
LICENTIATE T H E S I S

Department of Engineering Sciences and Mathematics
Division of Energy Science

Slag Formation During Pilot-Scale 
Pressurised Entrained-Flow Gasification 

of Woody Biomass

Charlie Ma

ISSN 1402-1757
ISBN 978-91-7583-131-2 (print)
ISBN 978-91-7583-132-9 (pdf)

Luleå University of Technology 2014

C
harlie M

a   Slag Form
ation D

uring Pilot-Scale Pressurised E
ntrained-Flow

 G
asification of W

oody B
iom

ass

ISSN: 1402-1757  ISBN 978-91-7583-XXX-X     Se i listan och fyll i siffror där kryssen är





Slag Formation During Pilot-Scale 

Pressurised Entrained-Flow Gasification 

of Woody Biomass

Charlie Ma

Luleå University of  Technology
Department of Engineering Sciences and Mathematics 

Division of Energy Science



Printed by Luleå University of Technology, Graphic Production 2014

ISSN 1402-1757  
ISBN 978-91-7583-131-2 (print)
ISBN 978-91-7583-132-9 (pdf)

Luleå 2014

www.ltu.se



i

Abstract

Pressurised entrained flow gasification (PEFG) of sustainable woody biomass offers the opportunity for envi

ronmentally benign production of syngas that is suitable for synthesis of fuels and other chemicals. During the

PEFG process, ash forming matter in the fuel undergoes transformations. Slag formation is an important form of

ash transformation that occurs inside a PEFG reactor. In most industrial scale PEFG of coal, the ash forming mat

ter becomes predominately molten and flows down the side of the reactor wall to be continuously tapped and

removed. The slagging behaviour of woody biomass fuels during PEFG is expected to be different to that of coal,

due to significant differences in the amount, composition and reactivity of the ash forming matter.

The objective of this thesis study was to initiate the elucidation of slag formation during PEFG of woody biomass.

This was carried out by obtaining and characterising ash deposits and slags from pilot scale experimental cam

paigns. An oxygen fired pilot scale reactor (ETC Piteå, Sweden) was used for the study. A low reactor tempera

ture (< 1200 °C) study was carried out with three different fuels fired in separate experimental campaigns: stem

wood, bark and pulp mill debarking residue (PMDR). Deposits were taken from each of the campaigns from the

reactor for chemical characterisation. The stem wood fuel resulted in very little deposit that exhibited only mi

nor amounts of melt, or slag, formation with enrichment of Si. The bark and PMDR fuels resulted in larger

amounts of deposits with greater amounts of melt formation that were also enriched in Si. It was found that

silica based fuel contaminants, e.g., quartz sand and feldspars, may have an important role in melt formation.

Following on, high reactor temperature (> 1350 °C) experimental campaigns involving stem wood produced

flowing slags that eventuated in blockages of the reactor outlet. These slags were also retrieved from the reactor

and characterised. It was found that they likely comprised of products resulting from detrimental interactions

between the fuel ash and the mullite based refractory used for the reactor wall lining. Viscosity models and

thermochemical equilibrium calculations (TECs) were utilised to offer an explanation for the behaviour of the

slags.

Additional TECs were carried out to investigate the propensity for melt formation between the main ash forming

elements of woody biomass, Ca, K and Si, under global reactor conditions with relevance to PEFG. The results

showed that, in general, the conditions for melt formation are broadened with increasing pressure, increasing

amounts of Si and increased concentrations of gaseous K species. Dissolution of Al O from mullite (Al Si O )

refractory due to ash deposits and the gasification atmosphere was also predicted by the calculations.

A scheme of slag formation during PEFG of woody biomass in a reactor with mullite based refractory lining was

proposed in light of the experimental observations. Some practical suggestions to avoid ash related problems

during PEFG of woody biomass are also discussed.

This work forms part of a broader study to elucidate the ash transformations that occur during PEFG of woody

biomass, which is necessary in order to develop the process into commercial availability.
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kWth kilo watt thermal input

LPI low pressure impactor

mol% molar percentage
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1. Introduction

Nordic woody biomass are potential sustainable and CO neutral feedstocks for the synthesis of transportation

fuels and other vital chemicals, the production of which remains overwhelmingly dependent upon declining fossil

fuel reserves. Conversion of woody biomass into specific chemical compounds can be accomplished via different

pathways, one of the most versatile being through the formation of syngas by gasification. This section is an

overview of each of the aforementioned items and also the motivating issues that prompted the objective of this

thesis study.

1.1 Energy and fossil fuel consumption in Sweden

According to the Swedish Energy Agency1, 577 TWh of primary energy resources were consumed in Sweden

during 2011. The resources that constituted this value were approximately: 35.7 % fossil (oil, natural gas and

coal); 29.1 % nuclear; 22.9 % biomass, peat or waste; 11.6 % hydropower, and; 1.0 % wind power. Electricity was

predominantly supplied by nuclear power (45 %) and hydropower (48 %), which accounted for 49 % and 37 % of

residential and industrial total energy usage, respectively. Combustion of biomass, peat and waste fulfilled most

of the remaining energy demands of the two sectors; e.g., heating. Utilisation of such resources for these basic

energetic provisions enabled Sweden to consume less fossil fuels per person than most other comparably indus

trialised countries (Figure 1).

Figure 1. Fossil fuel (coal, oil, petroleum and natural gas) consumption for energy per capita (2011). Source:
Calculated based on secondary data from The World Bank2

Of the primary fossil fuels that were consumed in Sweden in 2011, oil contributed a dominating 82 % of the

energetic value, mainly to fulfil the demands of the transport sector.1 Underlying this was the consumption of

oil derived petrol and diesel to fulfil approximately 87 % of the total domestic transport energy demand.3

The aforementioned values remain relevant at the time of writing, which means that substitution of these fuels

is necessary to substantially decrease the overall consumption of fossil fuels in Sweden. This proposition is driv

en by a number of important incentives. Economically, the price of oil is likely to increase significantly in the

future as reserves diminish overall in comparison to demand.4,5 Reducing the dependence upon imported oil

may therefore increase the security of energy supply and simultaneously promote socio economic robustness

and competitiveness.6,7 Environmentally, reduction of oil consumption is necessary to reduce CO emissions that

contribute towards detrimental climate change.8,9 Figure 2 shows that of the approximately 51 million tonnes of
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CO emitted due to fossil fuel consumption (including peat) in Sweden during 2011, half were attributed to the

transport sector.

Figure 2. CO emission from major sectors utilising fossil fuels (including peat) in Sweden (2011). Source: IEA10

Among numerous commitments to carbon reduction initiatives, Sweden is a member state in the Effort Sharing

Decision of the European Commission, which means that it has binding obligations to reduce greenhouse gas

emissions from sectors such as transport and agriculture.11,12 As with the reduction targets of the Kyoto Protocol,

Sweden is aiming for a reduction beyond the approximately 12 Mt CO eq./year by 2020 as stipulated.13 Exempli

fying this is the approval by the Swedish parliament of two energy and climate bills14,15 to prioritise a number of

fossil fuel and greenhouse gas emission reduction goals. These goals include the reduction of about 20

Mt CO eq./year by 2020 and the total elimination of fossil fuel usage in domestic transportation by 2030.

Achieving these goals are likely to necessitate a combination of modifications to societal practices and wide

spread adoption of technological advancements.16,17 Regarding the latter, a major contributor is likely to be elec

tric vehicles as well as fossil substituting alternative hydrocarbon fuels. Candidates for the latter include metha

nol, ethanol, dimethyl ether and Fischer Tropsch diesel, all of which can be produced from non fossil carbona

ceous feedstocks; e.g., woody biomass. Such feedstock can also substitute a significant portion of oil that serves

as raw material in the manufacture of essential products such as plastics, lubricants and pharmaceuticals. Agri

culture in Sweden also requires substantial fertiliser input in the form of ammonia, which is currently largely

imported18 and primarily produced using fossil feedstock. As such, the potential for ammonia production from

woody biomass has also been highlighted.19

1.2 Woody biomass resource

Sweden possesses significant forest resources (woody biomass) that can serve as carbonaceous feedstocks. The

Swedish National Forest Inventory estimated that the standing volume of trees in Swedish forests have collec

tively increased on average by 23 million m³ per year between 2000 – 2010.20 This is illustrated in Figure 3 by the

estimated gains in the major tree species as a result of predominately positive net annual increments (growth

minus fellings and mortality) during recent decades.
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Figure 3. Standing volume of major tree species and net annual increment (total increment – (mortality +
fellings)) during past decades in Sweden. Source: Swedish University of Agricultural Sciences21

†m³ = cubic metres of wood from tree stump to tip including bark, excluding branches.

Swedish forests have been extensively utilised and effectively managed for the production of pulp and paper and

timber materials as well as generation of electricity and heat for domestic and export markets. Beyond this,

there is also the prospect of producing significant amounts of chemicals and transport fuels domestically to dis

place imported fossil fuel usage and reduce greenhouse gas emissions. Importantly, this could also be achievable

in a sustainable manner; i.e., consumption and cultivation of the resource such that it can be regenerated with

out degrading the environment, nor infringing upon the ability to exploit the resource with equal or greater

intensity into the future. Börjesson et al.22 reported that a potential increase in sustainable woody biomass utili

sation of over 180 TWh could be possible towards the future (> 30 years). This increased yield is expected as

consequence of climatic changes23 as well as improved forest fertilisation management.24 Under existing har

vesting levels, there also exists potential for increasing energetic utilisation by broadening the range of woody

biomass that are extracted. Currently, the main harvesting method is of the conventional type, whereby only the

stems of trees are removed from the forest. The remainder, consisting of forest residues (branches, twigs,

shoots, cones and leaves) and stumps (including roots), are only extracted to limited extents. Under simple as

sumptions to account for ecological and economical limitations, these resources could potentially supply over 50

TWh towards the generation of electricity and heat, including 25 – 35 TWh for transportation fuel.22 The latter

corresponds to roughly a third of the domestic transport energy usage in 2011, 90 TWh.1

In spite of the compelling potential, the long term environmental impacts and sustainability of intensive conven

tional harvesting and, in particular, whole tree harvesting (i.e., stem, root, stump and forest residues) require

due consideration and extensive studies remain in progress. For example, intensification of conventional har

vesting alone is expected to exacerbate declines in elements such as Ca, K and Mg, which are constituents of

essential macronutrients for tree growth.25 Harvesting of stumps, which hold approximately 20 % of the energy

content of a tree, may pose additional problems as it is known to adversely affect soil, biodiversity and the at

mosphere.26 Harvesting of forest residues, which hold approximately 25 % of the energy content of a tree, also

poses risks since they contain of much of the essential inorganic nutrients that are nominally restored to the soil

during natural decay. Intensive and repeated forest residue removal may therefore cause soil nutrient depletion,

especially of nitrogen, consequently leading to soil acidification and decline in tree growth.27 For woody biomass

that are used for fuels, recirculation of their ashes to productive forests may counter nutrient depletion as well

as boost tree growth from organic soils. However, such ashes are largely devoid of nitrogen containing nutrients
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that are usually the growth limiting factors in the northern regions of the boreal forests of Sweden. This would

necessitate nitrogen based fertilisation also, which can have negative impacts upon biodiversity.28,29

Additionally, replacement of fossil fuels by woody biomass must be carried out judiciously to actualise substan

tial reduction of greenhouse gas emissions. The reductions are dependent upon factors that include: time; type

of fossil fuel substituted; harvesting and processing techniques; synthesis processes, and; logistics.30–33 At the

same time, all courses of action must be balanced against economic factors such as employment, productivity,

international trade and competitiveness. Hence, the utilisation of woody biomass require firm but progressive

policies to safeguard against the degradation of soil, water, greenhouse gas balance and biodiversity, while har

monising with socio economic interests.34–36 When coupled with continuously improving technologies, carbon

neutral, environmentally benign and sustainable utilisation of woody biomass for fuel and chemical production

may be realised, such as that depicted in Figure 4.

Figure 4. Simplified cycle of idealised sustainable woody biomass usage for chemical and fuel production with
CO neutrality and nutrient replenishment.

In the schematic, harvested woody biomass are converted via thermochemical gasification to syngas (described

in Section 1.3), which serves as precursor for the synthesis of chemicals such as fuel and fertiliser. Consumption

of the fuel releases CO , which is subsequently sequestered via photosynthesis during growth of new woody

biomass that is also replenished with ash recirculation and optimised nitrogen fertilisation. This cycle—part of

much wider and complex interrelations that are time dependent—does not add net carbon to the biosphere and

atmosphere collectively, unlike the release of geologic carbon to the atmosphere during fossil fuel combustion.

1.3 Entrained flow gasification

Gasification is defined here as a thermochemical process whereby a carbonaceous fuel is partially oxidised at

elevated temperature to produce syngas, a gaseous product primarily composed of CO and H . In practice, de

pending on the fuel and conversion method, substantial amounts of CO , H O and CH also result, in addition to

larger hydrocarbons (including tars), soot, char (incompletely converted fuel) and ash. The conversion of woody

biomass resources into specific chemical compounds can be accomplished via the production of syngas by gasifi
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cation. It is a particularly versatile pathway because of the spectrum of vital and lucrative products that can be

synthesised from syngas; e.g., methanol, dimethyl ether, polyethylene, ammonia. It is also a process that is ame

nable for integration with industrial processes to enhance energetic and cost efficiencies.37,38

Currently, there are three main types of gasifiers that are utilised for syngas production: (1) fixed or moving bed

gasifiers; (2) fluidised bed gasifiers, and; (3) pressurised entrained flow gasifiers.39,40 The focus of this thesis is

upon pressurised entrained flow gasification (PEFG), which is the technique with the largest operating capacity

globally, mainly for the gasification of coal.41 In comparison to the other techniques, the main advantage of PEFG

is the combined capability to: (1) produce very high purity syngases (very low CH and tar free) with high fuel

conversions (> 99 %); (2) utilise a wide range of coals; (3) deliver large production capacities, and; (4) provide

competitive economics and efficiency.40,42 These important characteristics make it a promising candidate for the

production of high quality syngases from woody biomass. However, PEFG based on biomass feedstocks is cur

rently not commercially available on a widespread scale.43

There are numerous variants of gasifiers that fall under the category of entrained flow gasifiers. Their common

defining characteristic is that the fuel and oxidant are fed concurrently to each other. Figure 5 (left) is a compo

site schematic to illustrate the main operating principles of a couple of these variants. The fuel conversion pro

cess in each case share thermochemical processes that are also similar to other gasification techniques. A simpli

fied scheme of this is depicted in Figure 5 (right). Fuel, in the form of dry powder or a slurry, is fed concurrently

from the top of the reactor alongside the oxidising medium, which is frequently enriched oxygen (> 90 mol%).

Upon entering the hot reactor, fuel particles are rapidly heated and devolatilisation occurs. During this process,

volatiles in the form of tars and other hydrocarbons, as well as CO, CO , H and steam, are released from the fuel

particles. Char is also formed at the same time. Combustion of some of the char and gases releases heat that

contributes towards sustaining a high temperature inside the reactor to drive the initial devolatilisation process

as well as the subsequent endothermic char gasification process; i.e., autothermal gasification. This eventuates

in the formation of the raw syngas. The rapid and vigorous mixing of the small fuel particles with the oxidant

means that, in principle, there is limited devolatilisation of hydrocarbons that can become precursors for tar and

soot formation during entrained flow gasification.44 Firing with enriched oxygen also generates high tempera

tures throughout the reactor (> 1200 °C) to help further crack and minimise the amount of hydrocarbons such as

methane and tars in the raw syngas. Both these factors contribute towards production of the high purity syngas

that is possible from entrained flow gasifiers. In addition, the effect of pressurisation combined with pulverised

firing allows for enhanced fuel conversion rates and high fuel throughout.45

During the course of fuel conversion, inorganic elements that comprise the fuel ash also undergo chemical trans

formations. They can interact with both the organic phases and among themselves to form gas, liquid and solid

products. As depicted in Figure 5 (right), heating during the devolatilisation and combustion processes can in

duce gaseous release of ash forming matter, while molten and solid ash material can be formed and dispersed

as fuel conversion progresses. Regardless of the form of ash product, a significant portion can come into contact

with the containment surface of the reactor during some point in their conversion, as depicted in Figure 5 (left).

In coal PEFG, ash transformation during fuel conversion is expected to be mainly limited to melting.40,46 Temper

atures on the hot face are generally 1200 – 1600 °C to facilitate this. The containment material must therefore
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protect the reactor shell from the high temperatures and any potential ash interactions, and also facilitate the

continual removal of the ash material.

Figure 5. Left: Schematic of top fired entrained flow gasifiers. Top left: refractory lined; Top right: cooling
screen or membrane wall; Bottom left: Total gas quenching; Bottom right: Partial gas quenching.
Right: Scheme of fuel conversion during gasification.

There are two main containment variants. In the refractory variant, the reactor is lined internally with layers of

refractory materials that insulates the reactor shell against the high temperatures and protects it from chemical

attack by fuel ash forming matter during the process. As will be described in Section 2.1.4, there are ash induced

spallation, corrosion and erosion associated with usage of refractory as the containment material. The other

variant consists of a cooling screen, or membrane wall, made of an attached coiled pipe in which a coolant flows;

e.g., water. This is intended so that the initial ash materials melted by the high temperatures are frozen upon

contact with a thin refractory layer next to the coolant coil. As more ash material deposits, an ash layer with a

steep temperature gradient builds up such that at steady state, subsequent molten ash depositions flow down

the hot side. The containment structure is therefore, in principle, self repairing and immune to corrosion and

erosion. Indeed, cooling screens have been known to last for more than eight years, which is substantially longer

than most refractory based gasifiers (frequently less than two years); however, the former has higher initial

capital costs, and also larger thermal losses (2 – 4 %) compared to the latter (< 1 %).40

At the outlet of the reactor, a constriction reduces the amount of heat loss from the reactor47 and also forms the

slag tap. A reduction in the raw syngas temperature is necessary in order to carry out cleaning and conditioning

prior to conversion into desired chemicals. To achieve this, a total or partial quench lies at the bottom of the
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reactor. Total quenching causes the raw syngas to become saturated with steam (< 300 °C) and can be accom

plished by passing the gas through water sprays and submerging beneath the quench water surface. This is ad

vantageous for some chemical synthesis processes that require the syngas to contain more H and CO ; e.g.,

ammonia production.40 Partial quenching only requires water sprays to cool the gas slightly (to approximately

900 °C). A syngas cooler can then be used to generate steam for other processes. In both total and partial

quench configurations, slag flowing down from the slag tap is rapidly frozen by water sprays and the quench to

form granules that can be removed via lock hoppers.

In addition to single burner top firing, there are variants of entrained flow gasifiers in which fuel and oxidant are

fed from the sides of the reactor as well as staged feeding. These configurations give advantages in terms of ash

handling and improved efficiencies, but require higher capital costs due to complexity and also higher opera

tional costs due to necessity to control more input streams.40

1.4 Objective of thesis

During PEFG of woody biomass, ash transformations such as slag formation can have profound implications for

the overall operations,48 making its elucidation an essential part of the development process. Therefore, focus of

this thesis study is upon the ash slagging behaviour that occurs inside the reactor during PEFG of woody bio

mass. The overall objective was to initiate elucidation of the slag formation process and behaviour. To serve this

overall objective, specific objectives were set that included:

1. Collection and characterisation of deposit specimens from PEFG of woody biomass in a pilot scale reac

tor

2. Performing relevant thermochemical equilibrium analyses to support interpretation of experimental

observations

Based on the findings from the above, further specific objectives were included:

3. Proposal of a slag formation scheme during PEFG of woody biomass

4. Suggestions to avoid practical operational problems associated with slag formation during PEFG of

woody biomass

2. Literature review

Justification for this thesis study arose from the distinct combination of applying PEFG to woody biomass feed

stocks. Since PEFG of coal has been extensively developed and commercialised, it is instructive to review the liter

ature concerning the ash behaviour and treatment measures that are undertaken. Pertinent information regard

ing ash transformations of woody biomass based on other studies is also necessary as a basis for the current

study.

2.1 Ash behaviour during coal pressurised entrained flow gasification

2.1.1 Fate of inorganics

The study on the fate of coal inorganics during PEFG in gasifiers larger than laboratory scale ( 100 kWth) is cur

rently limited. This is due to the fact that the bulk of the ash forming matter is believed to become molten slag

that flows down the reactor wall.40,46 However, Ilyushechkin et al.49 recently reported on the ash partitioning
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behaviour of several coals in a 5 MWth pilot scale entrained flow gasifier. They analysed coarse tapped slag and

solids collected from the quench effluent, which were interpreted as ash material that departed the gasifier

without participation in the formation of the tapped slag; i.e., fly ash particles. Both the tapped slags and fly ash

showed extensive molten inorganic phases as expected of PEFG, but there were also differences in elemental

composition compared to the fuel ash compositions. The latter was attributed to three main reasons: (1) parti

tioning of inorganic elements that caused enrichment or depletion of certain elements within samples, (2) inter

action of ash material with residual slag material remnant upon the reactor wall from earlier tests, and (3) ash

material interaction with the containment refractory. Likewise, Duchesne et al.50 also recently performed exper

iments with different coals utilising a 1 MWth pilot scale entrained flow gasifier. They also found that most of the

inorganics melted and became either fly ash or slag. In addition, almost all S and a significant portion of Na were

depleted from ashes sampled at various locations, presumably due to volatilisation. They also found differences

between the compositions of the fuel ashes and the slags, highlighting also the role of residual slag and refracto

ry interactions. Both experiments underline the uncertainties associated with obtaining representative ash sam

ples, especially of tapped slag, from pilot scale or larger gasifiers. As such, mass balances of the inorganics in

commercial reactors have also suffered from very high uncertainties and poor mass closures.51 This makes eluci

dation of the ash transformations challenging but a task that is required in order to achieve optimised technical

and economic performance.48

To attain an understanding of why fractionation and refractory interactions may occur, it is essential to consider

the characteristics of the fuel, as well as the fuel conversion process. The contents of ash forming matter in coals

vary substantially, from approximately 5 – 40 wt%. The inorganic composition also differ greatly, but are usually

dominated by Si and Al followed by Ca and Fe. S can also be quite high while Mg, Na, P, K, and Ti are generally

relatively low.40,52,53 The major chemical phases in which the elements belong to are numerous (> 30), but are

mainly in oxygenated phases that can be broadly classified as: silicates (e.g., quartz SiO , kaolinite Al Si O (OH) );

oxides and hydroxides (e.g., hematite Fe O , spinel (Mg,Fe)Al O , diaspore Al(OH) ); carbonates (e.g., calcite

CaCO , dolomite CaMg(CO ) ); sulphides (e.g., pyrite FeS ); sulphates (e.g., gypsum CaSO ); phosphates (e.g.,

apatite Ca (PO ) (F,Cl,OH)), and; amorphous phases.53 They may also be bound to part of the organic matrix,

especially the alkali and alkaline earth metals. All these forms of inorganic matter can be further considered as

included minerals when they are dispersed intimately within—or organically bounded to—the carbonaceous

matrix of the coal; or, as excluded minerals when they are easily mechanically separable from the coal.54 Much

of the literature on pulverised coal ash transformations are based on combustion studies. The extent of their

relevance under gasification conditions has not yet been established, though there are indications that they may

share significant commonalities.51,55 Hence, it is worthwhile in reviewing some of the findings from pulverised

coal combustion.

There are two major ash product intermediates during pulverised combustion that can be classified as coarse fly

ash (> 1 m) and submicron (< 1 m) fine ash particles, which can cause problems such as corrosion, fouling,

undesired slagging behaviour and harmful particulate matter release to the atmosphere. Helble56 described

formation pathways of submicron and coarse particles that are resultant from pulverised coal combustion

(Figure 6). The formation of coarse and fine particles are of importance because of their potential to give rise to

the fractionation of the ash forming elements of a fuel; e.g., coarse particles may hypothetically impact the reac
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tor wall and form part of the slag, while fine aerosol particles may remain entrained with the bulk gas flow and

exit the reactor without contact with the reactor wall.

Figure 6. Schematic of fly ash formation during pulverised coal combustion. Source: Helble56

Coarse fly ash formation

As a coal particle enters the reactor and is heated, devolatilisation occurs. The degree of coal plasticisation and

the amount of volatiles that are released influences the form of the resultant char particle, which can assume

coarsely spherical or angular forms with varying degrees of porosity, or swell up and become cenospheres. In

coarsely spherical and angular char particles, the included inorganic matter may coalesce via melting or solid

diffusion as combustion causes the char periphery to recede radially. The degree of coalescence behaviour is

determined by the char devolatilisation and char conversion processes, as they affect the morphology, size of

the char and inorganic matter distribution. Included minerals may also be dispersed due to the recession of the

parent coal particle. Fragmentation of the char particle can occur and has a large impact on the overall fly ash by

reducing the occurrence of coalescence while increasing the number of smaller fly ash particles. In cenospheres,

the included inorganic matter is distributed around the thin walled structure that causes them to be further

from each other. In addition, fragmentation can also occur. Hence, coalescence of mineral matter is limited and

fly ash tend to be smaller from firing coals that are prone to formation of cenospherical char.57 This has led to

the modelling of ash formation with total, partial or complete lack of coalescence between included mineral

matter.58 Excluded minerals mainly only exhibit fragmentation as their transformation mode due to steep parti

cle thermal gradients that cause stresses, as well as the release of gases; e.g., CO from carbonates. Their isola

tion from other mineral matter means that coalescence is rarefied.45 At high temperatures, excluded minerals

are also likely to be melted.

