of biomass, a higher char reactivity 

results in a less amount of residual carbon in the bed. The inhibition effect of residual carbon caused 

by decreasing ER decreases with increasing char reactivity. Compared to wheat straw, the char 

reactivity of sunflower husk is higher, leading to a reduced inhibition effect of residual carbon. The 

low critical ER of sunflower husk may be ascribed to its high char reactivity and the different 

agglomeration mechanism from wheat straw caused by a low Si/K molar ratio of sunflower husk. The 

agglomeration of two types of biomass is promoted by adding a high concentration of steam to the 

primary gas. The accelerated agglomeration of sunflower husk under the condition with presence of 

steam may be attributed to an increased melting of sunflower husk ash and a promoted interaction 
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between sunflower husk ash and bed particles. For different batches of wheat straw, the straw with a 

higher Al content may has a slightly lower agglomeration tendency, probably due to a reduced 

melting of ash. In addition, the straw with a lower char reactivity shows a significantly lower 

agglomeration tendency during gasification, probably due to a more pronounced inhibition effect of 

residual carbon.  

The application of pulsed fluidized bed reactor is a potential countermeasure for retarding the 

defluidization tendency during biomass combustion and gasification. Introducing of pulsed flow in 

the primary gas shows minor effect on the combustion behaviors. Among the parameters that have 

been studied, the pulsation duty cycle shows the most significant influence on the agglomeration, 

while the pulsation frequency has the smallest influence. The most pronounced effect of pulsed flow 

on defluidization tendency is observed at the condition of pulsation flow rate ratio of 0.4, pulsation 

frequency of 1.5 Hz, and pulsation duty cycle of 25/75. Under the optimum condition, the amounts 

of straw fed for inducing defluidization are 151.6% and 137.5% of that under the conventional 

combustion and gasification, respectively. The good performance of pulsed fluidized bed on reducing 

agglomeration may be attributed to an improved fluidization quality in the bed and an increased 

displacement of bed particles.  

7.2 Suggestion for future work 

The results of this PhD project provide an improved understanding of agglomeration in fluidized bed 

gasification of biomass, with a special emphasis on the influence of gasification agents, ER, and 

biomass type. In addition, a potential countermeasure for reducing agglomeration, application of 

pulsed fluidized bed, is preliminarily investigated. However, a few questions, such as the influence 

of concentrations of reducing agents on the fusion behaviors of wheat straw ash, as well as the 

influences of reducing atmosphere and steam on the fusion behaviors of sunflower husk ash and the 

interaction between sunflower husk ash and silica sand, are still unclear. Some suggestions for future 

work are shown as follows: 

Influence of concentrations of reducing agents on the fusion behaviors of wheat straw ash 

The results of fluidized bed experiments show that when the ER is higher than the critical ER, a 

decrease in ER will result in a slightly increased agglomeration tendency. The gradually increased 

agglomeration may be attributed to an increased melting of ash caused by an enhanced reducing 

atmosphere. The results of fixed bed experiments indicate that the reducing atmosphere formed in 

gasification could promote the fusion behaviors of wheat straw ash. However, the fusion behaviors 

of wheat straw ash under a reducing atmosphere with different reducing agents, such as H2 and CO, 

are still unknown, and could be further investigated in a fixed bed reactor. In addition, the influence 

of concentrations of the reducing agents on the fusion behavior of wheat straw also of interest to be 

studied to improve the understanding of agglomeration in gasification of wheat straw.  



Agglomeration during Fluidized Bed Combustion and Gasification of Biomass 

140 

Influence of reducing atmosphere and steam on the fusion behaviors of sunflower husk ash 

and the interaction between sunflower husk ash and silica sand 

During gasification of sunflower husk, the reducing atmosphere and steam could promote the 

agglomeration, probably due to their promotive effects on the interaction between sunflower husk ash 

and bed material. However, no experimental evidence to this are found in this work. Therefore, the 

influence of reducing atmosphere and steam on the interaction between sunflower husk ash and silica 

sand could be studied in a fixed bed reactor. In addition, the fusion behaviors of wheat straw is 

promoted by a reducing atmosphere and a high concentration of steam. However, whether such 

phenomena occur to sunflower husk ash is still unclear. The further investigations on the influence 

of reducing atmosphere and steam on the fusion behaviors of sunflower husk ash and the interaction 

between sunflower husk ash and silica sand could provide an improved understanding of the 

agglomeration in sunflower husk gasification.  

Agglomeration behaviors in gasification of other types of biomass  

The various molar ratios of Si/K in different types of biomass results in a different K distribution in 

the ashes, and thereby causing a different agglomeration tendency and mechanism. For example, the 

ash of P-rich biomass may be dominated by phosphates, which will behavior different under 

gasification condition. Therefore, the agglomeration behaviors of other types of biomass, such as the 

P-rich rapeseed meal, in gasification could be investigated to have a more comprehensive 

understanding of agglomeration in fluidized bed gasification of biomass.  
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Appendix A 

Selection of bed particle size 

The influence of bed particles size on agglomeration are summarized in Figure A-1. The results reveal 

that the agglomeration tendency is significantly promoted by increasing the size range of bed particles, 

which is consistent with the previous work1,2.  