Submicron particles formation

During both devolatilisation and char combustion, inorganics species can be volatilised. In terms of the major

inorganic elements, Na, S, Cl and K are more prone to volatilisation; i.e., they have high vapour pressures. As

they move away from combusting particles and cool, they may nucleate to form very small submicron particles.

These may coagulate together to form larger particles. They may also condense heterogeneously upon other

submicron particles or upon fly ash and slag dispersed from the char combustion stage. Neville and Sarofim59

hypothesised based on laboratory experiments that refractory oxides such as SiO , FeO and MgO can be reduced

to SiO, Fe and Mg, respectively, in the high temperature and reducing conditions that prevail within burning char
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particles. Upon emerging to the surface, Fe and Mg are re oxided and homogenously nucleate with subsequent

coagulation and agglomeration to form submicron particles on which SiO then condenses heterogeneously.

These particles then serve as condensation sites for low temperature volatiles, such as Na, K and S. This se

quence of events was used to explain the elemental composition stratification of submicron particles. Further, it

has also been observed that organically bound alkaline earth metals, Ca and Mg, promoted mono atomically

vaporisation under similar conditions.60 K is also susceptible to volatilisation from common coal minerals such

illite and muscovite at temperatures above 1350 °C.55,61

2.1.2 Rheology of coal ash slags

Because the bulk of the inorganic material in coal is expected to become molten, ash fusion tests to determine

flow temperatures are often used as an initial indicator to determine the temperature at which the gasifier

should be operated at.62 More detailed information about slag viscosity behaviour can obtained by combusting a

coal sample at approximately 800 °C with the resulting ash subjected to viscometric measurements in reducing

atmospheres at temperatures close to those of the gasifier wall; e.g., 1200 – 1600 °C.63,64 A consistently flowing

slag of between 8 – 25 Pa.s is believed to be necessary for continuous operation.65,66 Excessively high viscosities

can cause blockages, particularly at or near the slag tap constriction where temperatures tend to decrease. On

the other hand, excessively low viscosities can cause erosion of refractory linings.49 A large number of models

have been developed for prediction of viscosities of coal ash related slags.67 However, there are difficulties in

obtaining reliable data because measurement methods and apparatuses are prone to lack of comparability and

contamination. Moreover, the sheer number of components and variation in compositions and conditions make

it too broad for accurate prediction by any individual model. Nonetheless, there is a conceptual network model

of oxide melts that was reviewed by Vargas et al.67 and Mysen68. SiO and TiO , are generally considered as net

work formers that polymerise and increase the viscosity of melts, while FeO, alkali and alkaline earth metals are

generally considered as network modifiers that disrupt the polymeric structure of the network formers and

thereby decrease the viscosity of melts. Others such as Al O and Fe O are considered as amphoteric in that

they can act as network formers or modifiers. The actual role of each component of a melt is dependent on the

composition; e.g., Na and K can function mainly as charge balancers in the presence of Al³ , which makes the

latter a network forming species. To date, there is no viscosity model that can accurately predict viscosities sig

nificantly beyond the compositional ranges for which they were based on. However, Duchesne et al.69 developed

a promising artificial neural network viscosity model that can be trained for prediction of viscosities with rela

tively broad compositions.

In addition to the viscosity of the melt component of a slag, crystallisations in the melt can increase the slag

viscosity very sharply. The temperature of critical viscosity, Tcv, which is defined at which slag viscosity increases

sharply with decreasing temperature, is believed to be correlated with the onset of crystallisation.46,67 Hence,

coal gasifiers are generally operated at temperatures above Tcv to avoid viscous and unsteady slag flow.
65 Song et

al.70 studied nucleation and growth rates of crystals in coal ash slags, and revealed their time and temperature

dependencies that can bring about substantial increases in slag viscosity if tapping is not completed in a timely

manner. In order to account for the effects of solids inclusions, Mader et al.71 introduced a rheology algorithm to

assess the impact of solid particles and gas bubbles upon viscosities of melts.
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2.1.3 Ash management measures

Different coals require different firing strategies in order for them to be used for PEFG. In some cases, their high

Tcv temperature requires the addition of a fluxing agent to reduce their slag viscosities in order to allow for lower

reactor temperatures to enable higher cold gas efficiencies and/or lower oxidant consumption.48 Typically, CaO

containing additives, such as calcite or limestone (CaCO ) are used.65,72,73 However, Xuan et al.72 showed with

synthetic ash slags that excessive amounts of CaO can induce crystallisation of high temperature melting Ca

silicate phases. Hence, optimisation of the added quantities of fluxing agent is necessary. Such additives also

inflict an efficiency penalty since they constitute as thermal ballast. Therefore, blending of coals with different

ash compositions to achieve desired operating conditions while minimising the need for flux agent addition has

also been studied.64 This was also applicable to a low rank coal with high levels of FeO and CaO, which required a

slag thickening agent, kaolinite (Al Si O (OH) ), in order to avoid refractory erosion and slag refractory penetra

tion caused by excessively low viscosities.74 Fuel blending with another coal was also found to obviate the need

for additives.

2.1.4 Ash refractory interactions

Ash forming matter from coal has been known to cause corrosion and spallation of refractory materials. This

inflicts extended periods of gasifier shutdown needed to perform reactor re lining. In fact, it is one of the key

economic factors that restrict more widespread deployment of coal PEFG.75 Kennedy76 reported the spallation of

a mullite based refractory in a fixed bed gasifier. Analysis of the failed refractory revealed the formation of Na

alumina phases, likely from the interaction between NaOH(g) and the mullite. Such gaseous alkali attacks on mul

lite based refractories have also been well documented from other high temperature furnaces.77 Besides gase

ous alkali attack, refractories are also susceptible to deleterious interactions with coal ash slags. The dissolution

of Al O from porous regions and grain boundaries of a pure alumina refractory into coal slags was observed in

experiments by Bennett et al.78. This caused alumina aggregates, which are less susceptible towards dissolution,

to be dislodged from the surrounding porous matrix as the latter was dissolved. Synthetic ash slag penetration

was found to be slower for a alumina silica refractory than a 99 % alumina refractory, possibly due to the higher

viscosity melt resultant from dissolution of SiO into the coal slag melt.79 High chromia refractories were found

to resist such corrosion better than those with alumina,78,79 and it was proposed that formation of a protective

layer of FeCr O can impede slag penetration and corrosion. Moreover, Cr O has low solubility in coal ash slags.

For these reasons, high chromia refractories are generally utilised for coal PEFG reactors due to their superior

durability. However, they are still limited to less than three years of operation before failure.75 This has been

attributed the penetration of slag through porous zones combined with the detrimental effects of thermal cy

cling, changes in coal feedstock and internal stress build ups.75 Chromia refractories containing phosphate mate

rials have shown potential to overcome some of these failure modes.80 However, because of the expense and

environmental issues with the use of high chromia refractories, there are studies into alternative materials. An

example is the casting of alumina refractories with inclusions of coal ash,81 such that the chemical potential for

refractory dissolution into the coal ash melt is dampened. Similar efforts are being made to create refractory

that resist alkali attack.82,83
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2.2 Ash transformations of woody biomass during thermochemical processes

2.2.1 Composition of woody biomass

The ash forming matter within woody biomass can be broadly classified as intrinsic (formed during growth (au

thigenic)) and extrinsic (accumulated due to natural processes (dentrial) or due to cultivation and treatment

processes (technogenic)).84 The elemental compositions of common Nordic woody biomass differ between spe

cies as well as between different parts of a tree. Table 2.1 shows compositions of relatively pure specimens (i.e.

inorganics from only authigenic and dentrial sources) that were analysed by Werkelin.85 The most dominant

elements are Ca and K that generally account for approximately 65 mol% of the inorganics, followed mainly by

Mg ( 9 mol%) and S ( 5 mol%). The share of P can vary substantially (1 – 20 mol%) and tends to be greater

towards the extremity parts of the trees; likewise for the total amount of inorganics in the fuels. The share of Si

and Al are relatively low in pure woody biomass but can be high due to accruement of soil contaminants during

technogenic processes; e.g., feldspars ((K,Na)AlSi O , CaAl Si O ) and quartz sand (SiO ).

Table 2.1. Composition of major inorganics within common Nordic woody biomass. Source: Werkelin85

Tree part Species
Molar distribution of main inorganic elements [mol%] Total main inor

ganics
[mg/kg dry fuel]Na Mg Al Si P S Cl K Ca Mn Fe

Wood

Spruce 0.7 11.2 0.2 6.0 0.4 4.5 4.1 15.8 51.8 5.1 0.2 1308

Pine 1.4 16.3 0.3 9.2 2.8 6.2 5.0 21.9 33.6 3.1 0.3 1688

Birch 0.5 10.0 0.2 7.2 4.2 6.7 3.0 21.2 41.8 4.9 0.3 1405

Aspen 0.8 13.5 0.3 2.6 7.1 4.5 1.1 40.3 28.7 1.0 0.1 3143

Bark

Spruce 0.3 10.1 1.0 1.7 4.1 3.2 2.1 14.7 58.9 3.7 0.2 13372

Pine 0.3 9.6 9.0 0.6 10.9 2.6 1.1 21.7 42.3 1.7 0.2 13507

Birch 0.2 4.5 0.2 1.4 4.7 3.5 1.4 14.7 66.0 3.3 0.1 11504

Aspen 0.1 10.9 0.1 0.6 4.1 3.1 0.2 23.4 56.4 0.9 0.1 19432

Twigs

Spruce 1.2 10.3 2.3 9.6 9.6 6.7 2.5 25.0 29.6 2.5 0.8 12925

Pine 0.5 9.1 3.8 3.5 8.5 5.7 1.8 24.2 41.1 1.4 0.4 11691

Birch 0.7 6.8 0.3 0.9 9.8 5.7 1.2 28.5 43.5 2.4 0.3 10160

Aspen 0.2 5.4 0.3 1.4 4.7 3.1 0.5 30.7 53.0 0.7 0.1 18648

Needles
Spruce 0.3 6.1 0.4 33.5 7.0 3.1 2.0 15.5 28.4 3.6 0.1 24304

Pine 0.3 8.5 3.6 5.0 10.6 6.8 3.0 31.5 26.6 3.9 0.2 14066

Shoots
Spruce 0.1 5.6 0.2 1.6 18.6 6.2 4.6 56.1 6.3 0.7 0.1 24045

Pine 0.3 8.2 2.4 5.2 16.4 7.6 3.0 44.1 11.6 0.7 0.4 17978

Leaves
Birch 0.2 11.0 0.2 1.5 13.4 7.0 0.7 31.9 30.1 3.9 0.2 27654

Aspen 0.0 9.6 0.1 0.4 13.2 6.3 1.1 48.8 19.4 1.0 0.1 45836

The ash forming contents are generally lower for woody biomass compared to coal and the elemental composi

tions are also substantially different (see Section 2.1).86 The chemical phases to which the elements belong to

within woody biomass are also significantly different. The share of elements comprising carbonates (CO ² ),

chlorides (Cl ), oxalates (C O ² ), phosphates (PO ³ ) and water soluble compounds are generally higher for

woody biomass, while amounts of silicates are higher in coal.84 For example, results of sequential chemical frac

tionation analyses showed that the amount of K within woody biomass that are water and ammonium acetate

(NH CH CO (aq)) leachable are comparably higher than coal.87–89 The fraction of K comprising these leachable
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phases (e.g., K CO , KCl, R COO K) are perceived to be more prone to be released to the gas phase and exhibit

greater availability for reaction during fuel conversion.90–92 This is in part due to the relatively low melting and/or

decomposition temperatures of these compounds in comparison to K bounded to silicates, which are stable up

to higher temperatures. The dispersion of 2 – 10 m sized CaO particles from the decomposition of CaC O in

wood and bark has also been proposed based on industrial scale experimental observations.93 Hence, differ

ences in the ash behaviour of woody biomass and coal during PEFG can be expected.

2.2.2 Ash transformations from pulverised firing of woody biomass

Boström et al.94 provided an overview of ash transformations during combustion of biomass that can likely be

extended to gasification because of the similarities inherent to both fuel conversion processes. They classified

possible transformation reactions as primary and secondary in the formulation of a conceptual interpretation of

ash transformation processes, in order to facilitate understanding and prediction of ash behaviour. In primary

transformation reactions, which take place as the fuel is heated and decomposed, the ash forming elements are

assumed to be subjected to an O partial pressure. With reference to an Ellingham diagram, it is shown that Ca

and Mg are likely to be in the form of CaO and MgO, respectively, due to their higher affinity for O (low G° of

oxide formation) relative to that of C and H in their formation of CO or CO and H O, respectively. This is also

true for Si, which is likely in its fully oxidised form of SiO . K O, on the other hand, exhibits decreasing stability

(high G° of oxide formation) with increasing temperature and is likely to be in a reduced form. With sufficiently

high temperature, it would be prone for gaseous release as monoatomic K(g), or as KOH(g) if water vapour pres

sure is sufficient. P, S and Cl are also likely release gaseously as S(g) or H S(g), P O (g), and Cl (g) or HCl(g), respective

ly, due to their weaker affinity for O relative to C and H unless a higher partial pressure of O is reached. These

serve as conceptual precursor reactants that participate in the subsequent secondary transformation reactions,

some of which are listed in Table 2.

Table 2. Some secondary ash transformation reactions as defined by Boström et al.94.

HCl(g) + KOH(g) KCl(g,l) + H O(g)

SiO (s) + 2x KOH(g) x K O.SiO (l) + x H O(g)

CO (g) + 2 KOH(g) K CO (g,l) + H O(g)

SiO (s) + x CaO(s) CaxSiO(x+2)(s)

CO (g) + CaO(s) CaCO (s)

KxSiyO(0.5x + 2y)(l) + CaO(s) K Ca silicate melt(l)

The eventual products of the secondary transformation reactions, i.e., final ash products, are determined by: the

localised conditions; the mobility of reactants to physically contact each other (mass and transport processes as

well as fractionation); the affinity of reactants to react with each other, and; chemical reaction kinetics. As a

result of these interactions, common ash products include KCl(g), K SO (g), K Ca silicate melts, Ca Mg silicates and

K Ca CO solids and melts.95 The roles of other elements such as Al and Fe are also important, since they can

form phases such as K Al silicates or affect the viscosity of melts.

A review of relevant observations from experimental ash behaviour studies follows. The gaseous release of

woody biomass elements such as K, Cl and S have been studied by van Lith et al.96 Under very slow heating rates

(< 3 °C/s) and relatively controlled pyrolysis and combustion conditions, all Cl and nearly all S were observed to
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be released for temperatures > 1000 °C. K was observed to be largely retained ( 20 % released) under the dif

ferent thermal conversion treatments. On the other hand, Keown et al.97 found that alkali and alkaline earth

metals (Na, Mg, K and Ca) were released more readily from bagasse and sugar cane trash particles during fluid

ised bed pyrolysis under high heating rates (10³ – 10 °C/s). In particular, only 20 – 50 % of the K remained in the

char. This behaviour was thought to be due the difference in resulting char structures and chemical forms of the

inorganic elements induced by the heating rate. Knudsen et al.98 also reported higher release levels of K, S and Cl

involving annual biomass (e.g., rice, oat, wheat) with increasing temperatures (500 – 1150 °C) at initial heating

rates of 10 – 50 °C/s. Okuno et al.99 used a wire mesh reactor to compare the difference in release of K, Mg and

Ca from pine particles under pyrolysis conditions at heating rates of 1 °C/s and 1000 °C/s at temperatures up to

900 °C. The higher heating rate was found to induce greater release of the metals when the temperature was

held for an extended period at 800 °C. This was hypothesised as due to the simultaneous releases of tar and

metals during high heating rates that permit more H radicals to facilitate their volatilisation. A comparative ex

periment with thermogravimetric analysis (1 °C/s up to 900 °C) filled with inert He gas (i.e., absent of forced

convection) revealed the total retention of the alkali and alkaline earth metals, which seemed to suggest the

importance of forced gas transport in contributing towards the release of the metals. The possible role of Si in

retaining more Ca than Mg and K—from a thermodynamic perspective—was also highlighted, given the lower

Gibbs energy of formation ( G°) of silicates associated with the former. Gilbe et al.100 reported that the slagging

propensity increased with Si content during fixed grate firing of biomass pellets, whether the Si was intrinsic to

the fuel or included as soil based contaminants. This was attributed to the formation of melts between K and Si

that can occur as low as 742° C.101 Slag minerals were also defined as those that may have crystallised from the

melt; e.g., wollastonite (CaSiO ), åkermanite (Ca Mg(Si O )), leucite (KAlSi O ). The Ca content was observed to

affect the amount of melt formation due to possible crystallisation upon incorporation into established K Si ox

ide melts. Studies by Thy et al.102,103 on rice straw and wood ashes showed that K may be released to the gas

phase from silicate melts due to the presence of Ca. This was reasoned as due to the depolymerisation effect of

Ca upon silicate melt networks, in which a certain degree of polymerisation is required to retain K.

Studies of ash transformations specific to pulverised firing of woody biomass have been mainly focussed on the

ash deposition upon superheater tubes in combustion boilers, since it can cause fouling that reduces overall heat

transfer efficiencies, as well as tube corrosion. Experiments of pulverised firing of wheat straw and woody bio

mass mixtures by Nordgren et al.104 revealed the fractionation of ash forming elements. Comparison of ash

products as predicted by global thermodynamic equilibrium against downstream deposits and bottom ash mate

rial showed that elements, in particular Si and Ca, were to an extent, kinetically hindered from forming the pre

dicted condensed phases. Incorporation of Ca rich woody biomass was observed to reduce the degree of sinter

ing in the bottom ash as compared to firing of the Si rich wheat straw fuel. Fly ash and deposits upon probes

with controlled surface temperatures of 550 °C and 250 °C were high in KCl and K SO . This was attributed to the

high degree of K volatilisation due to high temperatures and heating rates, as well as the dispersive isolation of

fuel particles that diminish opportunities for interaction of ash forming elements. Theis et al.105 performed ex

periments with bark and peat powder mixtures in a laboratory scale atmospheric entrained flow reactor. At a

furnace temperature of 1000 °C, they found that deposits upon a probe with surface temperature 550 °C de

creased with increasing peat content. They attributed this to the fact that the peat ash consisted mainly of sili
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cates that do not cause significant deposition, while bark contains readily volatilised alkali species that were

released during fuel conversion before condensing in a molten state on the probe surface. The peat was believed

to have acted as a deposit removal agent via an erosion mechanism. This may also imply that at a relatively low

temperature of 1000 °C under pulverised firing, gaseous alkali may not form significant melts with Si rich fuels,

or that such products were cooled and solidified sufficiently to avoid becoming a deposit upon the probe.

Skrifvars et al.93 took particle samples using a low pressure impactor (LPI ) from a full scale 80 MWth pulverised

wood furnace from flue gas at temperatures of approximately 400 °C. They found that Ca was enriched in the

coarser particles (> 1 m) and proposed that they were mainly dispersed as CaO or CaCO particles as a result of

decomposition of oxalate (C O ² ) minerals from the wood fuel. K and S were enriched in the finer particles,

indicating their volatility.

While there could be differences in ash behaviour between pulverised combustion and gasification systems,

Öhman et al.106 found no significant difference in bed agglomeration characteristics between either firing re

gimes utilising bark fuel conducted in a bench scale fluidised quartz bed reactor. Currently, the specific ash

transformation pertaining to entrained flow gasification or pulverised gasification of woody biomass is limited to

experiments performed on the laboratory scale. Coda et al.66 fired different woody biomass in two laboratory

scale entrained flow reactors, one of which could be pressurised. Deposits collected at a furnace temperature of

1450 °C showed mainly Ca rich particles depleted in K. Some minor amounts of melt consisting mainly of Ca and

Si were perceived to have been formed from willow and wood mixture fuels containing relatively high amounts

of Si. Such occurrence were considered incidental due to Si mainly from extrinsic sand particles. There was no

observed difference in the scarcity of melts in the deposits at 1 and 10 bar under similar temperature and resi

dence time profiles. Thermodynamic calculations were also carried out based on the bulk wood ash composition

to illustrate the high melting temperature. Additions of kaolinite (Al Si O (OH) ) or quartz (SiO ) were suggested

as fluxing agents to generate enough flowing slag to maintain an adequate thickness upon a reactor wall in a

practical operating scenario. They also point out the possible deficiency in existing viscosity models of slags

formed from woody biomass due to the high contents of alkali and alkaline earth metals. Leiser et al.107 per

formed experiments with straw and corn stover using the same atmospheric reactor at 1300 °C. Compared to

the woody biomass, these fuels were much richer in K and Si. Deposits collected at different heights showed

molten behaviour with Si and K being the most prominent constituents. From impactor samples collected at the

bottom of the reactor (600 °C) when straw was fired, coarse particles (> 1 μm) consisted mainly of Si, K and Ca,

while fine particles (< 1 μm) were dominated by K, Cl and S. The latter were attributed to their volatilisation

during the devolatilisation and gasification stages, before subsequent nucleation induced by cooling. They point

ed out the potential threat of slagging and fouling of downstream equipment due to such condensation of gase

ous K species. The absence of flowing slag and volatilisation of K prompted the suggestion of kaolin as both a

fluxing agent and also an alkali retention agent. Both Si and Ca had significant shares in the particle size range

between 0.05 μm and 0.1 μm, which suggests a degree of volatilisation of these refractory elements also, or the

bouncing of larger particles into the finer stages of the cascade impactor. Incidentally, Korbee et al.108 also re

ported that Na, S, Cl, K and Ca were volatilised to significant degrees during pulverised firing of wood chips using

the same reactor. They also reported that fragmentation of wood was relatively high compared to other fuels

such as coal and straw. Qin et al.109 found possible traces of volatilised K SO in a bench scale entrained flow
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gasification reactor. Umeki et al.110 performed pyrolysis of powdered wood in an atmospheric entrained flow

reactor at 1000 °C. Examination of char particle samples revealed the presence of grains consisting of submicron

spherical particles containing mainly K and Ca, as well as Mg and Fe, which were adsorbed upon the surface.

Such elements have been reported to be released under high temperature PEFG environments.59,99

2.3 Summary of literature review

Woody biomass contains ash forming matter that differs significantly from those of coal in terms of quantity,

composition and reactivity. This means that the ash slagging behaviour during PEFG of coal and woody biomass

may differ significantly also. Although the bulk of the ash forming matter is expected to form a molten flow dur

ing PEFG of coal, recent studies have shown that fractionation of elements can occur. This is likely to be more

severe for woody biomass given the relatively high volatility of ash forming matter, in particular K, as well as the

relatively high degree of fuel fragmentation during conversion.

A conceptual understanding of ash transformations based on experiences from combustion systems can serve to

help interpret studies concerning the PEFG process. The volatility of K is likely to induce melt formation if Si is

present, while Ca may favour the formation of high temperature melting crystalline phases. Woody biomass has

been utilised extensively in combustion systems including pulverised systems, but experiments specifically con

cerning PEFG remain at the laboratory scale, where the lack of melt formation at high temperature from wood

firing has been reported. The concept of flux addition or fuel blending during PEFG of coal to control slag behav

iour may also be needed during PEFG of woody biomass to promote melt formation also.

Although PEFG of coal is commercially available, there remains a need for research efforts towards ash related

problems. In particular, corrosion of refractory liners is a significant hindrance against more widespread deploy

ment. These are likely relevant during PEFG of woody biomass because of the potentially high gaseous alkali load

and the formation of corrosive slags upon refractory linings.

3. Methods

Owing to the lack of reported PEFG experiments of woody biomass beyond the laboratory scale, an experimental

approach based on a pilot scale reactor was undertaken. This section describes the reactor facility as well as

analytic techniques and instruments that were utilised. The principle of thermochemical equilibrium and models

of slag viscosity were also used to support interpretation of the experimental observations.

3.1 Pilot scale reactor and fuels

A pilot scale pressurised entrained flow gasifier located at the Energy Technology Centre in Piteå (ETC), Sweden

was used to study ash material formed during the process. Figure 7 shows a simplified schematic of the reactor

labelled with the most pertinent components. The PEFG reactor (1 MWth nominal) consists of a cylindrical pres

sure vessel lined internally with mullite based refractory bricks (Vibron 160H: 63 wt% Al O ; 31 wt% SiO ; 1 wt%

Fe O ) as the hot face. Milled fuel pressurised with inert N is fed into the reactor via a single top fired centrally

positioned burner. Individual flows of pure gases can be controlled to supply gas mixtures (e.g., N /O ) as the

oxidant feed. Upon the introduction of fuel and oxidant into the preheated reactor, the gasification process is

sustained by the heat released from oxidative reactions autothermally; i.e., no external sources of heating. The
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raw syngas is drawn through a tapered slag tap before being quenched by water sprays and then passed through

a bubbling quench. The bulk of the crude syngas is then flared, while a portion is drawn consecutively through a

particle trap, a particle filter, and a condenser with a condensate trap in order for monitoring of the syngas com

position with micro gas chromatography ( GC) (MKS Multigas 2030 HS) and Fourier transform infrared spec

trometry (FTIR) (Varian 490 GC, molecular sieve 5A, PoraPlot U columns). S type thermocouples with alumina

shieldings are inserted into the reactor at top, middle, and bottom locations with their measurement tips flush—

but not in contact—with the wall. Details regarding the operating procedures are described by Weiland et al.111

Figure 7. Schematic of pilot scale PEFG reactor used in study.

The advantages of studying the process on a reactor of this scale is that phenomena associated with operations

at a scale closer to the industrial may be replicated.48 This means that potential problems inherent to operations

at such scales may be revealed. In addition, a pilot scale reactor also produces greater amounts of ash material

that allows for better statistical analyses when examining their compositions and phases derived from firing

fuels that are variable in nature. The disadvantages include the lack of detailed information regarding actual

conditions that fuel particles are subjected to, lower reproducibility and generally higher expenses to conduct

experimental campaigns.

For collection of reactor ash deposits (Paper I), a non cooled probe with a horizontal platform tip of 6.5 cm

(width) × 5 cm (depth) was inserted from the side into the reactor such that only the depth of the tip protruded

into the reactor (middle left, Figure 7). The ash deposit probe was located on same level as the bottom thermo

couple but at a different circumferential location. It was cast from the same Vibron 160H material as the reactor

lining. The horizontal platform was set perpendicular to the reactor wall, to allow gas flow ash deposits and

downward flowing slags upon the wall to be collected. This was intended to emulate the accumulation of parti
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cles and slags that contact and adhere to the reactor wall. A new probe was used for each trial and was installed

prior to preheating of the reactor. At the conclusion of each trial, a mild flow of N was purged through the reac

tor. After the temperature had dropped to below 150 °C (approximately 48 h after shutdown), each probe was

retrieved and stored in a desiccator at all times except during sample preparation and analyses. Some further

implications of using such a sampling probe are addressed in the Discussion of Paper I. Slag samples could also

be retrieved from the quench after shutdown, including those that caused blockage of the reactor outlet (Paper

II).

Three different woody biomass fuels, whose compositions are given in the first three columns of Table 3, were

fired in separate campaigns in the pilot scale PEFG reactor to collect ash deposits into order observe their re

spective slagging behaviour (Paper I). These fuels were fired at a load of approximately 200 – 210 kWth (40 kg/hr)

at an oxygen to fuel ratio, , of 0.45 (low reactor temperature campaigns). In a separate set of campaigns, stem

wood powder of various sizes (D = 120, 130 and 180 μm) were fired with = 0.5 while the fuel load was in

creased from approximately 200 kWth to 400 kWth (high reactor temperature campaigns).

Table 3. Compositions of fuels used in pilot scale campaigns.

Element Wood (Paper I) Bark (Paper I) PMDR (Paper I) Wood (Paper II) Unit

Na 15 431 ± 1 690 ± 457 25.2 mg/kg d.s.

Mg 187 790 ± 43 691 ± 73 190 mg/kg d.s.

Al 26 1106 ± 30 1728 ± 1287 45 mg/kg d.s.

Si 79 4808 ± 803 7010 ± 5285 159 mg/kg d.s.

P 48 460 ± 22 396 ± 36 33 mg/kg d.s.

S 60 330 ± 18 260 ± 8 55 mg/kg d.s.

Cl < 80 119 ± 3 128 ± 1 59 mg/kg d.s.

K 357 2034 ± 82 2169 ± 855 306 mg/kg d.s.

Ca 736 8719 ± 303 6237 ± 389 585 mg/kg d.s.

Mn 116 538 ± 24 412 ± 18 88 mg/kg d.s.

Fe 28 710 ± 35 855 ± 579 23 mg/kg d.s.

Zn 9 97 ± 6 121 ± 2 11 mg/kg d.s.

Ash 0.4 4.3 ± 0.4 4.5 ± 2.0 0.35 d.s.%

C 50.9 52.2 52.6 50.8 d.s.%

H 6.3 5.6 6.4 6.2 d.s.%

N 0.1 0.41 0.38 < 0.1 d.s.%

O 42.4 37.5 38.3 42.5 d.s.%

Moisture 4.7 7.6 ± 0.3 4.3 ± 1.2 6.7 wt%

3.2 Fuel analyses, preparation and sampling

Ultimate analyses of the fuels were carried by ALS Global. Fuels were ashed at 550 °C before fusion with LiBO

fluxing agent followed by HNO digestion and ICP SFMS analysis EPA (modified) 200.8. Zn was analysed by mi

crowave digestion with HNO /H O . Cl was analysed by sintering at 550 °C with Na CO and ZnO, water leached,

purified with cation exchanger, and analysed according to ICP SFMS EPA (modified) 200.8. C, H and N were de

termined according to SS EN 15104:2011/15407:2011; O was calculated by balance. Moisture in the fuel was

measured according to SS 02 81 13 1. The major elements comprising the fuels used in Paper I and Paper II are

listed in Table 3.
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All fuels were prepared by hammer milling with passage through sieves of various sizes to produce powdered

fuel. In the experimental campaigns involving the firing of three different fuels at low reactor temperatures (Pa

per I), the sieve size was 0.75 mm. The sieve size was varied for the high reactor temperature (Paper II) to give

particle sizes of D50 = 120, 130 and 180 μm. Only one grab sample of approximately 30 g was sent for analysis for

each of the wood fuels used in the campaigns because of confidence in their relatively high homogeneity based

on previous experience of the PEFG operators (ETC). These fuel had compositions typical for such stem woods.

For the bark and pulp mill debarking residue (PMDR) fuels (Paper I), two and three composite grab samples,

respectively, of approximately 30 g each were collected during milling and sent for analysis. The heterogeneities

in these latter fuels are highlighted by the standard deviations shown after the mean values. The variations were

particularly large for Si in the bark fuel, while Al, Si, Na, K and the ash content for the PMDR fuel also had large

variations. This suggests the inclusion of typical soil based contaminants (e.g., quartz and feldspars) that were

unevenly distributed within these fuels.

3.3 Main analytic instruments

3.3.1 Scanning electron microscopy with X ray energy dispersive spectroscopy

In Paper I, the author used a Philips XL30 environmental scanning electron microscope (ESEM) (Umeå University,

Energy Technology and Thermal Process Chemistry) equipped with a LaB emitter and a dedicated backscattered

electron (BSE) detector to visualize the compositional contrasts of the reactor ash deposit specimens. The ESEM

was paired with an EDAX energy dispersive X ray spectroscopy (EDS) detector for semi quantitative analysis (i.e.,

for the purposes of comparison and trend detection) of the elemental compositions of spots and areas. It was

operated at an accelerating voltage of 20 kV and a beam diameter of approximately 5 m with working distance

of approximately 1 cm. In Paper II, paper co author Olov Öhrman used a Zeiss Gemini Merlin SEM (Luleå Univer

sity of Technology, Department of Chemical Engineering and Geosciences) equipped with thermal field emission

source at an accelerating voltage of 20 kV to obtain BSE images of polished cross section of the slags. Spot ele

mental analyses were obtained with an attached Oxford Instruments X Max detector.

3.3.2 X ray diffraction

In Paper I, paper co author Dan Boström (Umeå University) used a Bruker D8 Advance X ray diffraction (XRD)

instrument in mode with an optical configuration consisting of a primary Göbel mirror, Cu K radiation, and

a Våntec 1 detector to semi quantify crystalline phases consisting the reactor ash deposits. Continuous scans

were applied and by the addition of repeated scans, the total data collection time for each sample lasted for at

least six hours. The PDF2 databank112 and Bruker software were used to make initial qualitative identifications.

The data were further analysed with the Rietveld technique and data from ICSD.113 In Paper II, paper co author

Olov Öhrman (ETC) used a PANalytical Empyrean X ray diffractometer equipped with an Empyrean Cu LFF HR X

ray tube, a graphite monochromator and a PIXcel3D detector to acquire XRD patterns of the slags. The author

used the HighScore Plus evaluation software and the Crystallography Open Database114 (COD) to identify crystal

line phases.

3.3.3 Heating microscopy

In Paper II, paper co author Roger Molinder (ETC) used a modernized heating microscopy system from Hesse

Instruments consisting of a furnace and a camera to study sintering and melting behaviour of the slag. A N flow
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of 500 mL/min was kept through the furnace to ensure an inert atmosphere. The slag was ground to a fine pow

der using a marble pestle and mortar. The powder was then mixed with deionized water to form a slurry, which

was then compacted into a cylindrical pellet (Ø2 × 3 mm) and dried. The pellet was heated at 15 °C/min to 600

°C and then at 10 °C/min until the flow temperature was reached. The sintering temperature was defined as the

temperature at which the area of the pellet (derived from the height and width of the sample as projected to the

camera) became < 99 % of its original area. The flow temperature was defined according to standardized meth

od DIN 51730 1984 as the temperature at which the height of the pellet was one third of its original height.

3.3.4 Thermogravimetric analysis and differential temperature analysis

In Paper II, paper co author Roger Molinder (ETC) used a Netzsch STA for thermogravimetric analysis (TGA) and

differential temperature analysis (DTA). This was used to verify phase changes, in particular the flow tempera

ture, as observed from the heating microscopy analyses. The same temperature heating profile as that for the

heating microscopy analysis was carried out. A N atmosphere was kept around the sample using a gas flow of

600 mL/min and a blank run was carried out to correct for buoyancy effects. Slag powders of 55.6 – 78.3 mg

prepared as described above were used for the TGA and DTA.

3.4 Thermochemical equilibrium calculations

Thermodynamic equilibrium calculations (TECs) were carried out by the author to identify whether melt for

mations from woody biomass are likely at conditions relevant to PEFG (Paper III).

Figure 8. Schematic depiction of sequential ash transformation events modelled thermodynamically.

The differences in slagging behaviour of the fuels that were fired in the reactor (Paper I) and the likely interac

tion of fuel ash with mullite based refractory (Paper II) provided the basis for these TECs. From the literature

review also, it was apparent that wood and bark biomass are rich in Ca, K and, depending on harvesting treat

ments, also significant amounts of Si. Large portions of K are expected to be volatilised during fuel conversion. At

the same, fragmentation of fuel particles may generate small particles that are rich in Ca and/or Si, as depicted

in the first step of Figure 8. This presumably creates a thermochemical potential for the formation of melt and

other phases due to interaction between gaseous K species and the ash particles, depicted in the middle step of

Figure 8. These products may then subsequently deposit and interact with the refractory wall, all the while re

maining subjected to the gasification atmosphere containing gaseous K species, depicted in the final step of

Figure 8. Since there was no detailed knowledge regarding the localised conditions during fuel conversion and

the associated ash transformations, global reactor conditions were selected for the study. Temperature and

pressure were varied between 900 – 1800 °C and 1 – 80 bar, respectively, to cover the plausible range of PEFG
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operating conditions, and = 0.35. Table 4 shows the compositions used to depict typical woody biomass in

order to estimate a concentration of gaseous K species.

Table 4.Woody biomass compositions used to estimate gasification atmospheres at different conditions.

Fuel C [d.s.%] H [d.s.%] N [d.s.%] O [d.s.%] H O [wt%] K [g/kg d.s.]

Wood
52 6 0.5 41.5 7.5

0.3

Bark/Twigs 3.5

It is noted that elements like S and Cl, which can affect the volatilisation behaviour of K, have been omitted.

These elements are generally low in woody biomass compared to K and it is likely that under reducing condi

tions, S is mainly stabilised as H S while Cl only reduces the concentration of other gaseous K species marginally

through the formation of KCl(g). Hence, they were excluded to simplify the analysis. The resulting concentrations

of gaseous K species and CO were fixed and inputted into the second part of the analysis, where Ca and Si were

introduced into the calculations at different ratios to reveal the gasification conditions and compositions that

may lead to stabilisation of melt. The third part of the analysis concerned the prediction of melt formation in

volving mullite based refractory. The prediction of Al O within the oxide melt was used as an indicator of mul

lite refractory dissolution. FactSage 6.4 and ChemSheet were utilised for the calculations and the pure phase and

solution databases selected for the calculations are listed in Table 5.

Table 5. FactSage databases used in TECs Paper III (in order of precedence for duplicate compounds).

Database Full name and chemical compounds

FToxid
SLAGA (oxide melt: Al, Si, K, Ca)
MullF (Mullite Al Si O )

Mel_ (Melilite Ca Al SiO )

FTsalt
LCSO (K , Ca ² // CO ² melt)
SCSO (K , Ca ² // CO ² solid solution)

FTpulp MELTA (K // CO ², OH salt melt)

FACTPS Pure stoichiometric gas and solid phases

In Paper II, TECs were also carried out based on the composition of the quench slag collected from the pilot scale

reactor, in order to gain a better understanding of the slag behaviour.

Table 6. FactSage databases used in TECs in Paper II (in order of precedence for duplicate compounds).

Database Full name and chemical compounds

FToxid

SLAGA (oxide melt: Na, Mg, Al, Si, K, Ca, Ti, Mn, Fe < 10% S)

MullF (Mullite Al Si O , Fe Si O )

Mel (Melilite Ca MgSi O , Ca FeSi O , Ca Al SiO , Ca Fe SiO )

WOLLA (Wollastonite MgSiO , CaSiO , MnSiO , FeSiO )

CORU (Corundum Al O , Fe O , Ti O , Mn O )

ASp (Spinel MgAl O , FeAl O , MnAl O , Al O )

OlivA (Olivine Mg SiO , Ca SiO , Fe SiO , Mn SiO )

FTpulp MELTA (Na , K // CO ² , Cl , OH , S² , SO ² salt melt)

FTSALT
LCSO (K , Ca² // CO ² , SO ² melt)

SCSO (K , Ca² , // CO ² , SO ² solid solutions)

FACTPS Pure stoichiometric gas, liquid, solid phases
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The melt formation behaviour of the slags as well as the crystalline phases predicted during equilibrium cooling

(phase assemblage) were investigated. FactSage 6.4 was also utilised for these calculations and the selected

databases are listed in Table 6.

3.5 Slag viscosity prediction models

In Paper II, the author used a Microsoft Excel toolbox compiled by Duchesne et al.115 containing numerous vis

cosity models for oxide melts based on composition and temperature to predict slag flow characteristics. To

account for inclusions of solid particles in the slag that affect the viscosity, the algorithm developed by Mader et

al.71 was used in conjunction with the melt viscosities calculated from the models. The melt component of the

slag was assumed to be gas free and Newtonian in behaviour. Furthermore, the solid particle volume fraction

and average aspect ratio (longest length divided by perpendicular length) were visually estimated and inputted

into the algorithm to give an estimation of the apparent viscosity for the melt with the included solids, or in

other words, the slag viscosity.

4. Summary of results and discussion

Major results and discussions based on the appended papers are presented in this section.

4.1 Ash reactor deposits and slags from PEFG reactor

4.1.1 Low reactor temperature operation (Paper I)

The deposits collected from inside the pilot scale reactor by the slag probe showed distinctly different degrees of

sintering. For the wood fuel campaign, temperatures measured by the near wall thermocouples reached up to

approximately 1200 °C. Relatively little deposit was collected upon the probe but some features of interest that

were found are identified in Figure 9. The deposit layer was very thin, such that the underlying mullite based

refractory was also detected by the EDS analyses as indicated by the high levels of Al. The main feature upon the

slag probe was a Si Al Ca rich crystal coverage, which suggests the interaction of Ca and Si from the fuel, since

both elements were enriched compared to the mullite based material of the probe. Particles with a porous and

convoluted appearance containing high levels of Ca and P were also found, likely to be high temperature melting

Ca phosphates. Rare particles exhibiting molten behaviour high in Si, K and Ca were also observed. For the bark

fuel campaign, temperatures measured by the near wall thermocouples reached up to approximately 1090 °C.

Figure 10 shows a typical ash aggregate that was collected on the slag probe from the firing of the bark fuel. This

fuel was likely contaminated with soil minerals that manifested themselves within the aggregates. Quartz parti

cles were typically embedded within a SiO rich melt and Ca Mg silicates formed a discontinuous layer on the

exterior of the aggregates. These crystalline features were evident from the XRD analysis. Comparing with stud

ies of bed agglomeration where ash transformation pathways have been proposed, it suggests that the for

mation of melt resulted from the interaction of gaseous K species with the quartz particle followed by subse

quent adhesion of Ca and Mg rich matter. For the PMDR fuel campaign, temperatures measured by the near

wall thermocouples reached up to approximately 1160 °C. The deposit collected upon the slag probe from the

firing of PMDR is shown as Figure 11. This fuel was also likely to have been contaminated significantly with soil

minerals. A highly sintered deposit was observed in which a SiO rich melt component embedded numerous
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quartz and feldspar particles. XRD analyses of the deposits from bark and PMDR firings revealed that they con

tained significant amorphous material, as well minerals typically crystallised from such silicate melts; i.e., leucite

(KAlSi O ) and wollastonite (CaSiO ). Figure 12 shows the distribution of inorganic elements of the fuels and also

the bulk composition of their respective deposit.

Figure 9. (L) BSE image of deposit from PEFG of wood. (R) Major inorganic composition of labelled features.

Figure 10. (L) BSE image of deposit from PEFG of bark. (R) Major inorganic composition of labelled features.

Figure 11. (L) BSE image of deposit from PEFG of PMDR. (R) Major inorganic composition of labelled features.
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The most obvious and significant trend is that Si is enriched within each deposit compared to the fuel, while Ca is

diminished. This suggests fractionation of elements in the deposits, and the formation of silicate melts that led

to enrichment of Si.

Figure 12. Inorganic compositions of fuels and bulk ash deposits, normalized to a C and O free basis. The pre
sented Cl level of wood is equal to the analysis limit of 80 mg/kg d.s.; hence, the actual level may
be lower.

Overall, the results from these campaigns show a correlation between the degree of sintering and melt for

mation with the amount of ash forming matter in the fuel, and in particular, Si. The latter implies that pure

woody biomass such as stem wood and bark will only exhibit melt formation behaviour if a significant amount of

Si based contaminants, such as soil minerals, are incorporated with the fuel. Alternatively, higher pressures

and/or temperatures near the wall region may be required for melt formation.

4.1.2 High reactor temperature operation (Paper II)

As mentioned in Section 3.1, during stem wood campaigns involving an increase in fuel load from 200 kWth to

400 kWth at = 0.5, significant amounts of slag were observed to have formed.

Figure 13. Change in temperature along reactor during fuel load increase and observed slagging behaviour.
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This occurred for all three fuel particle sizes that were fired, and the slags flowed towards the outlet that even

tuated in the blockage of the reactor. An example of this event is depicted in Figure 13 by the temperatures

recorded by the reactor thermocouples. Slags were retrieved from the reactor outlet and also within the quench

pool at the bottom of the reactor. Chemical characterisation revealed that the slags produced during these cam

paigns were Al O rich (Table 7) with high Al/Si ratios, both of which were unlike the composition of the stem

wood fuel ash. Ca and K were significant in the slags, but they also contained elemental compositions character

istic of the refractory lining material (Vibron 160H). Hence, the slags were likely resultant from interactions be

tween fuel ash and the reactor wall.

Table 7. Chemical composition of slags retrieved from the reactor and quench, compared with stem wood fuel
ash and reactor lining refractory compositions

Element Reactor outlet Quench pool Fuel ash Vibron 160H Unit

Si 152000 154000 45371 144900 mg/kg d.s.

Al 178000 184000 12857 333400 mg/kg d.s.

Ca 82500 76000 167029 mg/kg d.s.

Fe 14400 29300 6600 6994 mg/kg d.s.

K 36900 37900 87286 mg/kg d.s.

Mg 20000 18200 54286 mg/kg d.s.

Mn 9430 8680 25229 mg/kg d.s.

Na 10800 11700 7200 mg/kg d.s.

P 1820 1720 9343 mg/kg d.s.

Ti 9640 9140 1200 mg/kg d.s.

Ba 693 668 989 mg/kg d.s.

S 242 257 15829 mg/kg d.s.

Zn 6.85 8.09 3200 mg/kg d.s.

Elemental ratios

Al/Si 1.17 1.19 0.28 2.30 mg/mg

K/(Ca+Mg+K) 0.26 0.29 0.28 mg/mg

Ca/(Ca+Mg+K) 0.59 0.58 0.54 mg/mg

Mg/(Ca+Mg+K) 0.14 0.14 0.18 mg/mg

Figure 14. Phase assemblage during equilibrium cooling of melt component of slag as predicted by TECs.
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TECs based on the composition of the melt component of the slag were carried out to reveal phases that are

formed upon equilibrium cooling. The resulting phase assemblage is shown in Figure 14. All the phases that were

identified by XRD analysis are shown in white. The liquidus is at approximately 1506 °C, while below approxi

mately 1350 °C, the proportion of crystalline phases increases significantly.

The viscosity of the slag as predicted by different models is shown in Figure 15. Horizontal lines mark the region

8 – 25 Pa.s that is widely accepted as the appropriate range of slag viscosities for PEFG. All models predict sharp

decreases as temperature increases. Most models predict viscosities that reside within the grey region, which

predict viscosities < 40 Pa s at 1460 °C (approximate maximum temperature reached by the slag at the bottom of

the reactor). These values are likely too low to have caused the blockage; however, crystallisation of phases—

such as those in Figure 14—upon cooling was not taken into account. This would increase the viscosity of the

melt markedly. Hence, it is unknown which of the models predict the viscosity of the slag best. It is, however,

clear that a reduction in temperature results in an increase in melt viscosity and can induce crystallisation within

the slag, which likely occurred towards the reactor outlet and caused the blockage.

Figure 15. Predicted viscosities of slag from high temperature PEFG of wood by various models with adjust
ment for solid inclusions. Effect of CaO addition is also shown for the Bomkamp model.

The reduction of slag viscosity as a result of adding a common coal gasification fluxing additive, CaO, is demon

strated by the Bomkamp model. However, as aforementioned, the potential formation of significant amounts of

crystalline products at lower temperatures would render the addition of such a fluxing agent irrelevant.

4.2 Thermodynamic study of melt formation (Paper III)

Based on the wood composition and ash transformation scheme described in Section 3.4, Figure 16 shows the

predicted concentrations of the two main gaseous K species, K(g) and KOH(g) under gasification conditions. In a

relatively low temperature region that increases with pressure, K is largely stable as a KOH K CO salt melt,

which results in a low K gaseous species concentration. However, at higher temperatures beyond this region, all

K is predicted to be only stable within the gas phase. Under these gaseous K species partial pressures and corre

sponding gasification atmospheres, different proportions of Ca and Si were introduced into the calculations.
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Figure 16.Wood: Concentration of gaseous K (left) and KOH (right), with region of K CO KOH salt melt stabil
ity indicated.

Figure 17 shows the partial composition of the melts (non white regions) that are formed when Ca and/or Si is

present. The white regions indicate that a melt is not predicted to be stable under the conditions. It is seen that

an increase in Si compared to Ca broadens the conditions with melt formation propensity. This suggest that melt

formation is enhanced by addition of Si and is diminished by addition of Ca. The latter is prone to the formation

of stable high temperature melting Ca silicate phases and CaO(s). These trends are in agreement with the exper

imental results obtained from the low reactor temperature campaigns described previously (Paper I), where the

degree of sintering increases as the Si/Ca ratio of the fuels increased from Figure 9 to Figure 11.

Similar results were obtained by TECs based on the bark composition from Section 3.4, except that the predicted

concentrations of gaseous K species are approximately one order of magnitude higher. The regions of melt sta

bilisation are also broadened. Since the only difference between the wood and bark compositions of the TECs

was only the amount of K, it implies that an increase in gaseous K species concentration can broaden the condi

tions that induce melt formation.

The solubility of Al O into a melt based on interaction between ash deposits and mullite refractory was shown

by the TECs to increase with Si content of the deposit and, to an extent, with increasing temperature. This is in

qualitative agreement with the high temperature PEFG campaign (Paper II), where extensive dissolution of the

mullite based refractory was adjudged to have occurred when fuel load increase was accompanied by an in

crease in near wall temperature. This supports the likelihood that the slag formation was not restricted to the

ash forming elements of the fuel itself, but also included materials from the mullite based containment refracto

ry. Al O was also predicted to have the propensity to form Al rich crystalline phases with Si, K and Ca, which

may cause spallation of the refractory in practice.
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Figure 17. Predicted melt formations from Ca only to Si only compositions (from top to bottom, zigzaging)
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4.3 Proposed slag formation scheme

Based on the experimental observations from this work and information from the literature, a slag formation

scheme was proposed (Figure 18). The formation of melt upon the reactor wall, due to alkali attack of the refrac

tory or deposition of ash derived melt, is proposed to form a slag that can subsequently flow in a viscous man

ner.