 
Figure A-1 Influence of bed particles size on straw amount fed for inducing defluidization under combustion with an 

ER of 1.45, gasification with an ER of 0.14 and a SFR of 1.15, and gasification with an ER of 0 and SFR of 1.15 using 

the fuel with a size range of 2 – 4 mm. 

As given in Table A-1, the ratio between superficial gas velocity (Ug) and minimal fluidization 

velocity (Umf) of coarse sand particles is much lower than the fine particles at 850 °C, resulting in a 

worse mixing of the particles in the bed. The temperatures profiles during stable reactions along the 

bed in the range from 5 to 10 cm are shown in Figure B-2 due to the static bed height in this work is 

10 cm. For the sand with a size range of 500 – 600 µm, the difference in bed temperature at 5 cm and 

10cm is as larger as 22 °C, indicating a worse mixing in the bed. In addition, it is found that the 

0

60

120

180

240

300

360

0

20

40

60

80

100

120

0

30

60

90

120

150

180

268

164

70

303

91

47
38 41

141

84
70

51

 

ER=0 & SFR=1.15  Defluidization

 Without defluidization

ER=0.14 & SFR=1.15

ER=1.45 & SFR=0

 

A
m

o
u

n
t 

o
f 

fu
el

 /
g
, 
d

b

 

Particle size / mm

100-300 355-425 355-500 500-600

0

500

1000

1500

0

500

1000

1500

0 30 60 90 120 150 180
0

500

1000

1500

 

B
ed

 p
re

ss
u

re
 /

 P
a

ER=0 & SFR=1.15

ER=0.14 & SFR=1.15

ER=1.45 & SFR=0

 

 100-300 mm

 355-425 mm

 355-500 mm

 500-600 mm  

Time / min



Agglomeration during Fluidized Bed Combustion and Gasification of Biomass 

142 

pressure drop at defluidization point becomes less pronounced at larger particles size (as shown in 

Figure B-1).  

Table A-1 Ratio between superficial gas velocity (Ug) and minimal fluidization velocity (Umf) of sand particles at 

850 °C 

Size range Ug/Umf 

100-300 µm ~5.4 

355-425 µm ~3.1 

355-500 µm ~2.2 

500-600 µm ~1.5 

 
Figure A-2 Temperature profile during stable combustion of straw with a size range of 2 – 4 µm for different particle 

size. 
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Selection of fuel particle size 

Compared with the bed particles size, the fuel size has relativity minor influence on the agglomeration 

tendency, as shown in Figure A-3. The agglomeration tendencies are stable for the fuels with the size 

ranges of 2 - 4 mm and 4 - 5.6 mm. However, by decreasing the fuel size range to 0.6 - 2mm, the 

agglomeration tendency is slightly promoted in combustion with an ER of 1.45 and gasification with 

an ER of 0.14 and a SFR of 1.15, whilst the agglomeration tendency is mitigated in gasification with 

an ER of 0 and a SFR of 1.15.  

 
Figure A-3 Influence of fuel particles size on straw amount fed for inducing defluidization under combustion with an 

ER of 1.45, gasification with an ER of 0.14 and a SFR of 1.15, and gasification with an ER of 0 and SFR of 1.15 using 

silica sand with a size range of 355 – 500 µm. 
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Repeatability of experiments 

 
Figure A-4 Straw amount fed for inducing defluidization under combustion with an ER of 1.45 using silica sand with a 

size range of 355 – 500 µm. 
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Compositions of slag phase 

 
Figure A-5 Impact of (a) equivalence ratio, (b) steam to fuel ratio and (c) CO2 concentration on the thermodynamic 

equilibrium calculation of slag phase compositions at 850 °C.  
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Appendix B 

Devolatilization period during wheat straw pyrolysis at 850 °C 

 
Figure B-1 CO, CO2 and NO concentrations in flue gas during char samples formed at 850 °C  
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Appendix C 

Agglomeration tendency of three fuels during gasification with steam  

 
Figure C-1 Amount of ash in the fuel fed for inducing defluidization as functions of equivalence ratio in gasification 

with a SFR of 1.15 and 2.30 (solid symbols: defluidization occurred, open symbols: no defluidization occurred).  

Raw EDX data  

Table C-1 Raw EDX analysis of selected point of the residues shown in Figure 5-6 (atom%) 
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Predicted slag phase compositions based on the equilibrium calculations 

 
Figure C-2 Predicated slag phase compositions during conversion of WS-1 at various equivalence ratio by 

thermodynamic equilibrium calculations at 850 °C without bed material.  

 
Figure C-3 Predicated slag phase compositions during conversion of (a) WS-1 and (b) SFH at various equivalence ratio 

by thermodynamic equilibrium calculations at 850 °C with bed material.  
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