Figure 18. Proposed slag formation scheme depicting events that led to slag blockage of outlet

The scheme may be applicable to both experimental campaigns involving low reactor temperatures (Paper I) and

high reactor temperatures (Paper II). In the former, a non flowing slag may have formed and accumulated in the

reactor (steps 1 – 4, Figure 18), while in the latter, the increase in temperature allowed the slag to flow, at least

until the cooler outlet region of the reactor (steps 5 – 7, Figure 18). However, elucidation of the actual slag for

mation process during PEFG of woody biomass requires further investigations under controlled conditions as

well as well defined compositions of both ash forming matter and refractory.

4.4 Practical implications and operational recommendations

Interpreting the results from a practical perspective, the formation of melt at high temperatures that are perti

nent to PEFG appears to require the presence of Si. This implies that unless fuels are heavily contaminated with

Si containing soil minerals, melt formation may be restricted to sparsely dispersed Si rich particles. Operation in

a predominately non slagging mode may then cause undesirable accumulation of such ash material upon the

reactor wall. A constant removal of ash material would facilitate smoothness of operation; e.g., flowing slag.

Hence, it appears that there is a need for a slagging additive when firing relatively low Si fuels such as pure stem

wood or bark. Alternatively, such woody biomass may also be co fired with Si rich fuels such as peat or reed

canary grass. There are some important incentives for operating a woody biomass PEFG gasifier in a slagging

mode. Through slag formation, the retention of gaseous K species in melts can reduce the gaseous K load in
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downstream apparatus to avoid corrosion of equipment such as syngas coolers. A layer of slag would also pro

tect refractory against direct gaseous alkali attack. Addition of additives may also allow transformation of the

woody biomass ash such that the resultant slag and reactor containment refractory can be adapted for each

other.

The importance of controlling the flow behaviour of slags has also been highlighted. This is particularly critical

near to the outlet region where temperatures are generally lower. From the experiences of the studied pilot

scale reactor, maintaining a high temperature with a steeper slag tap region and wider outlet may allow a high

viscosity slag to flow continuously into the quench pool. The position and water distribution of quench water

sprays are also important in avoiding excessive cooling of slag that can result in blockages.

5. Conclusions

Zhe ash transformations associated with slag formation during PEFG of woody biomass have been studied by

experimental campaigns that enabled characterisation of ash deposits and slag. Thermochemical equilibrium

analyses and utilisation of viscosity models supported explanations for slag formation behaviour and slag flow

behaviour. Based on the results and analyses, the following conclusions are drawn:

PEFG of wood at relatively low temperatures (near wall < 1200 °C) resulted in comparatively insubstan

tial deposit with high levels of Ca, attributable to the low ash content especially in Si and K

Substantial deposits collected on the reactor probe from the low temperature campaigns were only ev

ident with the fuels containing higher ash contents; i.e., bark and PMDR. These two fuels likely con

tained common Si rich contaminant minerals in the form of quartz and feldspars.

High temperature PEFG (near wall > 1300 °C) likely induces interaction between wood ash and mullite

based refractories; i.e., corrosion, which led to enhanced slag formation

From a thermodynamic perspective based on global reactor conditions relevant for PEFG, melt for

mation propensity is broadened with increasing pressure, increasing amounts of Si and gaseous K spe

cies

Conversely, Ca rich fuels are not prone to melt formation due to stability of Ca rich crystalline phases

Control of slag viscosity, including onset of melt crystallisation is important in avoiding reactor outlet

blockages

A slag formation scheme was proposed, based on the experimental results, TEC results, slag viscosity model

results and existing knowledge of ash transformations. Suggestions regarding PEFG operation to avoid slagging

problems were also discussed.
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6. Proposals of future work

As a result of this study, a number of suggestions are listed in this section with the aim of continuing the elucida

tion of the slag formation and other ash transformation processes that occur during PEFG of woody biomass.

A closure of ash forming elemental balances is required to elucidate more aspects of the ash transfor

mations during pilot scale PEFG of woody biomass. Knowledge regarding elemental fractionation is im

portant in order to devise necessary measures to handle potential ash related problems. Sampling and

measurement of products inside the reactor, in the quench water and raw syngas would give an indica

tion of such fractionations.

Experiments under controlled conditions are necessary to elucidate more fundamental behaviours of

ash transformations; e.g., degree of volatilisation of K during different stages of fuel conversion. The

current pilot scale PEFG reactor is vital in reproducing operating conditions and phenomena close to an

industrial reactor. However, the actual conditions that fuel and ash particles undergo are unknown.

Hence, there is a need to supplement the current results with results obtained when conditions are

well defined and preferably, controlled. Such experiments can utilise apparatus such as drop tube reac

tors that allow for more varied measurements and ash sampling techniques.

An apparent need for additives or fuel blending during PEFG of woody biomass has been shown in this

this study. Relatively high Ca contents coupled with low ash contents are not conducive of melt for

mations that can facilitate continuous operation as well as retention of alkali within a condensed phase.

Fuel blending may be of greater interest compared to fuel additives because the former retains higher

heating values and minimises thermal ballast compared to the latter. Candidate blending fuels include

peat and reed canary grass, both which can contain significant levels of Si. In the interest of ash recircu

lation, however, it is of greater interest to recover ash material in biologically available forms. With re

spect to this, fuel blending to produce ash that can be recirculated and for alkali/alkaline earth metal

retention, e.g., phosphates, may prove more prudent.

Development of slag viscosity models that take into consideration crystalline products, including for

mation kinetics, shape, size and distribution within the molten phase, is necessary for detailed model

ling of the overall slag flow behaviour. Likewise, the TECs carried out would benefit in accuracy if im

proved data and models for the K O CaO SiO and K O Al O SiO systems become available.
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ABSTRACT: Pressurized entrained-flow gasification of renewable forest residues has the potential to produce high-quality
syngas suitable for the synthesis of transport fuels and chemicals. The ash transformation behavior during gasification is critical to
the overall production process and necessitates a level of understanding to implement appropriate control measures. Toward this
end, ash deposits were collected from inside the reactor of a pilot-scale O2-blown pressurized entrained-flow gasifier firing stem
wood, bark, and pulp mill debarking residue (PMDR) in separate campaigns. These deposits were characterized with
environmental scanning electron microscopy equipped with energy-dispersive X-ray spectrometry and X-ray diffractometry. The
stem wood deposit contained high levels of calcium and was comparatively insubstantial. The bark and PMDR fuels contained
contaminant sand and feldspar particles that were subsequently evident in each respective deposit. The bark deposit consisted of
lightly sintered ash aggregates comprising presumably a silicate melt that enveloped particles of quartz and, to a lesser degree,
feldspars. Discontinuous layers likely to be composed of alkaline-earth metal silicates were found upon the aggregate peripheries.
The PMDR deposit consisted of a continuous slag that contained quartz and feldspar particles dispersed within a silicate melt.
Significant levels of alkaline-earth and alkali metals constituted the silicate melts of both the bark and PMDR deposits. Overall,
the results suggest that fuel contaminants (i.e., quartz and feldspars) play a significant role in the slag formation process during
pressurized entrained-flow gasification of these woody biomasses.

■ INTRODUCTION

Forest-based biomass has the potential to become a significant
renewable feedstock for the production of transport biofuels
and other chemicals, especially in the Nordic region.1,2 A
possible production pathway involves thermal gasification of
the feedstock into syngas (primarily H2 and CO) before
subsequent syntheses of end products. For many synthesis
processes, high-purity syngas is essential.3 Among other
promising biomass gasification technologies,4,5 the industrially
successful production of high-quality syngas from coal feed-
stock utilizing pressurized entrained-flow gasification6 (PEFG)
has motivated interest to apply this process to biomass fuels.7,8

An important aspect of PEFG is the fuel ash behavior during
the conversion of the solid feedstock into crude syngas. Coal-
fired PEFG attains high temperatures that are evenly
distributed inside the reactor to facilitate the formation of
molten ash, or slag.9 When molten ash adheres upon the
reactor wall, the ensuing slag can flow steadily down the side to
shield ceramic linings and cooling screens against the high
temperatures. This slagging operation mode also serves to
reduce the fly ash load entrained downstream. Appropriate slag
properties (e.g., surface tension, viscosity) are crucial for
adequate wall coverage and consistent tapping, factors that
constrain the operating conditions to an extent.10−12 The
behavior of coal ashes during PEFG has been studied
extensively, and although incomplete, the obtained knowledge
is sufficient for the implementation of appropriate control
measures such as flux addition and fuel blending.13−15 Such
knowledge, however, may not be directly applicable to PEFG of

woody biomasses because of the significant differences in
quantity and composition of the ash-forming elements. The ash
contents in woody biomasses are generally lower in quantity,
but the mode of occurrence of the ash-forming elements
exhibits higher volatility and reactivity compared with coal
ash.16,17 In fact, experiments in bench-scale PEFG reactors and
thermodynamic equilibrium modeling have shown that some
wood fuel mixtures are not prone to significant slag
formation.18 Moreover, empirical viscosity models developed
for coal and magmatic slags may not be applicable to the small
amounts of melts that are formed, which likely contain high
levels of alkali and alkaline-earth metals inherent to woody
biomasses.19,20 Presently, the ash transformations during PEFG
of woody biomasses require detailed elucidation in order to
assess their ramifications upon three main aspects. First, the
operational availability of the reactor is affected by the slagging
characteristics that occur inside, since consistent removal of ash
material is necessary to prevent outlet plugging. Slagging
behavior is also crucial to sustaining an adequate insulating
coverage of the reactor wall or cooling screen. The containment
materials that constitute the refractory of the reactor can also
chemically interact with ash-derived slag and gaseous species to
cause cracking and spallation that jeopardize their longev-
ity.21,22 Second, crude syngases can carry fly ash particles and
gaseous inorganics that cause detrimental effects downstream,
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such as corrosion of heat recovery systems, contamination of
syngas cleaning sorbents, and poisoning of biofuel production
catalysts.23,24 Finally, the suitability of the ash products for
recirculation back to the forestdirectly or indirectlyis a
prerequisite for attaining sustainability of the overall production
process, since much of the essential nutrient elements are
contained in forest residues.25−28 In short, successful adaptation
of woody biomass fuels for PEFG requires an understanding of
the ash transformation processes in order to formulate
countermeasures against potential problems throughout the
overall chemical production process. Toward this objective, it is
necessary to gain knowledge about the ash behaviors that occur
inside a reactor that can reproduce, to some extent, the
phenomena associated with an industrial-scale reactor.11,29 This
study characterized the ash deposits collected from inside a
pilot-scale O2-blown PEFG reactor that fired stem wood, bark,
and rejected pulp mill debarking residue (PMDR) in three
separate campaigns. Characterization of these ash deposits from
such a reactor elucidated the bulk slagging behavior of each
fuel.

■ EXPERIMENTAL SECTION
Experimental Facility. A brief description of the most pertinent

features of the PEFG reactor is given here; a detailed description and
flow schematic including operational procedures are presented by
Weiland et al.30 The PEFG reactor (1 MWth nominal, located at ETC
Pitea,̊ Sweden) consists of a cylindrical pressure vessel lined internally
with mullite-based refractory bricks (Vibron 160H: Al2O3, 63 wt %;
SiO2, 31 wt %; Fe2O3, 1 wt %) and is shown schematically in Figure 1.
Milled fuel is fed into the reactor via a single top-fired centrally
positioned burner. Flows of pure gases can be controlled to supply gas
mixtures as the oxidant feed. Upon the introduction of fuel and
oxidant into the preheated reactor, the gasification process is sustained
by the heat released from oxidative reactions (i.e., there are no external
sources of heating). Crude syngases are drawn through a cone section
before being quenched by water sprays and then passed through a
bubbling quench. The bulk of the crude syngas is then flared, while a
portion is drawn consecutively through a particle trap, a particle filter,
and a condenser with a condensate trap in order to monitor the syngas
composition with microgas chromatography (MKS Multigas 2030 HS)
and Fourier transform infrared (FTIR) spectrometry (Varian 490 GC,
molecular sieve 5A, PoraPlot U columns). S-type thermocouples with
protective ceramic encapsulations are inserted into the reactor at top,
middle, and bottom locations with their measurement tips flush but
not in contact with the wall. For all of the campaigns, the oxidant was a
90/10 O2/N2 mixture. The supplied O2 rate for each campaign
corresponded to a stoichiometric O2-to-fuel ratio (λ) of approximately
0.45. N2 was streamed with the fuel to maintain an inert atmosphere
along the fuel chute until the burner. Another steady N2 purge into the
reactor was needed to protect a video camera that was mounted at the
top of the reactor for monitoring purposes. Intermittent N2 “shock
puffs” were also administered to disintegrate powder bridge formations
in the fuel containment lock hoppers in order to reduce fuel feeding
disruptions. Consequently, the oxidant O2 concentration fed into the
reactor fluctuated around approximately 70% (v/v). The pressure
inside the reactor was maintained at approximately 2 bar absolute with
a fuel input of 40 kg/h (200−210 kWth) for each campaign.
Fuel Compositions. Three woody biomass fuels were used in the

campaigns: pine stem wood (Wood), spruce bark (Bark), and pulp
mill debarking residue (PMDR) that consisted mainly of wood and
bark from both pine and spruce (Table 1). Fuel preparation involved
hammer milling with passage through a 0.75 mm sieve to produce
powdered fuel. Only one sample was analyzed for the wood fuel
because of confidence in its relatively high homogeneity from previous
experiences. During fuel milling, two and three composite grab
samples were collected from the bark and PMDR fuels, respectively,
and analyzed for ash and moisture contents. Because of practical

Figure 1. Simplified schematic of the PEFG reactor showing the
locations of the ash sampling probe and the bottom thermocouple
used to measure near-wall temperatures.

Table 1. Ultimate and Proximate Compositions of Fuels

element Wood Bark PMDR unit

Naa 15 431 ± 1 690 ± 457 mg/kg d.s.g

Mga 187 790 ± 43 691 ± 73 mg/kg d.s.
Ala 26 1106 ± 30 1728 ± 1287 mg/kg d.s.
Sia 79 4808 ± 803 7010 ± 5285 mg/kg d.s.
Pa 48 460 ± 22 396 ± 36 mg/kg d.s.
Sa 60 330 ± 18 260 ± 8 mg/kg d.s.
Clc <80 119 ± 3 128 ± 1 mg/kg d.s.
Ka 357 2034 ± 82 2169 ± 855 mg/kg d.s.
Caa 736 8719 ± 303 6237 ± 389 mg/kg d.s.
Mna 116 538 ± 24 412 ± 18 mg/kg d.s.
Fea 28 710 ± 35 855 ± 579 mg/kg d.s.
Znb 9 97 ± 6 121 ± 2 mg/kg d.s.
asha 0.4 4.3 ± 0.4 4.5 ± 2.0 d.s.%
Cd 50.9 52.2 52.6 d.s.%
Hd 6.3 5.6 6.4 d.s.%
Nd 0.1 0.41 0.38 d.s.%
Oe 42.4 37.5 38.3 d.s.%
moisturef 4.7 7.6 ± 0.3 4.3 ± 1.2 wt%

aAshing at 550 °C. Fusion with LiBO4 followed by HNO3 digestion
and ICP-SFMS analysis EPA (modified) 200.8. bMicrowave digestion
with HNO3/H2O2.

cSintered at 550 °C with Na2CO3 and ZnO, water-
leached, purified with cation exchanger, and analyzed by ICP-SFMS
EPA (modified) 200.8. dSS-EN 15104:2011/15407:2011. eBy differ-
ence. fSS 02 81 13-1. gd.s. = dried sample.
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difficulties in applying the sampling principles as outlined by Petersen
et al.,31 it is highly doubtful that representative samples are given by
the mean values. Hence, the heterogeneities in these fuels are
highlighted by the standard deviations shown after the mean values.
Since the PMDR consisted of both stem wood and bark, it was
unexpected that it appeared to contain a higher level of K than the
bark fuel. In addition, the Na, Al, and Si levels in both the bark and
PMDR were significantly higher than that of typical pure stem wood
or bark.32 These elements also varied relatively greatest for the PMDR
fuel, while Si also varied the greatest in the bark fuel. Collectively,
these observations suggest the inclusion of typical soil-based
contaminants (e.g., quartz and feldspars) that were unevenly
distributed within the fuel. Notwithstanding the large variations,
these elements, along with Ca, are the main differences between the
bark and PMDR fuels. For comparative purposes, the molar inorganic
elemental distributions are shown in Figure 3 in the Results. The fuel
campaigns were carried out in the order (1) wood, (2) bark, and (3)
PMDR; the underlying ramifications of this order are addressed in the
Discussion.
Ash Deposit Sampling. A noncooled probe with a horizontal

platform tip of 6.5 cm (width) × 5 cm (depth) was inserted from the
side into the reactor such that only the depth of the tip protruded into
the reactor (middle left, Figure 1). The ash deposit probe was located
on same level as the bottom thermocouple but at a different
circumferential location. It was cast from the same Vibron 160H
material as the reactor lining. The horizontal platform was set
perpendicular to the reactor wall, ensuring that gas flow ash deposits as
well as downward-flowing slags upon the wall would be collected. This
was intended to emulate the accumulation of particles and slags that
contact and adhere to the reactor wall. A new probe was used for each
trial and was installed prior to preheating of the reactor. At the
conclusion of each trial, a mild flow of N2 was purged through the
reactor. After the temperature had dropped to below 150 °C
(approximately 48 h after shutdown), each probe was retrieved and
stored in a desiccator at all times except during sample preparation and
analyses. Some further implications of using such a sampling probe are
addressed in the Discussion.
Ash Deposit Characterization. A Philips XL30 environmental

scanning electron microscope (ESEM) equipped with a LaB6 emitter
and a dedicated backscattered electron (BSE) detector was used to
visualize the compositional contrasts of the reactor ash deposit
specimens. The ESEM was paired with an EDAX energy-dispersive X-
ray spectroscopy (EDS) detector for semiquantitative analysis of the
elemental compositions of spots and areas. The ESEM was operated at
an accelerating voltage of 20 kV and a beam diameter of approximately
5 μm. A Bruker D8 Advance X-ray diffraction (XRD) instrument in
θ−θ mode with an optical configuration consisting of a primary Göbel
mirror, Cu Kα radiation, and a Van̊tec-1 detector was used to
semiquantify crystalline phases. Continuous scans were applied, and by
the addition of repeated scans the total data collection time for each
sample lasted for at least six hours. The PDF2 databank33 and Bruker
software were used to make initial qualitative identifications. The data
were further analyzed with the Rietveld technique and data from
ICSD.34 The ash deposits collected from the bark and PMDR
campaigns could be removed from their respective probe tips.
Consequently, they were set in epoxy before being polished with
rotating SiC papers of graduated fineness to reveal cross sections. Dry
polishing was carried out to avoid possible loss of soluble salts. The
bark and PMDR deposits were also crushed in order to find the bulk
compositions based upon 20 SEM-EDS area analyses of approximately
1.2 mm × 1 mm as well as to carry out XRD analyses. The deposit
from the wood campaign could not be removed from the probe tip;
subsequently, ESEM analysis was carried out directly upon a section
cut from the probe tip. XRD analysis was not carried out on this
deposit.
Thermochemical Equilibrium Calculations. Global thermo-

chemical equilibrium phase compositions based upon each fuel under
conditions inside the reactor (2 bar, λ = 0.45, 70 mol % O2
concentration) were obtained using the Equilib module of FactSage
6.3 (Gibbs energy minimization).35,36 This was undertaken to compare

the thermodynamically prescribed melt formation propensity against
the actual characteristics of the deposits resulting from each fuel.
Relevant thermodynamic databases containing pure stoichiometric
phases as well as solid/liquid salt/oxide solutions were included in the
calculations (Table 2). Emphasis was placed upon observing the
relationship between Si and K, as they have an important role in slag
formation on the basis of combustion studies.37,38 Hence, the
distribution of K within condensed phases was observed as a function
of Si, which was varied from zero up to the total amount present in
each respective fuel. This was intended to account for the significant
fractions of Si that constitute soil contaminants. Such forms of Si may
have limited reactivity compared with those inherent in pure woody
biomass.32 The temperature range of 900−1500 °C was selected to
bracket the near-wall temperatures recorded during steady operations,
which were taken as coarse estimates of the probe ash deposit
temperatures. Al, P, Mn, Fe, and Zn were omitted to isolate the
interactions between the main ash-forming elements, namely, Si, Ca,
K, Mg, and Na. S and Cl were also included because they have been
found to strongly influence the partitioning of K into the gas phase.39

■ RESULTS
Syngas Composition and Temperature Measure-

ments. During steady operation of the PEFG reactor, the
composition of the syngas was approximately 25−30 mol % H2,
47−53 mol % CO, 15−24 mol % CO2, and 2−3 mol % C1/C2
hydrocarbons on a dry O2- and N2-free gas basis. At these
times, temperatures along the reactor near the refractory wall
were between 1040 and 1250 °C, with temperatures at the top
approximately 60 °C higher than those at the bottom (the same
level as the ash deposit probe). The temperature profiles of the
thermocouple placed near the bottom are shown for the
relevant operation periods of each campaign (Figure 2). Each
profile began with a decreasing temperature due to the time
needed to remove the reactor preheating element and to fixate
the fuel feeder. This was then followed by N2 purging of the
reactor to ensure a reduced atmosphere before commencement
of the fuel feeding. At the beginning, λ was set to 0.5 for
approximately 0.5−1.5 h in order to promote oxidative
reactions to increase the reactor temperature more rapidly.
After this period, λ was gradually set to 0.45, which caused a
noticeable temperature drop. Thermal equilibrium with respect
to the near-wall temperatures was not reached in any campaign,
as indicated by the steady increases. There were also some
interruptions during the campaigns, which are evidenced by
sudden temperature drops. During such interruptions, N2 was
purged through the reactor until rectifying actions were
completed and fuel and oxidant feeding could recommence.
The nature of these interruptions pertained mainly to the fuel
feeding system. The large temperature drop in the bark
campaign just after the beginning was due to problems with the
pilot ignition flame, which was required to flare the crude
syngas. Each campaign had steady operations for approximately
4−6 h cumulatively. The bark and PMDR campaigns were
shorter because of fuel quantity limitations. Water sprays at the

Table 2. Databases Used in the Thermochemical
Equilibrium Calculations (in Order of Precedence for
Duplicate Compounds)

database full name

FToxid SLAGA (oxide melt: Na2O, MgO, SiO2, K2O, CaO, <10% S)
FTpulp MELTA (Na+, K+ // CO3

2−, Cl−, OH−, S2−, SO4
2− salt melt)

FTsalt LCSO (K+, Ca2+ // CO3
2−, SO4

2− melt)
SCSO (K+, Ca2+ // CO3

2−, SO4
2− solid solution)

FACTPS pure stoichiometric gas, liquid, solid phases
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outlet of the reactor, combined with the bubbling quench,
cooled the crude syngas to below 100 °C as it exited the
reactor.
Bulk Ash Deposit Inorganic Elemental Compositions.

Figure 3 shows side-by-side comparisons of the inorganic
compositions of the fuels against their respective bulk ash
deposits collected upon the probe. For the wood deposit, the
composition of the Ca−Al silicate coverage (described later) is
plotted, as it was the dominant feature upon the probe.
Common to each ash deposit are the diminishment of Ca and
the enrichment of Si andto a lesser extentAl in comparison
with their respective fuels. The share of elements with lower
levelsNa, Mg, P, Mn, Fe, and Zndo not show significant
differences between respective fuels and ashes. Aside from the
depletion of K from the Ca−Al silicates resulting from the
wood fuel, the shares of K in the other ash deposits were similar
to those of their respective fuels. S and Cl that were present in
the fuels were not detected at significant levels in the ash
deposits.

XRD Identification of Crystalline Phases in Bulk Ash
Deposits. Table 3 shows the proportions of crystalline phases

detected from the XRD analysis. The presence of common
sand and soil minerals in the form of quartz and feldspars
(albite and microcline) was confirmed for both bark and
PMDR, with these minerals dominating the crystalline phases
in the latter. For bark, K silicates were largely in the form of
leucite, while Ca (Mg) silicates in the forms of merwinite,
wollastonite, and ak̊ermanite dominated the crystalline species
of the specimen. Apatite and anhydrite were also detected,
though only a minor level of P and no significant level of S were
detected in the bulk ash analysis. Some corundum and mullite
were also detected; these are likely refractory material of the
probe as artifacts from the ash deposit removal process. For
PMDR, K was also detected as leucite and arcanite, though S
was also not significantly detected from the bulk ash analysis.
Sanidine, a high-temperature modification of K feldspar, may
also have formed at high temperature from microcline.
Crystalline phases that contain alkaline-earth metals include

Figure 2. Near-wall temperature profiles as recorded by the bottom
thermocouple (at the same level as the reactor ash deposit probe) for
the PEFG campaigns.

Figure 3. Inorganic compositions of fuels and bulk ash deposits, normalized to a C- and O-free basis. The presented Cl level of wood is equal to the
analysis limit of 80 mg/kg d.s.; hence, the actual level may be lower.

Table 3. Semiquantitative Proportions of Crystalline Phases
Detected by XRD Analysis

formula phase name Bark wt % PMDR wt %

SiO2 quartz 4 23
NaAlSi3O8 albite 6 17
KAlSi3O8 sanidine − 18
KAlSi3O8 microcline 5 11
KAlSi2O6 leucite 22 9
KAlSiO4 kalsilite 2 −
K2SO4 arcanite − 7
Al2O3 corundum 5 −
Al6Si2O13 mullite 6 −
(CaMg)(CO3)2 dolomite − 6
Ca3Mg(CO3)4 huntite 4 −
CaSO4 anhydrite 3 −
Ca5(PO4)3(OH) apatite 4 −
Ca2Mg(Si2O7) åkermanite 18 1
Ca3Mg(SiO4)2 merwinite 5 2
CaSiO3 wollastonite 16 6
total crystalline phases 100 100

Energy & Fuels Article

dx.doi.org/10.1021/ef401591a | Energy Fuels 2013, 27, 6801−68146804



merwinite, wollastonite, and ak̊ermanite as well as dolomite.
The relative proportions of these are smaller than for the bark
deposit specimen, possibly because of the larger quantities of
quartz and feldspars as well as the amorphicity of the
corresponding elements within a melt phase. Moderately high
backgrounds were observed for both bark and PMDR,
suggesting the presence of an amorphous phase that is probably
due to the melt components. It is not expected that organic
matter such as tars were responsible for this because
temperatures were sustained above 1000 °C for a significant
period. However, soot formation has been observed for bench-
scale PEFG of wood8,40 and could be in an amorphous phase as
observed from combustion of such richly oxygenated fuels.41

SEM-EDS Characterization of Ash Deposits. All of the
SEM-EDS analyses detected high levels of oxygen and possible
carbon, but this was not quantified reliably. Hence, all of the
inorganic elemental compositions were normalized to a C- and
O-free basis. Also, the BSE images of specimen cross sections
showed prominent streaks that are artifacts of the dry polishing
process.
Wood. The amount of ash deposit collected by the reactor

probe was not sufficient for examination of its cross section.
Hence, the SEM-EDS analysis was carried out directly upon the
surface of a section cut from the probe tip. The dominant
feature on the surface is a coverage of branched crystal
structures (Figure 4). Al and Si dominate the inorganic
elemental composition of these areas (limited to two 100 μm ×
100 μm areas and three spot SEM-EDS analyses because of the
weak signals from the uneven surface), along with significant
levels of Mg and Ca (second column, Figure 5). There appears
to be a distinct lack of K in these areas, although structures rich
in K and Ca with molten appearances were also found (top
center, Figure 4). Three SEM-EDS spot analyses were
performed at different locations upon this molten particle,
which appears to be relatively heterogeneous as indicated by
the variations in K and Ca (third column, Figure 5). Upon
closer examination, the portions richer in K appeared to be
more uniformly consolidated, while crystal formations were
observable for the portions richer in Ca. Such particles and/or
locations characterized by relatively high K and low Ca content
were relatively rare. More abundant were clustered structures
(middle center, Figure 4) with a convoluted and porous
appearance. Their compositions are very high in Ca with
significant levels of P (rightmost column, Figure 5). All of the
analyses contained high levels of Al and Si. Very low levels of
Na, Mn, and Fe were detected, while S, Cl, and Zn were not
detected at significant levels in any of the analyses.
Bark. The deposits collected from the bark campaign

consisted of clusters of lightly sintered aggregates, which
disintegrated easily from each other when scraped from the
probe with a spatula. These loose ash aggregates were set in
epoxy and polished to reveal their cross sections. Individual ash
aggregates were up to 500 μm in size, and the larger of these
consistently contained three distinguishable components: (1)
particle(s) of quartz and/or feldspar; (2) Si- and Ca-rich
locations, herein termed Ca silicates; and (3) a region with a
consolidated appearance, herein termed melt. These features
are identified upon a typical aggregate in Figure 6a. The spatial
relationships between these components also display consis-
tency: quartz and/or feldspar particles are embedded within the
melt, while the Ca silicates are located toward the peripheries of
the ash aggregates in a sparse and irregular layer. Feldspar
particles tend to be closer to the boundaries of the aggregates,

such that there is often very limited or no melt component
between the feldspar and the Ca silicate layer. Smaller ash
aggregates/particles also consist of these components, but often
only as a combination of two or fewer components (top left,
Figure 6a). Some of the surface outlines of the larger aggregates
were similar in shape to the embedded quartz particle as
exemplified in Figure 6b. The mean inorganic composition of
the melt component (second column, Figure 10) was obtained
from a total of approximately 40 spot analyses at different
locations upon eight separate aggregates. Si dominates the
composition, followed by alkali metals and minor amounts of
Al and Ca. This melt composition did not vary greatly among
different locations upon the different ash particles, as indicated
by the narrow standard deviation error bars. A magnification of
a region where the melt interfaces with Ca silicates and a quartz
particle is shown in Figure 7. The inorganic composition of the
indicated Ca silicate located at the lower right is dominated by
Ca and Si in a ratio of about 2:3 (leftmost column, Figure 11).

Figure 4. Wood: BSE image of ash deposits upon the reactor probe.

Figure 5. Wood: Comparison between the inorganic compositions of
fuel ash and probe ash deposit features exhibited in Figure 4,
normalized to a C- and O-free basis. The Cl level presented is equal to
the analysis limit of 80 mg/kg d.s.; hence, the actual level may be
lower.
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The distinctive subhedral outlines exhibited by this type of Ca
silicate were regularly observed embedded within the melt
precisely adjacent to peripheral Ca silicates. Spot analyses of
visually similar Ca silicates were also found to contain
distinctively elevated levels of Al and Mg and, to lesser extents,
Na and P (second column, Figure 11). The presence of the
latter two elements may correspond to the crystalline phases
ak̊ermanite, merwinite, and apatite, which were detected by
XRD analysis. The only crystalline phase detected with Na is
the feldspar albite; however, Na can also substitute for Ca as
part of the melilite minerals (likewise, Al substitution of Mg or
Si), of which ak̊ermanite is a member. Other formations were
also found, especially in regions close to feldspar particles.
Figure 8 shows a magnification of one such heterogeneous
region located near the boundary of a feldspar particle with
nearby Ca silicates. Spot analyses of locations indicated as
(Melt) A and (Melt) B showed that their compositions (third
and fourth columns, respectively, Figure 10) resemble that of
the overall melt with a slight Fe enrichment in the latter. Spot

analyses of the light region to the lower left in Figure 8 (Ca
silicate A) indicated that the composition is dominated by Ca
and Si at a ratio of almost 2:1, which could be modifications of
Ca2SiO4 (third column, Figure 11). The region surrounding
this (Ca silicate B, Figure 8) consists of a convoluted spinodal
decomposition of what appears to be Ca silicates embedded in
the melt. Because of the heterogeneity and limited resolution of
the SEM-EDS, spot compositions of this region show relatively
large variations, although enrichment of Si and Ca is evident
(fourth column, Figure 11). Another region where a feldspar is
close to a Ca silicate is shown in Figure 9. An assortment of
spot analyses were taken at the locations labeled as Ca silicates
A. Their compositions consist mainly of Si and Ca (fifth
column, Figure 11), although variations in the amount of Ca as
well as minor differences in the levels of Na, Al, K, and Fe are
apparent. Closer to the feldspar, subhedral crystal outlines in
the top right corner (Ca silicate B, Figure 9) similar to those in
Figure 7 are seen, with similar compositions (rightmost

Figure 6. Bark: Cross-section BSE image of a typical aggregates with component identification.

Figure 7. Bark: Cross-section BSE image showing subhedral Ca
silicates near periphery of aggregate.

Figure 8. Bark: Cross-section BSE image of different Ca silicate
crystallizations upon an aggregate periphery in close proximity to a
feldspar particle with possible interstitial melts.
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column, Figure 11). Several interstitial locations between the
Ca silicate and feldspar, indicated by the arrows, show
compositions close to that of the overall melt (rightmost
column, Figure 10).

The compositional relationship between Si and Ca of
approximately 50 spot analyses of different Ca silicates upon
the peripheries of different aggregates are summarized in Figure
12. The relationship between Si, Ca, and Mg seems to indicate
that these silicates were coexisting closely with each other, such
that the SEM-EDS was not restricted to the detection of
isolated crystalline phases. It is apparent that the spots with
compositions higher in Mg tend to cluster closer to the major
Ca−Mg silicate crystalline phase detected by XRD analysis (i.e.,
ak̊ermanite). Correspondingly, the spots with compositions low
in Mg are clustered closer to Ca silicates that correspond to
Ca2SiO4 modifications and wollastonite. Incidentally, the
Ca2SiO4 modifications are only tentatively identified by the
Si:Ca ratio from SEM-EDS analysis and knowledge that larnite

is a phase that has been identified in combustion42,43 and
gasification4 studies. However, it was not detected by the XRD
analysis.

Pulp Mill Debarking Residue Deposit. A hard sintered
deposit up to 3 mm thick was collected upon the probe after
firing of PMDR. This deposit was firm and continuous with an
obvious appearance of a molten state, in contrast to the loose
and lightly sintered bark ash aggregates. Whole fragments of
this deposit slag were detached from the probe tip when an
attempt was made to cut and remove a section of the probe tip.
Hence, a specimen from this detached deposit was set in epoxy
for SEM-EDS analysis. Figure 13 shows a cut and polished
cross section of the deposit that reveals quartz and feldspar
particles embedded within a melt component. The feldspars
were rich in Na and K (middle column, Figure 14), which were
detected in significant amounts as albite and sanidine,
respectively, in the XRD analysis (Table 3). The melt
component (rightmost column, Figure 14) was composed
mainly of Si and showed some differences with the melt
component observed for bark. The most significant difference is
the relative amounts of K and Ca: the bark melt had a K:Ca
molar ratio of about 2:1, while for the PMDR melt this ratio
was 1:2. The latter was also approximately 10 mol % lower in Si
but also higher in Al by approximately the same amount.
Notwithstanding the uncertainties of the SEM-EDS measure-
ments, a subtle correlation between the levels of alkaline-earth
metals, alkali metals, and the sum of Al + Si in the melt
component is apparent (Figure 15). On the basis of eight
approximately 100 μm × 100 μm area analyses of different
regions in the melt, the levels of alkali and Al + Si appear to be
inversely related to the levels of alkaline-earth metals. Closer
examination of the melt component also shows lamellar crystal
formations in the melt that possibly are due to the moderate
cooling rate after the conclusion of the campaign. Voids with
rough circular shapes up to 200 mm in sizeseen as black gaps
filled with epoxy in Figure 13were also observed throughout
the specimen.

Thermochemical Equilibrium Calculations. The major
thermodynamically stable condensed K phases (>1 mol %) for
increasing levels of Si between 900 and 1500 °C based upon
the bark and PMDR fuels are shown in Figure 16a,b,
respectively. The two fuel scenarios show similar trends. At
900 °C with low Si content, K can be stable as a carbonate salt
melt. As Si increases up to the total level present in each
respective fuel at this temperature, K is stabilized within a
silicate melt, and in the PMDR case, as a K silicate crystalline
phase. With increasing temperature, the stability of gaseous K
species (atomic K, KOH, KCl) increases significantly for both
fuel scenarios, and K is subsequently retained only within a
silicate melt. It is also clear that as the temperature increases,
greater amounts of Si are required to retain K within the silicate
melt. At high temperatures, the presence of alkaline-earth metal
silicates (e.g., Ca2SiO4, Ca3MgSi2O8) and their share within the
silicate melt both increase, corresponding with the suppression
of the proportion of K within the melt. This is highlighted by
the Si/(Mg + Ca) molar ratio plotted upon the upper x axes.
The proportion of K in the melt increases most markedly when
this ratio reaches 0.5 for both the bark and PMDR at all
temperatures. The similar K levels in the two fuels enable a fair
comparison of their melt formation tendencies assuming that
melt formation is initiated by the interaction of K with fuel-
contaminant-derived Si. Therefore, the difference in the
fraction of Si required before significant incorporation of K

Figure 9. Bark: Cross-section BSE image showing subhedral Ca
silicates near periphery of aggregate.

Figure 10. Bark: Comparison between the inorganic compositions of
fuel ash and possible melt component within ash aggregates,
normalized to a C- and O-free basis.
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into the melt implies a difference in the melt formation
propensities of these two fuels. Interpreted accordingly, the
melt formation propensity of PMDR is greater, requiring
approximately 35% of the Si in the fuel to be reactive before
significant melt formation, while for bark this value is
approximately 75%. Calculations based upon the composition
of the wood fuel yielded only gaseous K species (K, KOH, KCl)
for all temperatures between 900 and 1500 °C, indicative of
very low melt formation potential. These differences between
the fuels offer a thermodynamic interpretation of the
significantly different slagging behaviors observed upon the
deposits of each fuel campaign, since they likely result from the
melt formation characteristics.

■ DISCUSSION
Prior to a discussion of the results presented, some important
issues pertaining to the ash sampling method must be
highlighted. First, the ash deposit probe had to be inserted

Figure 11. Bark: Inorganic compositions of Ca silicates upon aggregate peripheries, normalized to a C- and O-free basis.

Figure 12. Bark: Compositional relationship between Si, Ca, and Mg
of Ca silicates lying upon aggregate peripheries (△, □, × ) along with
average melt composition and idealized values of major K and alkaline-
earth silicate crystalline phases detected by XRD (●).

Figure 13. PMDR: Cross-section BSE image of probe deposit.

Figure 14. PMDR: Comparison between the inorganic compositions
of fuel ash and probe ash deposit features exhibited upon Figure 13,
normalized to a C- and O-free basis.
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into the reactor before commencing each campaign and could
only be retrieved some period after shutdown. This meant that
ash materials were collected from a range of changing
conditions, as depicted by the temperature profiles (Figure
2), that is, from startup until shutdown, inclusive of λ changes,
interruptions, and restarts. The following discussion assumes
that these events are negligible with regard to the ash
transformation processes, since N2 was purged through the
reactor during interruptions as well as before startup and after
shutdown. Second, the degree of interference with the flow and
particle trajectories due to the presence of the probe is
unknown. Such effects may have biased the collection of slag/
particles in relation to their physical characteristics (e.g., size,
density). Furthermore, some deposits captured upon the probe
tip may have experienced longer residence times than if they
had adhered to the reactor wall at the top and flowed down
gradually. Combined with the first point, this would also mean
that captured deposits experienced different histories of
prevailing conditions depending upon when they became
captured. Since it is not possible to clarify these effects, it is only
rationalized that the near-wall placement of the uncooled probe
should facilitate the collection of deposits that are similar to
those that may occur upon the reactor wall. Finally, because
there was no practical means to assert the level of remnant
residues upon the reactor wall from each campaign, there is a
possibility that they could have influenced the fuel ash behavior
of deposits of subsequent campaigns. This was minimized by
firing the fuels in increasing order of anticipated slagging
propensity, thereby collectively minimizing the overlap of ash
residue remnants from the campaigns. Tellingly, the prominent
differences between the physical forms of the collected deposits
suggest that the bark and PMDR campaigns were not
significantly affected by the operational histories that preceded
their respective campaigns. Hence, this discussion treats the ash
deposit from each fuel campaign independently.
Wood. The relatively low ash content of stem wood

manifested a correspondingly low amount of deposit collected
upon the reactor probe. All of the SEM-EDS analyses detected
high levels of Al and Si. On the basis of the current analyses it is
not possible to pinpoint a specific reason for this. In view of the
low Al content in the fuel, it is highly unlikely to have
originated from the fuel. One possible cause can be attributed

to the thinness of the deposit, resulting in the unavoidable
detection of the underlying mullite-based refractory of the
probe. Under this assumption, the branched crystal coverage
could in actuality be a thin layer of Ca−Mg silicates, while the
molten and clustered particles consist mainly of K−Ca silicate
melt and Ca−P compound(s), respectively. The extent of the
main feature of the depositthe coverage of branched crystals
of Ca−Al silicatesdoes suggest the presence of a molten state
that may have involved interaction between the deposit and the
mullite. Coda et al.18 found mainly Ca- and O-rich particles
upon the deposit probe in laboratory PEFG of beech and
willow wood. It is expected that such particles, presumably
CaO, were also released during the present wood campaign.
Such Ca species can react with Si to form thermodynamically

Figure 15. Bark: Relationship between the amounts of alkaline-earth
and alkali metals in the melt component of slag.

Figure 16. Condensed phases of K based upon thermochemical
equilibrium calculations.
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favorable Ca silicates. It cannot be determined whether Ca
reacts with Si during flow entrainment or upon the probe as a
consequence of the accumulation of dispersed particles
containing Ca and Si. In support of the former, high
temperatures due to the oxygen-enriched flame coupled with
carbothermal reduction can produce the gaseous species SiO,44

which can consequently promote enhanced reactivity with CaO
particles to form molten species with eutectics as low as 1436
°C.45 Alternatively, accumulation and contact between SiO2
and CaO particles collected upon the probe may also have led
to the formation of the Ca silicates. Regardless of the formation
mechanism, deposited Ca and Si can subsequently interact with
the mullite-based refractory. The Ca−Al silicate composition
upon the CaO−Al2O3−SiO2 phase diagram45 shows that it is
within the anorthite crystallization field near a eutectic
composition with a liquidus temperature of 1170 °C, a
temperature that was attained for the near-wall measurements.
The minor incorporation of other elements (e.g., Mg) may
have further reduced the melting temperature to enable the
observed contiguous coverage, while the moderate cooling rate
post-shutdown may have afforded the crystallization as
observed. In view of the low level but diffuse presence of
probable gaseous K, its absence from these branched crystals is
conspicuous and perhaps indicates that the presence of Ca in a
melt may have had a role, an issue discussed later. It seems,
moreover, that slag formation is low as a result of the low levels
of K and Si. Stabilization of molten K salts is precluded by the
high-temperature stability of gaseous K and KOH as well as
possibly a relatively high Cl content (Figure 3). Combined with
the stability of alkaline-earth silicates, this means that melt
formation is not thermodynamically favorable. Once K is
volatilized, however, localized reactions with Si-bearing particles
may create rare portions of K silicate melts (top, Figure 4). The
Ca phosphate cluster particles (center, Figure 4) are likely to be
typical compounds found from biomass combustion, such as
whitlockite [Ca3(PO4)2], which can also contain elements like
Mg and Fe within its crystal structure as detected by the SEM-
EDS.46 However, the low content of P in the fuel means that
these particles are relatively scarce.
Bark Aggregates. The high levels of Na, Al, and Si in the

bark fuel suggest substantial incorporation of common soil
constituents in the form of quartz sand and feldspar minerals.
Indeed, samples from the reactor probe show such particles to
be subsequently embedded to different extents within melt
components during the bark PEFG campaign. Aside from the
relatively thick melt layers, some of the ash aggregates from
bark firing (Figure 6) resemble that of bed material
agglomerates from fluidized bed (FB) combustion and
gasification.47,48 Particles of quartz are surrounded by a
homogeneous Si-dominated melt layer and a discontinuous
Ca-rich heterogeneous outer layer upon the aggregate
peripheries, analogous to the homogeneous inner layer and
the heterogeneous granular outer layer, respectively, of quartz
bed material from experiments by Brus et al.49 They reasoned
that the inner layer grows inward from the surface because of its
compositional reflectance of the quartz particle (i.e., Si-rich)
and also because of the irregularity of the reaction front that
favored crevices. Significant amounts of Ca and K were also
observed in the inner layers, and their respective levels are
strikingly similar to those in the melt component of the PEFG
bark aggregates, although the latter contains noticeably more
Na. Brus et al.49 went on to propose formation mechanisms for
these bed material layers, one of which seems relevant for the

current observations: (1) initiation via gaseous K condensation
and reaction with silica upon the surface of quartz particles; (2)
formation of sticky, low-temperature-melting K silicates; (3)
formation of the outer layer through adhesive collision,
condensation, and/or gas reaction with additional ash material;
and (4) diffusion of Ca and K through the outer and inner
layers, promoting inner-layer growth. The outlines of the PEFG
bark aggregates show similarity with that of the wholly
enveloped quartz particles (Figure 6), suggesting that it was
initiated by a diffuse source (e.g., a gas phase or finely dispersed
aerosol). In support of this is the distinct lack of quartz particles
enveloped in a silicate melt. Fine particles (<1 μm) collected
from experiments of high-temperature atmospheric entrained-
flow gasification of pulverized straw and corn stover by Leiser
et al.50 showed significant levels of K. This, along with global
thermodynamic equilibrium modeling,18,50 suggests that
volatilization and/or aerosol formation of K during PEFG of
biomass is highly likely. Hence, the interaction of gaseous K
with surface silica of contaminant quartz particlesleading to
the formation of sticky K silicate meltsappears to be a
plausible mechanism for initiating aggregate formation. The
melt layers of the aggregates from the PEFG of bark are much
thicker than the inner layers of bed particles from the
aforementioned FB experiments. This could result from the
significant temperature difference between the two processes.
The near-wall temperatures attained in the PEFG reactor were
around 200−300 °C higher than the bed temperatures of most
FB gasifiers/combustors.4,47−49 Considering also the temporal
temperature elevations of particles (e.g., vicinal burning
particles and passage through the O2-enriched flame regions),
this would mean that both the average and temporal peak
particle temperatures are significantly higher during PEFG. The
consequence of this may be an increase in the diffusivity of
cations in quartz in a molten or solid phase. At this point, it
may also be questioned whether the nominated term of “melt”
is an appropriate appellation. The rounded edges of the quartz
particle and the consolidated appearance suggest a molten
phase. Additionally, the well-defined and sharp outlines of the
interface between quartz and melt suggest a dissolution
mechanism,51 possibly in conjunction with the temperature-
accelerated diffusion of cations in the silicate melt,52 which
affects the viscosity and solubility of silica. However, the
aggregates hold firm outlines and do not display signs of
flowing. This could be due to high surface tension and/or high
viscosity, and as a coarse estimation, the melt composition at
1100 °C (above the maximum near-wall temperature recorded
during the bark campaign) yields a viscosity of above 1200 Pa s
when calculated with the Viscosity module of FactSage 6.3 (cf.
15−25 Pa s for slag in coal gasifiers19). On the other hand, if a
molten phase is not involved, the binary Na, K, and Ca
diffusivities in quartz also increase by approximately 1−4 orders
of magnitude in the interval between 800−1000 °C if extension
of the trends presented by Cherniak53 are applicable. If similar
behavior for a multicomponent diffusion system is assumed,
these factors could then at least in part give rise to the more
substantial “melt” component found in the PEFG bark
aggregates, despite the fact that the PEFG operation time was
roughly at least 10 times shorter than the aforementioned FB
experiments (approximately up to 4 h vs 40 h). It must also be
reminded that the near-wall temperatures did not reach
equilibrium and were significantly reduced as a result of the
interruption at the beginning of the campaign (Figure 2).
Hence, whether more extensive melting behavior due to higher
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temperatures would have led to a more contiguous deposit is
unknown, especially since viscosity can decrease dramatically
across certain temperature ranges. The significantly less
comprehensive envelopment of feldspar particles by the melt
component (Figures 6a, 8 and 9) is comparable to the
observations from FB combustion experiments by DeGeyter et
al.,54 which showed relatively thin formations of melt upon
feldspars compared with quartz or olivine bed material. They
proposed that equilibrated formations of leucite and K silicate
melt inhibit further interactions, which is supported by
thermochemical modeling by Thy et al.55 as part of their
study of agglomeration experiments with mullite bed material at
approximately 1000 °C. The stability and high melting
temperatures of leucite and kalsilite (>1600 °C) may also
explain the relatively high levels detected (Table 3). However,
leucite and kalsilite could also have resulted from the reaction
of K with the mullite refractory probe.21,56 This possibility is
highlighted by the presence of mullite and corundum in the
XRD analysis, which were probably unintentionally removed
from the probe during extraction of the deposit specimen.
Unlike typical FB bed particle agglomerates, there was a distinct
lack of PEFG bark aggregates found to contain more than two
quartz or feldspar particles. A simple explanation is that the
frequent mechanical contact between particles during FB firing
was rare in the PEFG reactor, given the relative scarcity of
particles in the latter. Moreover, the predominantly once-
through flow pattern of PEFGnotwithstanding possible
prevailing recirculation or reverse-flow regions57,58means
that entrained particles should not traverse for long durations
inside the reactor. However, their capture upon the probe tip
would have rendered them available for further reactions with
gaseous species (e.g., K) or other ash particles that come into
contact. The discontinuous and irregular outlines of the Ca
silicates at the periphery of the aggregates suggest the
occurrence of ash material adhesion. Pulverized combustion
of wood has been observed to generate substantial amounts of
fly ash particles sized 1−10 μm containing Ca.59 Much of the
Ca content in bark is attributable to the inherent precipitation
of calcium oxalate (CaC2O4), which can decompose upon
heating to release CaO as micrometer-sized particles.32,46

Similarly, Nordgren et al.60 studied ash fractions from firing of
pulverized mixtures of straw, bark, and wood and made
observations implying that transport limitations imposed by
suspension firing can lead to segregation of high-melting-
temperature oxide phases in the fly ash (i.e., isolated SiO2,
MgO, and CaO). Given a similar scenario in the PEFG reactor,
it is conceivable that these isolated species can readily contact
and react with the quartz or feldspar particles that are coated
with a sticky K silicate melt. Formation of stable and high-
melting-temperature Ca−Mg silicates61 can ensue, which may
then inhibit further agglomeration with other particles. Figure
12 points toward the existence of these high-melting-temper-
ature Ca−Mg silicates upon on the peripheries of aggregates. In
view of the absence of widespread melting and agglomeration,
it appears that a significant degree of these interactions may
have occurred prior to the capture of the particles upon the
probe; otherwise, the exposed surfaces of K silicate melts would
have led to a higher degree of sintering between particles as
they accumulated upon the probe. Another characteristic
feature of the aggregates is the presence of subhedral Ca
silicate crystalline phases in the region between the melt and
the outer layer. In their study of high-temperature (1100−1600
°C) wood and rice straw ash blends, Thy et al.62 found crystals

with compositions strongly indicative of wollastonite that
exhibited subhedral forms similar to those in Figure 7 and point
B in Figure 9. The compositions from these analyses also show
exclusive enrichment of Si and Ca, which also suggests
wollastonite as the likely phase. Since Si, K (Na), and Ca are
the most abundant elements in the melt component and the
extended residence time of captured aggregates may have
afforded some degree of equilibration, the ternary K2O−CaO−
SiO2 phase diagram63 is a reasonable tool for preliminary
interpretation. Beginning with a SiO2-rich K silicate eutectic,
upon further incorporation of Ca, presumably via the diffusion
of adhered CaO upon the outer layer, the melt composition
may exhibit wollastonite crystallization. The results of Thy et
al.62 also showed the presence of the Ca-rich crystals larnite and
ak̊ermanite as the share of Ca increased in the ash blends (cf.
Figures 7−9). The effects of pressurization and the reducing
conditions seem at least not to preclude their formation during
PEFG. Hence, with respect to the PEFG of woody biomass, the
high contents of alkaline-earth metals in relation to Si content
appear to have a role in determining the sintering and slagging
properties of the process. From a practical perspective, the
loosely sintered ash such as that from the bark campaign can be
removed with simple measures similar to soot blowing. If the
ash behavior at higher temperatures remains the same, an
alternative to obviate the addition of slagging agents would be
to operate the gasifier in this predominately nonslagging mode.
This could bring efficiency and economic benefits and thus
should not be overlooked. The degree of alkali volatilization,
however, may prove challenging against this prospect.

Pulp Mill Debarking Residue Slag. The formation of slag
upon the reactor deposit probe can be attributed to the fuel
composition and the operating temperature that was reached.
As discussed previously, gaseous K may interact with reactive
silica sites on quartz and possibly feldspar particles to create
localized regions of sticky K silicate melt upon the surfaces.
Sustained by the high temperatures, these areas may spread and
combine with other particles to promote widespread melting
and dissolution of particles to form slag. Lindstrom et al.64

observed increased slagging due to quantified sand additions to
woody biomasses fired in an underfed residential combustion
appliance. Although the method of fuel firing and prevailing
conditions differ substantially, the crystalline phases that they
classified as slag minerals are identical to those found in the
current study, namely, leucite, kalsilite, ak̊ermanite, merwinite,
and wollastonite. Likewise, the quartz sand and feldspars that
dominate the crystalline phases of the PMDR deposit were also
found embedded within a melt in their observations. These
similarities are possibly due to the extended residence time and
continuous deposition of particles facilitated by the PEFG
sampling probe. This also indicates that reducing and oxidizing
conditions may only induce limited differences upon the
formation of ash phases, at least at the relatively high prevailing
temperatures. One aspect, however, in which reducing
conditions may play a role is exemplified by the subtle yet
conspicuous inverse relationship between the amounts of alkali
and alkaline-earth metals in the melt (Figure 15). The strongly
reducing atmosphere combined with a low Fe content may
contribute toward greater loss of K from the melt,65 though this
can also be caused by silicate melt depolymerization induced by
the incorporation of Ca.66 Previous work by Gilbe et al.37

regarding woody biomass slagging tendencies has suggested
that MgO and CaO particles formed during conversion of
wood particles can be readily dissolved into alkali silicate melts.

Energy & Fuels Article

dx.doi.org/10.1021/ef401591a | Energy Fuels 2013, 27, 6801−68146811



Under the continuous deposition and incorporation of these
alkaline-earth metal oxides into the formed slag, the tendency
for the exclusion of K from the melt is likely to increase. The
local equilibration that is dependent upon the deposition and
diffusion of alkaline-earth and alkali metals may explain the
different compositions observed. The extended residence time
afforded to the slag captured upon the probe is also relevant for
any slow downward-flowing slag. Thy et al.62 also observed that
K loss increases substantially with higher temperature even
from SiO2-rich melts whose polymerizing structure should
accommodate the relatively large K cation. These occurrences
are pertinent for the PEFG process because volatile K can cause
damage to the reactor and downstream equipment. In addition,
the viscosity variation of melts due to varying contents of alkali
and alkaline-earth metals can be very steep, which can make
continuous tapping difficult. The composition of the melt
determines the role of each species, which in turn determines
the viscosity. K2O has been reported as a species that is a
network modifier or charge balancer that generally lowers the
viscosity.66,67 However, it has also been modeled as a network
former because of its interaction with Al that increases the
viscosity.19 Another example is MgO and CaO, the latter of
which is commonly added as a fluxing agent (in the form of
calcite or dolomite) to achieve lower viscosities in PEFG of coal
at lower operating temperatures. The bark campaign, however,
seems to show that under certain quantities and conditions,
they can interact with silica to form high-melting-temperature
compounds that altogether hinder sintering and slagging. The
silicate melt viscosity is also affected by the temperature and
crystallization characteristics. The latter is heavily dependent
upon the temperature and leads to dramatic increases in
viscosity.68,69 Furthermore, the microscopic fluid structure of
the slag may also mean that the viscosity is dependent upon the
flow duration (thixotropic or rheopectic). The high levels of Al
in the melt suggest that the embedded feldspars had a role in its
formation or growth, notwithstanding the possibility that the
melt could also have formed from the refractory wall section
above the probe. This is in contrast to the limited melt
envelopment of feldspars compared with quartz particles
observed for the bark aggregates and could be due to the
temperature and/or fuel composition. Hence, an additional
complexity in viscosity modeling is the behavior and
interactions of these particles within the melt. Their
thermodynamic properties in relation to temperature (e.g.,
melting, dissolution) and physical characteristics (e.g., particle
stiffness) also need to be considered during viscosity modeling.
Modeling of melts with such suspensions of solid particles and
gas voids (as in Figure 13) remains difficult.67,68 When the
FactSage viscosity module was employed as before, the melt
component viscosity was estimated to be approximately 1100
Pa s at 1160 °C. This value is only slightly lower than that for
the melt component of the bark aggregate and cannot seem to
explain their stark difference in bulk behavior. The larger
amount of Si constituting the contaminant particles in the
PMDR fuel may have simply contributed toward the formation
of larger amounts of melt to facilitate widespread slagging. The
detection of significant amounts of arcanite in the XRD analysis
is surprising, given that the reducing atmosphere would likely
have formed gaseous H2S or COS as the S-containing species.
Excluding the possibility of specimen contamination, arcanite
formation has been related to agglomeration during coal
combustion, which suggests that it can play a role in the slag
formation.55 It must also be pointed out that consistent powder

feeding of woody biomass into a heated and pressurized reactor
remains challenging.30 Consequently, there could have been
instances where fuel flow fluctuations caused a temporary or
localized oxidizing atmosphere in the reactor, thereby
promoting the formation of sulfates. Incidentally, Qin et al.8

also detected the possible presence of K2SO4 in solid residues
from bench-scale entrained-flow gasification of wood and straw.
Hence, another explanation could be the persistence of
inherent K2SO4

32 or the formation of K2SO4 against the high
temperature and reducing conditions. Dolomite was also
detected in a significant amount, possibly as a rock mineral
inclusion associated with feldspars in the fuel. It is commonly
used as a flux agent in PEFG of coal, and its formation of melts
with Al- and Si-bearing minerals has also been proposed.70 The
relatively very low pressure of the PEFG process means that the
CO2 solubility in the melt component is unlikely to be
substantial enough for the formation of dolomite, despite the
presence of alkali and alkaline-earth metals.71 Finally, from a
practical perspective, because the quantity of Si in the PMDR
fuel appears to have caused the main difference in slagging
behavior among the fuels, a Si-rich additive would likely
increase the slagging propensity of pure wood or bark fuels. It is
also evident from these campaigns that silicate melt can retain
alkali in a condensed phase. In lieu of commercially available
refractory materials that are both slag-72 and alkali-resistant,73 it
would seem prudent to retain as much alkali in a condensed
and inert phase through the reactor, thereby simultaneously
alleviating syngas treatment requirements downstream. One
alternative to additives could be cofiring with forest residues
(i.e., needles, shoots, and twigs). These fuels have much higher
levels of Si and K32 that may substitute an amount of slagging
agent required for Ca-rich fuels and are therefore worthy of
further investigation. Also needed is an assessment of the
biological availability of elements in resultant slags in order that
measures can be undertaken to render them suitable for
recirculating back to the forest.

■ CONCLUSION
Ash deposits were collected upon probes inserted inside a pilot-
scale PEFG reactor in separate campaigns firing stem wood,
bark, and PMDR. The ash deposits were characterized with
SEM-EDS and XRD analyses. The wood campaign produced a
comparatively insubstantial deposit with high levels of Ca,
attributable to the low ash content especially in Si and K.
Substantial deposits collected on the reactor probe were
evident only in the campaigns with the fuels containing higher
ash contents, bark and PMDR. These two fuels contained
common contaminant minerals in the form of quartz and
feldspars. The bark campaign produced lightly sintered ash
aggregates that had quartz and, to a lesser degree, feldspar
particles embedded within a possible melt component. In terms
of inorganic elements, this melt component consisted offrom
greatest to leastSi, K, Na, Ca, and Al along with minor
amounts of Mg and Fe. A discontinuous layer, likely consisting
mainly of alkaline-earth silicates, also formed upon the
peripheries of the aggregates. The PMDR campaign produced
a continuous slag with quartz and feldspar particles dispersed
within a melt. In terms of inorganic elements, this melt
component consisted offrom greatest to leastSi, Al, Ca, K,
and Na along with minor amounts of Mg and Fe. High levels of
O were detected during the analyses, and though not quantified
reliably, these levels mean that the aforementioned elements
are likely to be in oxide forms. The degree of melt formation
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agreed with thermochemical equilibrium calculations based on
the levels of K and Si in each respective fuel. The collected ash
deposits from the PEFG campaigns also appeared to consist of
common products known from conventional combustion of
biomass, despite some major differences between the processes,
namely, very high heating rates of dispersed fuel particles in a
reducing atmosphere. The observations from these campaigns
indicate that quartz and feldspars may play a major role in the
slag formation process. As such, the slagging propensity based
upon the Si and K contents should be studied in detail with
supplementary laboratory experiments to establish a link with
these pilot-scale campaigns.
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ABSTRACT: Stem wood powders were fired in a mullite-lined pilot-scale oxygen-blown pressurized entrained-flow gasifier.
During repeated campaigns involving increases in fuel load and process temperature, slag formations that eventuated in the
blockage of the gasifier outlet were observed. These slags were retrieved for visual and chemical characterization. It was found
that the slags had very high contents of Al and, in particular, high Al/Si ratios that suggest likely dissolution of the mullite-based
refractory of the gasifier lining due to interactions with the fuel ash. Possible causes for the slag formation and behavior are
proposed, and practical implications for the design of future stem wood entrained-flow gasifiers are also discussed.

1. INTRODUCTION

Oxygen-blown, high-temperature entrained-flow gasification is
the most common technology utilized for the production of
high purity syngas from coal. They are designed to operate in a
slagging mode, which practically implies that the bulk of the ash
generated during the fuel conversion process should melt and
flow out of the hot reactor under gravity.1,2 If coal is substituted
with sustainable woody biomass as the feedstock, it opens the
possibility for environmentally friendly production of significant
amounts of electricity, liquid fuels, and other chemicals.3,4 The
behavior of ash during conversion is important, since it can
cause operational problems, e.g., plugging of the reactor outlet,
attack of reactor refractory linings, and formation of submicron
fly ash particles.5 To mitigate such problems during coal
gasification, measures such as the control of temperature and
fuel feeding characteristics, the addition of slag fluxing additives
(e.g., dolomite, calcite), and the usage of high-chromia
refractories have been applied based upon decades of industrial
experience in conjunction with extensive ash behavior
studies.1,6,7 Physical deposition and flow behavior of ash slag
have been modeled with various degrees of complexity and
computational intensity,8−10 based upon the composition of
coal ash. The quantities and compositions of ash-forming
elements in woody biomass are significantly different from
those of coals used for entrained-flow gasification. Such coals
have ash contents up to 20−40 wt %,2 and their compositions
are commonly dominated by Si and Al, followed by Ca and
Fe.11 Stem woods of Scandinavian trees, on the other hand,
have very low ash contents (<1 fuel wt %) and are mainly
dominated, in order, by Ca, K, and Mg.12 Because of this, the
applicability of ash behaviors associated with coal utilization is
likely to be limited. Furthermore, entrained-flow gasification
relies upon high temperatures (>1000 °C) and high heating
rates to crack tars and decrease methane content within
relatively short residence times, which means that ash behavior
studies from more developed biomass gasification technolo-
gies13,14 operating at much lower process temperatures, such as
fluidized bed gasification, are also of limited applicability.

Relevant information regarding ash formation characteristics
in biomass entrained-flow gasification is currently limited to
mainly laboratory-scale studies. Coda et al.15 performed
laboratory-scale pressurized entrained-flow gasification of
beech wood at a furnace temperature of 1450 °C. A very
limited amount of melt formation was observed; instead,
possibly solid CaO particles were observed and their stability
was supported by thermodynamic analysis. In similar experi-
ments by Leiser et al.,16 with corn and straw stovers, high levels
of K were observed in fine particles suggesting the likelihood of
K in gaseous phases. High levels of K were also detected by Qin
et al.17 in the particle filters of their experiments with straw,
while lower amounts were observed for wood and lignin. A
pilot-scale study also showed interactions between ash elements
and SiO2-rich soil contaminants at process temperatures
between 1050−1200 °C.18 Despite these useful findings, the
authors are unaware of any literature concerning slagging ash
behavior of woody biomass at high temperatures (>1350 °C) in
pilot-scale reactors. It is necessary to study the ash behaviors in
experiments where the reactor is closer to the industrial-scale,
i.e., a pilot scale reactor, where the experience of potential
practical operational difficulties can be more easily related to
industrial gasifiers. Therefore, this paper studied the slag
formation during entrained-flow gasification of stem wood in a
pilot-scale reactor.
The focus was upon an operating condition during which

slagging was observed to occur dramatically such that blockage
of the reactor outlet occurred. Samples of the slags were
collected and characterized by inductively coupled plasmas with
atomic emission spectroscopy/sector field mass spectroscopy
(ICP-AES/-SFMS), scanning electron microscopy with energy
dispersive spectroscopy (SEM-EDS), X-ray diffractometry
(XRD), heat microscopy, differential thermal analysis (DTA),
and optical microscopy. These analyses were complemented

Received: July 3, 2014
Revised: October 13, 2014

Article

pubs.acs.org/EF

© XXXX American Chemical Society A dx.doi.org/10.1021/ef501496q | Energy Fuels XXXX, XXX, XXX−XXX



with thermochemical equilibrium calculations and viscosity
modeling in order to offer an explanation for the slag formation.
Recommendations on how ash-related operational problems
during entrained-flow gasification of woody biomass can be
limited or avoided are discussed. The results are intended to (i)
increase the understanding of the slag melting behavior; (ii) be
a reference and validation case for development of well-
controlled laboratory studies and theoretical models; and (iii)
provide design information for construction of larger gasifiers.

2. EXPERIMENTAL SECTION
2.1. The Gasifier Pilot Plant. The pressurized entrained-flow

biomass gasification (PEBG) pilot plant was designed to operate in
slagging mode with process temperatures ranging between 1200 and
1500 °C. A detailed description of the plant can be found elsewhere,19

and therefore only a brief description is given herein. The PEBG
gasifier consists of a reactor lined with a mullite (Al6Si2O13) based
Vibron 160H refractory ceramic followed by a bubbling 2-level water
sprayed quench for syngas cooling and smelt/particle separation. A
schematic process flow diagram is presented in Figure 1. The process
temperature inside the reactor is measured by five S-type
thermocouples at different locations on the inside of the reactor,
placed with the tip coincident with the vertical inner reactor wall. One
thermocouple was installed in the top part of the reactor (T1), three
thermocouples were installed in the middle part of the reactor (T2−
T4) (equally separated by 120°), and one thermocouple was installed
in the lower/bottom (T5) part of the reactor. The average
temperature for the three middle thermocouples is what is referred
to as the process temperature in the text.
A water-cooled and N2-purged reactor camera probe was installed in

the top of the reactor (labeled as Cam in Figure 1). The camera

contributed both to increased process safety as well as a valuable tool
for qualitatively analyzing the process conditions such as flame
behavior or ash deposits inside the gasifier.

The water sprays in the quench cooled the raw syngas and other
products from the reactor (i.e., gases, particulates and ash/char) to
temperatures generally below 100 °C. Separated particles in the
quench (i.e., ash or possible char and soot particles) either settled at
the bottom of the quench or in the sedimentation vessel downstream
the quench water outlet. The process pressure was controlled by a
regulating valve on the syngas outlet pipe. Slip streams of the cooled
syngas could be sampled from the syngas outlet pipe to measure both
gas and particle concentrations. Finally, the produced syngas was flared
on the top of the building.

2.2. Fuels, Operating Conditions and Experimental Proce-
dure. The fuel powder used in this study originated from
commercially available stem wood pellets made from sawdust of
pine and spruce. The fuel analysis is presented in Table 1, which shows
that the fuel had an elemental composition similar to the stem wood
fuels described by Nordin.20 The ash content in the fuel was merely
0.35 wt % ds and composed mainly of Ca, K, Mg, and Si. Three
different particle size distributions (D50 = 120, 130, and 180 μm) of
the wood powder were used in this work by varying the sieve size in
the mill. Repeated experiments at similar operating conditions, i.e., the
same pressure, fuel power input (kW), and oxygen equivalence ratio
(λ) were performed in the PEBG gasifier for the three specific particle
size distributions of the wood powder. Oxygen equivalence ratio (λ)
was defined as the ratio between the input O2 over the amount of O2
required for stoichiometric combustion of the fuel.

A vertically installed electrical heater was used to heat up the reactor
ceramics to approximately 1000 °C prior to process startup. After the
electrical heater was removed, the powder burner was installed, and
the gasification process was started by feeding the fuel powder and O2/

Figure 1. PEBG process flow diagram.
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N2 mixtures to the reactor. The operational pressure of the gasifier was
2 bar absolute for all experiments. Initially, λ ≈ 0.65 was used in order
to quickly reach a process temperature above 1350 °C (∼60 min after
the startup). After the startup phase, the gasifier was operated at λ ≈
0.5 and 200 kW for the next 2 h. To investigate the influence of
process temperature on the slag formation, the load of the gasifier was
adjusted to 400 kW to reach a high process temperature (>1450 °C)
inside the gasifier. The experiment continued until plugging of the
reactor outlet occurred.
After the experiment, the reactor was left to cool down with a purge

flow of N2 to keep an inert atmosphere in the reactor until it was cold
enough to open up and collect slag from the reactor outlet. Slag was
also collected from the quench water pool below the reactor. The
difference between these two sample types is that the former was
slowly cooled down to room temperature in an inert N2 atmosphere
before sampling, whereas the latter was quench-cooled with water
sprays under operation and afterward left in the quench water pool for
approximately one to four days until collected. Finally, the gasifier was

prepared for a new experiment with a different particle size distribution
of the fuel.

2.3. Analysis of Slag Samples. Slag collected after the
gasification test was mounted in epoxy resin, polished and analyzed
by in a Zeiss Gemini Merlin SEM at an accelerating voltage of 20 kV
with a thermal field emission source. Elemental analyses were carried
out with an Oxford Instruments X-Max detector attached to the SEM.
A PANalytical Empyrean X-ray diffractometer equipped with an
Empyrean Cu LFF HR X-ray tube, a graphite monochromator and a
PIXcel3D detector was used for crystalline phase identification of the
slag samples after the gasification test. The slag was crushed in a
mortar into a powder before analysis. The HighScore Plus evaluation
software and the Crystallography Open Database21 (COD) were used
for identification of the crystalline phases.

A modernized heating microscopy system from Hesse Instruments
consisting of a furnace and a camera was used to study sintering and
melting behavior of the slag. A N2 flow of 500 mL min−1 was kept
through the furnace to ensure an inert atmosphere. The slag was
ground to a fine powder using a marble pestle and mortar. The powder
was mixed with deionized water to form a slurry, which was then
compacted to a cylindrical pellet (ϕ2 × 3 mm) and dried. The pellet
was heated at 15 °C min−1 to 600 °C and then at 10 °C min−1 until
the flow temperature was reached. Flow temperature was defined
according to standardized method DIN 51730 1984 as the
temperature at which the height of the pellet was one-third of its
original height. Note that the more recent standardized method DIN
51730 1998-04 defines flow temperature as the temperature at which
the height of the sample is one-third of its height at hemisphere
temperature. This definition was not used here as the surface tension
of the melted pellet resulted in a very slow reduction of sample height
beyond one-third of the original height. Sintering temperature was
defined as the temperature at which the area of the pellet (derived
from the height and width of the sample as viewed by the camera)
became <99% of its original area.

Thermogravimetric (TG) and differential temperature (DT)
analysis was carried out using a Netzsch STA 409 instrument using
the same temperature program as for the heating microscopy analysis.
A N2 atmosphere was kept around the sample using a gas flow of 600
mL min−1. A blank run was carried out so that corrections for
buoyancy effects could be made. In this DT system, an upward peak
indicates an endothermic event, and a downward peak indicates an
exothermic event. A total of 55.6−78.3 mg of powders prepared as
described above was used for TG-DT analysis.

2.4. Thermochemical Equilibrium Calculations. The Equilib
module of FACTsage 6.422 was used to assess the melt formation of
the slag. First, thermochemical equilibrium calculations (TECs) were
carried out based upon the plausible global conditions inside the
reactor (2 bar, 1200−1800 °C). This was to determine whether the
slag formation was consistent under global equilibrium based on only
the fuel composition. Second, the bulk composition (ICP analysis) of
the slag as well as the melt component of the slag collected from the
quench pool (as identified by SEM-EDS analysis, see section 3.4) were
used as compositional inputs to study the melt formation and cooling
behaviors, as well as to compare with the heating microscopy results.
An atmosphere of molar CO/CO2 = 2.45 (2 bar) based upon the dry
syngas measurement was set for these calculations to reflect the low
partial oxygen pressure. The temperature was varied from 800−1800
°C in 1 °C increments. Only the major and minor elemental
constituents were considered, i.e., Na, Mg, Al, Si, P, K, Ca, Ti, Mn and
Fe. Finally, the thermal stability of the reactor wall refractory material
(Vibron 160H) under oxidizing and reducing conditions was also
studied. The molten and solid solution databases that were used are
listed in Table 2.

2.5. Viscosity Estimations. The models available in the slag
viscosity predictor toolbox created by Duchesne et al.23 were used to
estimate the viscosity based upon the melt component of the quench
pool slag (observed from the SEM-EDS images). Only the melt
composition and temperature (1000−1800 °C) were taken into
account; the effect of pressure was ignored. To account for the
presence of solids in the slag that can affect the melt viscosity, their

Table 1. Fuel Analysis

proximate analysis unit

moisture 6.7 % as received
ash 0.35 % ds
volatiles 82.4 % ds
C-fixed 17.2 % ds

ultimate analysis

C 50.8 % ds
H 6.2 % ds
N <0.10 % ds
O 42.5 % ds
S <0.012 % ds
lower heating value (LHV) 19.6 MJ/kg ds
inorganic composition

Si 158.8 mg/kg ds
Al 45.0 mg/kg ds
Ca 584.6 mg/kg ds
Fe 23.1 mg/kg ds
K 305.5 mg/kg ds
Mg 190.0 mg/kg ds
Mn 88.3 mg/kg ds
Na 25.2 mg/kg ds
P 32.7 mg/kg ds
Ti 4.2 mg/kg ds
Cl 58.8 mg/kg ds
As <0.1 mg/kg ds
Ba 3.46 mg/kg ds
Be <0.002 mg/kg ds
Cd 0.109 mg/kg ds
Co 0.0216 mg/kg ds
Cr 0.110 mg/kg ds
Cu 1.12 mg/kg ds
Hg <0.01 mg/kg ds
Mo 0.0050 mg/kg ds
Nb <0.02 mg/kg ds
Ni <0.04 mg/kg ds
Pb <0.05 mg/kg ds
S 55.4 mg/kg ds
Sc <0.004 mg/kg ds
Sr 2.34 mg/kg ds
V 0.0230 mg/kg ds
W 0.0847 mg/kg ds
Y 0.0099 mg/kg ds
Zn 11.2 mg/kg ds
Zr 0.0873 mg/kg ds
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volume fraction and average aspect ratio (longest length divided by
perpendicular length) were visually estimated and inputted into the
rheology algorithm developed by Mader et al.24 This gave an
estimation of the apparent viscosity for the melt with the inclusion
of solids, or in other words, the slag viscosity.

3. RESULTS AND DISCUSSION
3.1. General Observations. An example of the reactor

process temperature profile during one of the experiment is
shown in Figure 2. The graph shows the initial heat-up period,
where the process temperature was intentionally overshot
beyond the expected process temperature of the operational set
point condition of 200 kW and λ = 0.5. The process was run for
2 h (approximately 15:20−17:20). At approximately 17:20, the
input power was increased to 400 kW, which can be seen as a
dramatic temperature increase in the graph. At approximately
1400 °C, slag started to flow down like an avalanche against the
conical bottom part of the reactor where it froze at the reactor
outlet resulting in blockage of the outlet. The whole scenario
could be followed in the reactor camera by the operators, who
observed a decreasing reactor outlet hole until it eventually
blocked and caused a process shut-down. For all of the
experiments within this work, the reactor outlet became
blocked with melt. The operation time at 400 kW before the
reactor outlet was plugged varied between 20 and 75 min,

mainly depending on how successful the operator was in
preventing the plugging by changing the primary spray flow rate
in the quench. The measured process temperatures at the time
for blockage are presented in Table 3, which shows that the
temperature range when clogging occurred was relative narrow.

Slag is defined here as the entire bulk of residue material
consisting of amorphous and crystalline/particulate constitu-
ents. The slag collected from the reactor outlet was hard like
rock even though it contained some pores. The color was
mostly brownish/gray (Figure 3, left plate). The slag pieces are

piled together as they were oriented in the reactor outlet, which
means that the syngas flow was coming from top of the picture.
Some greenish material, that is believed to be amorphous, can
be seen at the bottom part of some of these slag pieces. This
material looked similar to the slag pieces collected from the
quench pool, but was much harder, i.e., did not break easily.

Table 2. FactSage Databases Used in TECsa

database full name

FToxid SLAGA (oxide melt: Na, Mg, Al, Si, K, Ca, Ti, Mn, Fe < 10% S)
MullF (Mullite Al6Si2O13, Fe6Si2O13)
Mel (Melilite Ca2MgSi2O7, Ca2FeSi2O7, Ca2Al2SiO7,
Ca2Fe2SiO7)

WOLLA (Wollastonite MgSiO3, CaSiO3, MnSiO3, FeSiO3)
CORU (Corundum Al2O3, Fe2O3, Ti2O3, Mn2O3)
ASp (Spinel MgAl2O4, FeAl2O4, MnAl2O4, Al8O12)
OlivA (Olivine Mg2SiO4, Ca2SiO4, Fe2SiO4, Mn2SiO4)

FTpulp MELTA (Na+, K+ // CO3
2−, Cl−, OH−, S2−, SO4

2− salt melt)
FTSALT LCSO (K+, Ca2+ // CO3

2−, SO4
2− melt)

SCSO (K+, Ca2+, // CO3
2−, SO4

2− solid solutions)
FACTPS pure stoichiometric gas, liquid, solid phases

aIn order of precedence for duplicate compounds.

Figure 2. Example of process temperature profiles during one experiment together with photos of the reactor outlet taken from the reactor camera
showing the slag build-up at the reactor outlet. The circles indicates the original size of the outlet.

Table 3. Process Temperature Range Where Slagging
Resulted in Blocking of the Reactor Outlet

thermocouple temperature range (°C)

top 1449−1515
middle 1492−1544
bottom 1455−1507

Figure 3. Photo and light microscope images of slag collected from the
reactor outlet.
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The slag pieces collected from the quench pool were greenish
in color and very brittle, so they could easily be broken by hand.
Some pieces were formed as large droplets, whereas others
were larger chunks (Figure 4, left plate). The larger pieces
showed clear traces of viscous flow.

3.2. Bulk Compositions of Slags, Refractory, and Fuel
Ash. The elemental composition of the slags collected from the
reactor outlet and from the quench pool are presented in Table
4. The compositions of the slags were very similar. The
elemental compositions of the fuel ash and the ceramic
insulation of the reactor (Vibron 160H) are also presented in
Table 4 for comparison. Important elemental ratios of the fuel
ash, refractory, and the slags are also presented in Table 4. The
high Al/Si ratio of the slags strongly suggests that there had
been some material transport from the mullite-based refractory
material to the slag. Considering the other elemental ratios,
based on the main ash-forming elements in the fuel (Ca, Mg
and K) one could also see that the slags most likely also
consisted of fuel ash since all the elemental ratios are relatively
similar between the fuel ash and the slags.
Most likely the slag has also been contaminated with a small

part of Fe from the stainless steel part of the reactor and
quench tube, since the concentrations of Fe found in the slag

collected from both the reactor outlet and from the quench
pool were significantly higher compared to the concentration of
Fe in the fuel ash and the refractory. Furthermore, the slag
could have also been contaminated with other elements such as
Na and Ti from impurities in the refractory and from residues
of other fuels gasified earlier in the reactor.

3.3. Optical Microscopy Analysis. Using the optical
microscope, it was possible to identify three different structures
between and within the slag pieces: a green almost transparent
material (Figure 3A and Figure 4A,B), which appeared to be
fairly homogeneous though there were some inclusions (Figure
4C); a darker more rock-like material (Figures 3B and 3C),
which sometimes displayed distinct layers (Figure 3C) of
lighter and darker color. The visual difference between the
green slag collected from the reactor outlet (Figure 3A) and the
slag collected from the quench pool (Figure 4A) was the shape.
At the reactor outlet the slag had many small ripples compared
to the slag collected from the quench pool where the slag shape
and surface can best be described as large droplets or icicles.
The small ripples observed in the slag piece collected close to
the reactor outlet may be caused by a combination of slag
viscosity and gas velocity. Close to the outlet of the reactor the
temperature is still fairly high. Hence, slag viscosity is lower
than compared to the lower parts of the outlet tube and
quench. This lower viscosity in combination with a higher gas
velocity (higher volumetric flow rate caused by higher
temperature) might be the reason why the slag close to the
outlet has an appearance of many small brooklets melted
together. The slag pieces recovered from the quench pool were
relatively intact.
The darker colored slag (Figure 3B,C) had distinct layering;

this can particularly be seen in Figure 3C. On some slag pieces
a char-like structure was observed (Figure 3D). The char-like
structure was most likely formed by unconverted fuel particles
that were not fully converted when they hit the molten slag
layer. The following conversion of the attached fuel particles
occurred thereafter on the slag through reactions with H2O and
CO2, and perhaps also through reaction with the slag to form
the layering and char-like structure observed in the slag pieces.

Figure 4. Photo and light microscope images of slag collected from the
quench pool.

Table 4. Analysis of Elemental Composition of the Produced Slaga

analysis reactor outlet quench pool fuel ash Vibron 160H unit

Si 152000 154000 45371 144900 mg/kg ds
Al 178000 184000 12857 333400 mg/kg ds
Ca 82500 76000 167029 mg/kg ds
Fe 14400 29300 6600 6994 mg/kg ds
K 36900 37900 87286 mg/kg ds
Mg 20000 18200 54286 mg/kg ds
Mn 9430 8680 25229 mg/kg ds
Na 10800 11700 7200 mg/kg ds
P 1820 1720 9343 mg/kg ds
Ti 9640 9140 1200 mg/kg ds
Ba 693 668 989 mg/kg ds
S 242 257 15829 mg/kg ds
Zn 6.85 8.09 3200 mg/kg ds
Al/Si 1.17 1.19 0.28 2.30 (mg/mg)
K/(Ca + Mg + K) 0.26 0.29 0.28 (mg/mg)
Ca/(Ca + Mg + K) 0.59 0.58 0.54 (mg/mg)
Mg/(Ca + Mg + K) 0.14 0.14 0.18 (mg/mg)

aThe elemental composition of the fuel ash of the stem wood and the ceramic insulation (Vibron 160H) are also inserted for comparison. Important
mass ratios can also be found at the bottom.
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3.4. XRD and SEM/EDS Analyses. XRD analysis of a gray
slag piece collected from the reactor outlet (Figure 5A)

identified several different crystalline phases: anorthite
(CaAl2Si2O8), corundum (Al2O3), kalsilite (KAlSiO4), nephe-
line (NaAlSiO4), and spinel (MgAl2O4). The XRD patterns
from a green slag piece collected from the reactor outlet and
from a slag piece collected from the quench pool are shown in
Figure 5B. They exhibited very similar patterns, and only
anorthite, corundum, and spinel were identified in these slag
pieces. They contained a significant amount of amorphous
material as indicated by the broad peaks between 15° and 35°.
Scanning electron microscopy analysis of the slag showed the

presence of several different phases. Figure 6 shows back
scattered electron images of gray slag from the reactor outlet
(A) and slag from the quench pool (B). The gray slag from the
reactor outlet appeared to contain more crystalline material,
whereas a bulk homogeneous phase containing different
embedded particles was observed in the slag from the quench
pool. On the basis of the results from SEM and XRD, it is
therefore likely that the gray part of the slag from the reactor
outlet had been cooled slowly resulting in developed crystalline
material whereas the green slag from the reactor outlet and the
slag from the quench pool were probably cooled faster resulting
in lower crystallinity.

Figure 6 together with Table 5 show examples of results from
spot energy dispersive spectroscopy analysis of gray slag from
the reactor outlet. A phase rich in Ca, Al, Si, and O was
observed, exemplified by position 1 in Figure 6A and Table 5,
which correlates very well with the composition for anorthite
that was observed by XRD. Position 2 seems to be corundum
based on the EDS results. Positions 3−5 on the other hand
contained O, Mg, Al, Mn, and Fe, which is likely the spinel
phase observed by XRD. Especially in positions 4 and 5 silicon
was absent. Positions 6 and 7 contained primarily O, Na, Al, Si,
K, and Ca, which is likely the different types of silicates
(kalsilite and nepheline) observed by XRD.
EDS analysis of slag from the quench pool showed that

positions 1 and 2 in Figure 6B and in Table 6 appeared to be
spinel with a small additional of iron observed by XRD and is
very similar to positions 4 and 5 for the gray slag from the
reactor outlet. Positions 3−5 correspondingly contained
significant amounts of Al and O which appears to be the
corundum observed by XRD. The bulk homogeneous part
(positions 6 and 7) contained more elements as can be seen in
Table 6 and are probably amorphous silicates.

3.5. Heating Microscopy and TG-DT. The sintering
temperatures obtained with the heating microscopy of green
slag from the reactor outlet and slag from the quench pool were
877 and 883 °C, respectively, while the sintering temperature of

Figure 5. X-ray diffractogram of gray slag from the reactor outlet (A)
and green slag from the reactor outlet and slag from the quench pool
(B). The data points for the reactor green slag in (B) have been shifted
+2000 units on the y-axis.

Figure 6. Back scattered electron images of gray slag from the reactor
outlet (A) and slag from the quench pool (B). Location of the EDS
spots are also indicated in the figure.
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gray slag from the reactor outlet was 1187 °C, i.e., significantly
higher. The differences in sintering temperature may be
attributed to the difference in crystallinity as observed in the
XRD and SEM/EDS analyses of the slags. The flow
temperatures however were similar for all three slags (1335
°C for green slag from the reactor outlet and slag from the
quench pool and 1331 °C for gray slag from the reactor outlet).
DT data for green slag from the reactor outlet and slag from

the quench pool displayed similar trends including endothermic
peaks at approximately 1290 °C, which were attributed to
melting. The data were similar to those reported by Nowok25

who studied coal ash slag with an elemental composition similar
to the slag studied here. The flow temperature derived from the
heating microscopy runs was higher than the temperature at
which the endothermic peak was observed; hence DT data and
heating microscopy data were in agreement. Note that the
green slag from the reactor outlet and slag from the quench
pool had the same flow temperature. DT data derived from
analysis of gray slag from the reactor outlet displayed the same
trends, but the endothermic peak indicating melting was much
less pronounced.
No weight losses was observed during the TG−DT analysis

of green slag from the reactor outlet and slag from the quench
pool, indicating that the samples contained no crystallized
water or hydroxides, which could have formed during contact
with the quench water. The absence of weight loss was in
agreement with the XRD data which revealed the presence of
stable oxides and silicates that would be present in either solid
or liquid state under the conditions used for the TG−DT
analysis.
3.6. Thermochemical Equilibrium Calculations. On the

basis of the stem wood fuel composition and global conditions
inside the reactor (λ = 0.5, 2 bar), an oxide melt phase (defined
as SLAGA in FactSage) dominated by CaO (57−65 mol %)
was predicted to be stable above 1378 °C, along with crystalline
Ca-silicate and Ca-aluminate phases. Virtually no K was
predicted to form part of the oxide melt; instead over 99.9
mol % was either KOH(g) or K(g). This composition does not
correspond with the chemical analyses of the slags. Therefore, it
is inferred that the slags were likely resultant from non-
equilibrium or localized conditions, including probable reaction

between the fuel ash and the refractory of the reactor wall.
These calculations also do not account for the fact that ash-
forming elements can be strongly fractionated during
conversion, which is discussed later.
The quench pool slag was chosen to study the melting

behavior of the slag, since it was more representative of the high
temperature state of the slag in the reactor. On the basis of its
bulk composition, the molar percentage of inorganic elements
comprising the liquid oxide melt solution SLAGA as a function
of temperature is shown as the full line in Figure 7. The amount

of SLAGA phase increases steadily from around 965 °C, and
almost all inorganic elements are within this molten phase by
1720 °C. The equivalent results based upon the composition of
the melt component of the quench pool slag (as identified by
points 6 and 7 the SEM-EDS analysis, Figure 6) is shown by
the full line in Figure 8.

Table 5. EDS Results (wt %) of Spot Analysis of the Gray Slag from the Reactor Outlet Shown in Figure 6A

position O Na Mg Al Si K Ca Ti Mn Fe

1 48.8 18.3 19.2 13.4 0.2
2 49.1 47.4 2.5 0.7 0.2
3 42.6 0.3 5.3 9.9 9.8 0.7 10.6 7.4 4.7 8.0
4 46.0 11.8 34.2 0.2 2.7 4.9
5 46.1 11.7 33.7 0.3 0.4 2.8 4.9
6 44.1 1.6 15.0 17.6 19.3 1.6 0.3 0.2 0.3
7 47.3 7.8 0.3 16.6 17.4 5.3 4.0 0.5 0.4 0.4

Table 6. EDS Results (wt %) of Spot Analysis of the Slag from the Quench Pool Shown in Figure 6B

position O Na Mg Al Si K Ca Ti Mn Fe

1 45.7 11.4 37.2 1.9 3.6
2 45.8 11.1 37.6 1.8 3.4
3 49.2 50.1 0.5
4 49.0 50.7 0.2 0.2
5 48.4 47.8 2.9 0.9
6 45.9 1.4 1.0 17.1 17.0 4.3 9.7 1.2 1.1 1.1
7 45.2 1.4 1.0 17.3 17.0 4.4 10.0 1.2 1.0 1.2

Figure 7. Results of thermochemical equilibrium calculations based
upon the bulk composition of slag from the quench pool slag with
characteristic temperatures from heating microscopy (vertical lines).
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It was expected that nearly all of the inorganic elements
comprising this melt-only composition would be in the molten
SLAGA phase within the temperatures recorded in the reactor
(i.e., ≲ 1550 °C). Instead, leucite (KAlSi2O6), which comprised
up to 22 mol % of the inorganics, is in equilibrium with the
SLAGA phase up to >1700 °C. Because no leucite was detected
in the XRD analyses, calculations were repeated with
suppression of leucite to investigate a possible metastable
condition. To justify this, experiments by Scudeller et al.26 and
Zhang et al.27 suggested that kinetically preferential formation
of kaliophilite or kalsilite (polymorphs of KAlSiO4) precursors
can occur before subsequent reaction with free silica to form
the more thermodynamically stable leucite phase. In the
reactor, the high temperatures and the availability of silica
would seem to favor rapid formation of leucite, but this did not
seem to eventuate. It is only speculated here that the other
components in the oxide melt may have stifled the formation
kinetics. The suppression of leucite in the calculations indicated
by the dotted lines in Figures 7 and 8 enables better correlation
with the experimental results. First, the temperatures at which
the SLAGA phase reaches a maximum are lowered compared to
the default scenario for both compositions. At 1506 °C, the
inorganics in the melt-only composition become almost
completely within the SLAGA phase (above this, there are
some minor inorganic volatilisations), which is a temperature
likely to have been reached in the reactor. This is also the
temperature at which the sum of absolute differences of the
composition between the predicted melt SLAGA composition
based upon the bulk quench pool slag and the melt
composition obtained from the SEM-EDS analysis is at a
minimum (Table 7). Second, both the bulk and melt-only

compositions exhibit steep increases in the amount of SLAGA
phase between 1250−1350 °C, a range that envelopes the
interval between the deformation and flow temperatures as
recorded by the heating microscope, as well as the onset of
melting as detected by the DTA. Third, under the suppression
of leucite, corundum was predicted to be the final stable
crystalline phase prior to the liquidus temperature. This means
that cooling of the melt could have crystallized corundum,
possibly as evidenced by the euhedral forms seen embedded
within the melt (Figure 6). In the same sets of calculations, the
solid solution of spinel-group crystals (spinel, hercynite, and
galaxite (Mg, Fe, Mn)Al2O4) was predicted to be unstable at
temperatures >1300 °C, which suggests that the small
fragments observed from the SEM-EDS analysis were in the
process of dissolution into the melt or crystallized from the
melt during cooling. In support of the former, these may have
originated as accessory minerals associated with the high
alumina grog used in the production of the refractory.
Figure 9 shows the major phases that are predicted if the

melt component of the quench pool slag underwent

equilibrium cooling (with leucite suppression). The extended
duration needed for the reactor to cool appears to have allowed
the formation of all of the phases as identified in the XRD
analysis to be predicted (shaded and labeled in white),
especially anorthite, nepheline, and kaliophilite (a high-
temperature orthorhombic polymorph of kalsilite). The
equivalent calculations applying the Scheil-Gulliver model of
cooling, where solids are accumulated and the corresponding
contributing elements excluded from each consecutive temper-

Figure 8. Results of thermochemical equilibrium calculations based
upon the melt composition of slag from the quench pool.

Table 7. Molar Distribution of Inorganic Elements within Melt Composition of Slag from the Quench Pool Obtained from
SEM-EDS Analysis vs. Composition of SLAGA as Predicted by TECs (with Suppression of Leucite) based on the Bulk Quench
Pool Slag Composition at 1506 °C, Where the Sum of Absolute Differences between the Two Is at a Minimum

mol % Na Mg Al Si K Ca Ti Mn Fe

SEM/EDS 3.4 2.3 36.2 34.3 6.3 13.9 1.4 1.1 1.2
FactSage 3.2 4.7 35.4 34.1 6.0 11.3 1.2 1.0 3.2

Figure 9. Phase assemblage during equilibrium cooling of quench pool
slag melt as predicted by TECs.
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ature step to account for slow solid diffusion rates,28 did not
produce a solution.
TECs of the mullite-based refractory (Vibron 160H)

composition under air conditions showed no melt formation
up to 1544 °C in air, which corresponded reasonably well to
the maximum service temperature of 1600 °C specified by the
supplier. However, under reducing conditions (CO/CO2 =
2.45), the TECs showed that 1 wt % Fe2O3 was predominately
reduced to FeO and induced melt formation already at
approximately 1200 °C. This charge transition of iron has
been suggested to be responsible for the lowering of ash fusion
temperatures of coal.29 In the current study, this concerns the
stability of the refractory under gasification atmospheres as it
may promote the adhesion and reaction of ash particles that
contact the reactor wall. Detrimental effects upon aluminosi-
licate refractories due to high temperature reducing atmos-
pheres and iron oxide have also been reported by Pitak.30

3.7. Viscosity Predictions. Figure 10 shows the predicted
viscosities of the actual slag from the quench pool. The

inclusion of embedded solids, as observed in the SEM−EDS
image, was accounted for by first assuming that the slag was
gas-free and that the melt component can be described in the
Newtonian flow region. Then the volume fraction and the
average aspect-ratio of solid particles in the slag were visually
estimated to be 0.15 and 3, respectively. Applying these values
to the algorithm of Mader et al.,24 the slag satisfies the criterion
for a Newtonian fluid with an apparent viscosity approximately
twice that of the pure melt. This means that the slag viscosity
was likely not significantly affected by the amount of solids that
were embedded/crystallized within the melt and implies that
the viscosity of the melt alone contributed significantly to the
slag accumulation. Most of the viscosity models predict
viscosities that fall within the gray region bounded by the
two dotted lines, though the differences between the viscosity
models are very large. All models predict sharp decreases as
temperature increases. The two horizontal lines indicate the
viscosity range that has been stated as ideal for slag tapping and
adequate coverage of the reactor wall in coal gasifiers.1,15 It is

unknown which of the models predict the slag viscosity best,
but those in the gray region predict viscosities <40 Pa·s at 1460
°C (approximate maximum temperature reached in the bottom
region of the reactor). These values are likely too low to have
caused the blockage. Given that the Bomkamp model predicts a
significantly higher viscosity, it is selected here to offer a
tentative explanation of the operational observations, despite its
critics and consideration for only a limited number of
components.31 Accordingly, formation of a melt at a temper-
ature of approximately 1460 °C near the bottom of the reactor
would have very slow flow of high viscosity >102 Pa·s (cf. water
viscosity at room temperature ≈ 10−3 Pa·s). A hypothetical 100
°C decrease close to the outlet would steeply increase the
viscosity to a level common for glass-forming processes (103

Pa·s), thereby causing accumulative blockage of the outlet. It
would imply, then, that maintaining a high temperature near
the outlet might has prevented the blockage. Furthermore,
under the Bomkamp model if the CaO content is doubled in
the melt (i.e., CaO addition to the slag), the viscosity decreases
significantly across the temperature range, as indicated. This is
in accordance with the practice of adding CaO to reduce coal
slag viscosities.32 It must be reminded that the slag composition
is likely to change with temperature also. For example, lower
temperatures may induce crystallization that increases viscosity
dramatically, while high temperatures may cause vaporisation of
fluxing components such as K and Na33 that dampen the
reduction in viscosity caused by temperature increase alone.
Also, if refractory corrosion is a significant contributor to the
slag, the addition of CaO would obviously not be a feasible
option.

3.8. Slag Formation. The compositions of the slags
strongly suggest that they result from an interaction between
the fuel ash and the refractory material of the reactor wall.
When considering these interactions, it is essential to account
for the possible ash transformations that took place during fuel
conversion. Upon the basis of the fuel composition, the global
condition TECs predicted extensive association between Si and
Ca in the form of crystalline phases and, at high temperatures,
an oxide melt solution. However, it has been experimentally
observed that such reaction products of Ca and Si may be
limited during pulverized firing of biomass, even with flame
temperatures in excess of 2000 °C.15,34,35 Moreover, the
absence of K in the predicted melt suggests that the slag
formation may not simply be due to fuel ash melt formation
followed by interaction with the refractory. Hence, here we
propose a slag formation scheme based upon some relevant
knowledge of woody biomass ash transformations and the
observations from this study. The proposed scheme is
schematically shown in Figure 11. For clarity, only the major
elements will be considered (O, Na, Mg, Al, Si, K, Ca, Fe).
Upon entering the reactor, the small fuel particles are rapidly
heated up to very high temperatures. This promotes the release
of gaseous K species from the fuel (point 1, Figure 11), which
may subsequently react with silica originating from the fuel or
from soil contaminants to form particles with molten phases
(point 2a, Figure 11); e.g.,

+ → ‐ ‐ +KOH SiO K Si oxide melt H O(g) 2(s) (l) 2 (g)

These molten particles can then contact and adhere to the
reactor wall. This situation represents a localized condition
possibly inherent to the process and cannot be captured by the
global reactor condition TECs. The formations of such melts

Figure 10. Predicted viscosities of slag from the quench pool by
various models with adjustment for solid inclusions. Effect of CaO
addition is also shown for the Bomkamp model.
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can cause constituents of the refractory, such as corundum or
mullite, to react and dissolve:

‐ ‐ + +

→ ‐ ‐ ‐

K Si oxide melt Al Si O Al O

K Al Si oxide melt

(l) 6 2 13(s) 2 3(s)

(l)

Besides this, the low silica content in the stem wood fuel means
that it is also possible for substantial amounts of gaseous K
species to reach the reactor wall (point 2b, Figure 11). Gaseous
K may then also directly attack the mullite to form a similar
molten phase:

+ → ‐ ‐ ‐KOH Al Si O K Al Si oxide melt(g) 6 2 13(s) (l)

Na from the fuel may also be released and react in a similar
manner as K; vaporous alkali attack upon mullite and silica have
been widely observed and studied.36,37 The lack of detectable
mullite in the slags suggests that it may have been particularly
susceptible to such dissolution. Common Na- and K-containing
soil contaminants such as alkali feldspars ((Na,K)AlSi3O8) may
also become molten at approximately 1100 °C and adhere to
the refractory to initiate dissolution. In addition to the
formation of the aforementioned alkali-aluminosilicate melts,
the refractory TECs showed that in a reducing atmosphere, a
SiO2−Al2O3−FeO melt can also be stabilized from approx-
imately 1200 °C due to the presence of FeO. These melts upon
the reactor wall can then facilitate the adhesion of micron-sized
CaO or MgO solids that are dispersed during fuel conversion
(point 3a and 3b, Figure 11). These adhered components may
subsequently dissolve into the melt and combine to form the
major components of the slag:

‐ ‐ ‐ ‐ ‐ + +

→

K Na Al Si Fe oxide melt CaO MgO

multicomponent oxide melt

(l) (s) (s)

(l)

Alternatively, it may be that the particles of CaO and MgO
can sinter directly with the refractory upon contact before

forming a melt (point 3c, Figure 11) or incorporatimg into the
aforementioned K-silicate molten particles formed from the fuel
(point 2a, Figure 11). At 1250−1350 °C, the melt upon the
reactor wall may be excessively viscous for observable flow.
Additionally, crystallization as that predicted by the quench slag
TECs would also further decrease the fluidity of the slag (point
4, Figure 11):

+

→ + +

multicomponent oxide melt fuel ash

Al O (Mg, Fe)Al O CaAl Si O

(l) (s,l,g)

2 3(s) 2 4(s) 2 2 8(s)

Hence, during the low-load operation (200 kW) no slag flow
was observable. When the load was increased (400 kW) and the
wall temperature became higher (>1350 °C), such crystals may
have redissolved into the melt (point 5, Figure 11). This is
apparent based on the elemental composition of the melt
component of the quench pool slag. An increased temperature
would also have decreased the melt viscosity and led to the
observably flowing slag. As the slag cooled toward the reactor
outlet, an increase in melt viscosity and recrystallization would
have reduced the fluidity and caused the eventual blockage
(point 6, Figure 11). The slag that remained at the reactor
outlet was likely afforded sufficient temperature and duration
for a large amount of crystalline phases to form, as shown by
the XRD analysis and TECs:

Although the phase assemblage of Figure 9 does not predict
corundum as a stable phase upon complete solidification, its
presence in the XRD analyses may be due to dislodged
fragments from the refractory, as seen in Figure 6B, i.e., not as a
product of crystallization from the melt. This may apply to the
spinel also; however, detailed behavior of the slag during

Figure 11. Proposed slag formation scheme.
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cooling requires further work beyond the scope of the current
study. Slag that managed to fall into the quench before the
blockage, or fell from the accumulated slag while still at a high
temperature, would have resulted in the quench pool slag
droplets that were dominated by glass (point 7, Figure 11).
It is clear from the proposed scheme that elucidation of the

ash transformations during fuel conversion is needed to
establish what ash products may actually interact with the
reactor wall, i.e., fractionation behavior of the ash. Hence, it is
necessary to conduct controlled experiments to study this at
different conditions relevant to the process. On the basis of
such findings, controlled tests of interactions of such ash
material with different refractories should also be conducted to
examine the effects upon constituents of the refractories, i.e.,
grains, porosity and matrix components, as well as effects upon
thermal and mechanical properties.
3.9. Practical Implications. There are some practical

aspects that can be discussed as a result of the observations
from this study. The formation of slag, according to the
proposed slag formation scheme, may result from the
interaction of the mullite-based refractory with gaseous K
species. Because of the low ash content and low slagging
propensity of stem wood, the refractory can be exposed to such
direct attack when slag coverage is insufficient. Operating the
gasifier with a wall temperature below 700 °C (lower than the
eutectic of the K2O−SiO2 system) may not be an option if a
high purity syngas with low methane and tar content is desired,
since the process temperature may be far too low for full
conversion. Investigations into the usage of alkali-containing
refractories to reduce spallation and corrosion induced by alkali
have been conducted at up to 1300 °C.38,39 However,
knowledge regarding the effects at higher temperatures, longer
durations, and with the addition of other common biomass ash-
forming elements such as Si, Ca, and Mg remains necessary.
Minimizing the downstream gaseous K load would also be
necessary to avoid corrosion of equipment such as syngas
coolers. A method of avoiding direct alkali attack upon the
refractory and at the same time reducing downstream gaseous
K species could be to incorporate a fuel additive. The addition
of kaolinite (Al2Si2O5(OH)4), as suggested by Coda et al.,15

may be beneficial in capturing gaseous K, as well as inducing
formation of a slag that provides coverage for the refractory
against remaining gaseous K species. This may also result in a
melt containing high concentrations of Al2O3 and SiO2 such
that the chemical potential for dissolution of mullite-based
refractories, as used in this study, is reduced. Such a slag also
represents a shift toward a more coal-like composition, and as
such, Cr-rich refractories that are currently used for coal
gasifiers may prove feasible for operation. However, spallation
and corrosion problems experienced from coal gasifiers would
also likely occur eventually.40 Coal ash-blended refractories
based on the premise of reducing the potential for interaction
with coal slags have also been studied and show promise for
temperatures between 1300−1400 °C.41 A similar approach
may be applicable for woody biomass, whereby additives and
refractories can be adapted for each other.
Controlling the behavior of the resultant slag would then be

important, in particular near the outlet region. From the
experiences of the current reactor, maintaining a high
temperature with a steeper cone region and wider outlet may
allow a high viscosity slag to flow continuously into the quench
pool. The position and water distribution of quench water
sprays are also important in avoiding slag blockages.

4. CONCLUSIONS

In this work, stem wood from pine and spruce were gasified in a
mullite-lined (Vibron 160H) pilot-scale oxygen-blown en-
trained-flow gasifier. The following conclusions can be drawn
from this work:
(i) Although the fuel had very low ash content (0.35 wt %),

ash-related operational problems (blocking of the reactor
outlet) frequently occurred during biomass gasification,
showing the importance of operating conditions (always
above the slag flow temperature) or the use of fluxing agents
to achieve proper operation of the gasifier.
(ii) The fuel ash constituents reacted with and dissolved the

mullite-based refractory (Vibron 160H), producing slag that
contained element characteristics of both.
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Abstract
Pressurized entrained flow gasification of sustainable woody biomass offers the opportunity for environmentally benign 
production of chemicals and power. The potential ash transformation behavior of the major inorganic elements in woody 
biomass—Ca, K and Si—has been studied from a thermochemical equilibrium perspective with respect to compositional 
variation, temperature and pressure. Focus was placed upon the melt formation behavior, which can have implications upon 
the formation of slag inside the reactor. The potential interactions of these elements with mullite based reactor wall refracto-
ries have also been investigated. The results from the thermochemical equilibrium model calculations were compared with 
experimental results of slags collected from a pilot scale reactor, as well as with experimental results from studies of refrac-
tories exposed to synthetic ash deposits. 

Introduction
Woody biomass is currently being studied as a potentially sustainable feedstock to produce fuel and chemicals via pressur-
ized entrained-flow gasification (PEFG). The behavior of ash-forming matter of the feedstock is crucial for the operation, 
necessitating knowledge about the ash transformations. Generally, Ca and K are collectively the most dominant elements in 
most woody biomasses. Depending on the species, part and level of harvesting contaminants, the level of Si can also be 
high.1 Hence, the main ash-forming transformations may be largely dictated by the behavior of Ca, K and Si. Due to the 
chemical associations of these elements within the fuel and the significant degree of fragmentation of fuel particles during 
high temperature pulverized firing, it is possible that smaller particles containing Ca and Si are dispersed while K is volati-
lized to a high degree.2,3 This has been supported by laboratory-scale experiments of PEFG of wood that showed deposits 
consisting of CaO-rich particles with little molten slag that were depleted in K.4 However, in pilot-scale PEFG of three 
woody biomasses with different levels of Si-based soil contaminants, ash deposits from the reactor also showed significant 
interaction between Ca, Si and K with differing degrees of sintering.5 Experiences with the same pilot-scale reactor also 
suggested detrimental interactions between the ash-forming matter and the mullite-based (3·Al O .2·SiO ) refractory used 
for the reactor lining, which resulted in slag that caused outlet blockages.6 It has been predicted that volatilization of K and 
the formation of melts with Si and Ca can, under certain conditions, lead to deposits that then subsequently interact chemical-
ly with the refractory. As such, it is of interest to elucidate what gasification conditions and fuel ash compositions favor the 
formation of melt (i.e., initiation of slag formation7), as well as the potential chemical products resulting from interaction 
between ash-forming matter and containment refractories. 

The objective of this study was to evaluate, from a thermodynamic perspective, conditions of woody biomass PEFG that may 
favor melt formation based on gaseous K species interaction with Ca and Si. Additionally, the formation of melt and other 
phases from potential ash deposits and mullite refractory were studied in order to initiate elucidation of observations from a 
synthetic ash exposure study, as well as deposits and slags collected from a pilot-scale PEFG reactor.5,6,8  

Method
Three sets of calculations were carried out based on sequential events that are expected to occur during PEFG of woody 
biomass as depicted in Figure 1. In the primary ash transformation process, as the fuel particle is converted, significant 
amounts of K are expected to be volatilized, mainly as K(g) or KOH(g).9 Simultaneously, the fragmentation of fuel particles is 
likely to disperse ash particles rich in CaO and/or SiO .2 This subsequently creates a thermochemical potential for the 
reaction between the particles with the gaseous K species, which may result in the formation of melt or other condensed 
phases. Furthermore, adhesion of these melts to the reactor wall may then facilitate the interaction of ash matter with the 
refractory. These latter events can be considered as the secondary ash transformations during PEFG.10 

 

Figure 1. Schematic depiction of sequential ash transformation events modeled thermodynamically. 
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The results are qualitatively compared to an synthetic ash exposure experiment and deposit and slag samples taken from 
campaigns with a pilot-scale PEFG reactor.5,6,8 The following sections detail each of the calculation sets.   

Potassium volatilization
Estimations of the gaseous K species concentrations are necessary to begin evaluation of the thermodynamic potential for 
melt formation according to the above ash transformation mechanism. The actual variations in atmosphere and conditions 
throughout an actual reactor have not yet been established. Hence, thermochemical equilibrium calculations were based on 
global reactor gasification atmospheres. The conditions for these atmospheres were calculated for temperatures 900 – 1800°C 
and pressures 1 – 80 bar based on pure O  as the oxidant at an oxidant-to-fuel ratio ( ) of 0.35. These were deemed plausible 
conditions—though not ubiquitous throughout the reactor—that may be representative of the conditions near to the reactor 
wall where fuel conversion may be close to completion. This is therefore likely relevant for ash products that are deposited 
upon the refractory. The fuel compositions were based on two woody biomasses, shown in Table 1. Only K was included as 
the ash-forming element in this calculation set; i.e., no chemical interactions of K were considered except those with the 
gasification atmosphere. This allowed deduction of the gaseous K species partial pressures that are conducive of melt for-
mation with Ca, Si and Al addressed in the subsequent set of calculations. 

Table 1. Woody biomass compositions used to estimate gasification atmospheres at different conditions 

 C [d.s.%] H [d.s.%] N [d.s.%] O [d.s.%] H O [wt%] K [g/kg d.s.] 
Wood

52 6 0.5 41.5 7.5 
0.3  

Bark/Twigs 3.5 
d.s. = dry substance 

 
The use of two representative levels of fuel K allowed observation of the effects due to the concentration of gaseous K 
species. They are referred to as wood and bark compositions throughout the remainder of the study. Ash-forming elements 
like Cl and S that affect the concentrations of gaseous K species, but which are generally much lower in content in woody 
biomass, have been omitted.   

Interaction of gaseous K with Ca and Si 
Thermochemical equilibrium calculations were also used to assess melt formation potential between gaseous K species and 
Ca and Si. The resultant molar fractions of K(g), KOH(g) and CO (g) from the previous calculations were set as partial pressure 
inputs in calculations containing Ca and/or Si at the corresponding temperatures and pressures. This effectively dictates the 
condensed products of Ca, K and Si under the global equilibrium gasification atmospheres and conditions, as depicted in 
Figure 1, center. With the partial pressures of the gaseous K species fixed, the total amount of K in each calculation was 
allowed to be in surplus such that K is saturated within the predicted condensed phases at the corresponding conditions and 
atmosphere. In practice, the composition of the condensed phases would be different because local atmospheres would 
change upon condensation reactions. Hence, these calculations only indicate the tendency for melt formation at the specified 
conditions and atmospheres, as well as the likely trend in changes of those melt compositions.  

In addition to calculations of Ca and Si individually, Si:Ca molar ratios of 1:2, 1:1 and 2:1 were used to predict the melt 
formation behavior of particles varying in composition from Ca-rich to Si-rich. This is to account for the variation in fuel ash 
compositions and also changes in composition of condensed phases due to secondary ash transformations; e.g., adhesive 
contact between ash particles. Essentially, this part of the study concerned the addition of K, as dictated by the gasification 
atmosphere at the specified conditions, to points along the SiO -CaO system.   

Mullite refractory interactions 
Further thermochemical equilibrium calculations were carried out to elucidate products of interaction between K-Si-Ca 
deposits and mullite (3·Al O .2·SiO ) under gasification atmospheres at 2 bar, as depicted in Figure 1, left. This pressure 
was chosen to allow comparison with a synthetic ash exposure experiment and a pilot-scale campaign that produced severe 
slagging during firing with stem wood.6,8 The amounts of refractory and ash deposit were varied across their binary composi-
tion range under the corresponding gasification atmospheres. Deposit compositions with Ca-only and molar ratios of Si:Ca = 
1:2, 1:1, 2:1 were used to predict the behavior of from Ca-rich to Si-rich.  

Thermochemical equilibrium calculation software 
Thermochemical equilibrium calculations were carried out using the Equilib module of FactSage 6.4 and ChemSheet based 
on the databases: FACTPS database for pure solids and gases; FToxid for oxide melt solution, and; FTpulp and FTsalt for 
salt melt/solid solutions (Table 2). The selection of the oxide melt phase (SLAGA) with the salt melt phases (LCSO, MEL-
TA) assumes that they are not miscible.  

Table 2. FactSage databases used in TECs (in order of precedence for duplicate compounds) 

Database Full name and chemical compounds 
FToxid SLAGA (oxide melt: SiO , Al O  K O, CaO) 

MullF (Mullite Al Si O ) 
Mel_ (Melilite Ca Al SiO ) 
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FTsalt LCSO (K , Ca ² // CO ² melt) 
SCSO (K , Ca ² // CO ² solid solution) 

FTpulp MELTA (K  // CO ², OH  salt melt) 
FACTPS Pure stoichiometric gas and solid phases 

Results and discussion 
Potassium volatilization
Based on the wood composition, the concentrations of the main gaseous K species, K(g) and KOH(g) (comprising > 99 mol% 
of all gaseous K species) vary between 0 – 100 ppm, as shown in Figure 2.  

 

Figure 2. Wood: Concentration of gaseous K (left) and KOH (right), with region of K CO -KOH salt melt stability indicated. 

At high pressures and low temperatures, the volatility of K is relatively low, due to stabilization of K within a KOH-K CO  
salt melt. This is interpreted as due to equilibrium chemical condensation reactions under the gasification atmosphere, such 
as: 

2·KOH(g) + CO (g)  2·K CO (l) + H O(g). 
With increasing temperature, the salt melt is decomposed and K is volatilized mainly as KOH(g). With further temperature 
increases, the concentration of gaseous K shifts from KOH(g) to K(g). Increasing pressure stabilizes more KOH(g), presumably 
due to equilibrium reactions such as: 

2·K(g) + 2·H O(g)  2·KOH(g) + H (g), 
which is consequential from the methanation of the syngas:  

CO(g) + 4·H (g)  2·H O(g) + CH (g). 

The equivalent plots based on the bark composition, Figure 3, share the same trends. However, the concentrations of the 
gaseous K species are approximately 10 times higher (  0 – 1000 ppm), which results in broadening of the stability range of 
the KOH-K CO  salt melt. 

Figure 3. Bark: Concentration of gaseous K (left) and KOH (right), with region of K CO -KOH salt melt stability indicated. 
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The conditions and corresponding gasification atmospheres of both fuels were then used as inputs for the subsequent calcula-
tions that consider Ca and Si interactions, as well as the calculations that consider refractory and ash deposit interactions.  

Interactions of gaseous K with Ca and Si
Under the conditions and corresponding gasification atmospheres of the wood composition, Figure 4 (left) shows that when 
only Ca is present, a carbonate melt can form with K at low temperatures and elevated pressures.  

   

Figure 4. Wood: Predicted regions of stability for salt melt (left) and oxide melt (right) when Ca and Si, respectively, are individually
under gasification atmospheres with gaseous K species. Shading refers to the melt composition in fractions of CaCO  in the salt melt 
(left) and SiO  in the oxide melt (right); annotations indicate the approximate distribution of total Ca and total Si within each 
respective phase. 

This salt melt stability region is slightly increased compared to the scenario with no Ca, and may occur via condensation 
reactions such as: 

2x·KOH(g) + CO (g) + (1 – x)·CaO(s)  (K2x-Ca(1-x))CO  melt(l) + x·H O(g) 
The fraction of CaCO  is very low compared to the fraction of K CO , which implies that substantial amounts of K may be 
condensed if the operation temperature is relatively low. However, with increasing temperature, gaseous K species would be 
unreactive with Ca, since the latter is stabilized as CaO(s). Figure 4 (right) shows that the scenario is significantly different 
when only Si is present; an oxide melt can form across a broad range of conditions and atmospheres, in equilibrium reactions 
such as: 

2x·KOH(g) + SiO (s)  (K O)x-SiO  melt(l) + x·H O(g) 
The absence of the KOH-K CO  salt melt indicates that the oxide melt is more stable. The composition of the oxide melt is 
sensitive towards variations in temperature and at low pressures. The fraction of K O in the oxide melt generally decreases 
with temperatures > 1000°C and is almost completely absent at the highest temperature. As mentioned previously, the melt 
compositions themselves may not reflect those in practice, since this is dependent upon the amounts of reactants that are 
available for reaction. However, they indicate the propensity for melt formation and also give trends regarding the variation 
in composition due to the prevailing conditions. As such, it can be interpreted that gaseous K has a greater influence on melt 
formation at lower temperatures compared to higher temperatures, since it becomes depleted within the melt at high tempera-
tures. K O in the oxide melt increases with pressure, most noticeably at low pressures. At pressures < 6 bar and temperatures 
approximately 1400 – 1700°C, Si and gaseous K may also be unreactive, with the former stabilized totally as SiO (s) poly-
morphs tridymite or cristobalite. This is likely due to the low KOH(g) concentration at high temperature and low pressures. 
K SiO (s) is also formed at low temperatures up to medium pressures.  

The equivalent calculation results based on the bark composition are shown in Figure 5. The stability regions for both melts 
are broadened compared to those of the wood composition. The salt melt is similarly dominated by K CO , while the share 
of K O in the oxide melt is generally greater than that of the wood composition. Moreover, SiO (s) polymorphs are no longer 
stable at low pressures. All this suggests that melt formation potential in the presence of either Ca or Si increases with 
increasing volatile K content in the fuel.  
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Figure 5. Bark: Predicted regions of stability for salt melt (left) and oxide melt (right) when Ca and Si, respectively, are individually
under gasification atmospheres with gaseous K species. Shading refers to the melt composition in fractions of CaCO  in the salt melt 
(left) and SiO  in the oxide melt (right); annotations indicate the approximate distribution of total Ca and total Si within each 
respective phase. 

The results of the scenarios with Si and Ca jointly present are shown with a focus on the oxide melt. This is because it is the 
most dominant phase over most of the range of conditions. In addition, the following figures (Figure 6 to Figure 11) use 
dotted lines to demarcate the regions of different phase compatibilities, while annotations indicate the approximate molar 
distributions of total input Ca and Si within the phases. 

For both wood or bark compositions at low temperatures and high pressures, all the studied Si:Ca molar ratios show a K O-
rich carbonate melt co-existing with a SiO -rich oxide melt. Nearly all Ca is within the carbonate melt phase within this 
region; i.e., the oxide melt is depleted in Ca. The stability region of the salt melt also shows broader temperature stability for 
the bark composition. Si is mainly totally within the oxide melt phase, but at low to medium pressures, K SiO (s) is stabilized 
in favor of the oxide melt. Although the immiscibility of the oxide and the salt melt is assumed, the region of stabilized melt 
may vary in practice since they are expected to exhibit at least some degree of miscibility; e.g., as CO (g) dissolved within the 
oxide melt.  

The scenarios with molar Si:Ca = 1:2 are shown in Figure 6 and Figure 7 for the wood and bark compositions, respectively. 
They show similarities with their respective scenarios with only Ca. At higher temperatures beyond the stabilization of the 
salt and oxide melts, Ca and Si form a single crystalline phase, Ca SiO (s), which is in equilibrium with the gasification 
atmosphere. This implies that Ca-rich particles are inert with respect to melt formation at high temperatures.  

The scenarios with molar Si:Ca = 1:1 are shown in Figure 8 and Figure 9 for the wood and bark compositions, respectively. 
Compared to the previous scenarios, it is clear that more oxide melt formation occurs. For the wood composition, stabiliza-
tion of Ca Si O (s) (rankinite) depletes the oxide melt of CaO from low temperature/low pressure to around 1250°C at high 
pressures. With increasing temperature, a singly stable CaSiO (s) (wollastonite) phase is present. It remains the sole stable 
condensed phase until the melting point of 1540°C at 1 bar. This melting temperature decreases with increasing pressure due 
to the increase in KOH(g) concentration. At higher temperatures K O is depleted in the oxide melt phase that consists of equal 
molar amounts of SiO  and CaO. For the bark composition, the formation of oxide melt occurs across a broader range of 
conditions. Ca Si O (s) and CaSiO (s) are restricted to stabilization at low pressures up to 3 bar and approximately 1200 –
 1500°C. This implies that higher concentrations of gaseous K species likely lead to greater amounts of melt formation.    

The scenarios with molar Si:Ca = 2:1 are shown in Figure 10 and Figure 11 for the wood and bark compositions, respective-
ly. For the wood composition, an oxide melt is stable almost over the entire range of conditions, though Ca Si O (s) and 
CaSiO (s) remain in equilibrium with the oxide melt up to approximately 1400°C. Beyond this temperature, both Ca and Si 
form part of a K O-depleted oxide melt. A smaller region of immiscibility is predicted for the oxide melt, with one rich in 
CaO and SiO  (SLAGA#1) and the other rich in K O and SiO  (SLAGA#2). For the bark composition, almost all Ca and Si 
are within the oxide melt at temperatures > 1050°C; Ca Si O (s) and CaSiO (s) remain in equilibrium with the oxide melt only 
at 1 bar between approximately 1200 – 1400°C. A similar but much broader miscibility gap is also predicted. The oxide melt 
composition varies from K O-rich at low temperatures to SiO -rich at high temperatures, with the fraction of CaO in the 
oxide melt generally increasing with temperature. As with the previous scenarios, the fraction of K O in the oxide melt 
generally decreases with increasing temperature and also with decreasing gaseous KOH(g) concentrations.     

The results collectively indicate that unless PEFG of woody biomass is carried out under high pressures at low temperatures, 
gaseous K species with Ca alone do not exhibit melt formation or significant interactions. This is consistent with the CaO-
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rich and low molten material deposits collected by Coda et al.4 in PEFG of wood at a furnace temperature of 1450°C. Con-
trastingly, depending on the concentration of gaseous K species, Si can react across a broad range of conditions to form an 
oxide melt. This also means that Si is a prerequisite for initiation of melt formation during PEFG at higher temperatures. 
Moreover, the higher the Si:Ca ratio, the greater the amount of melt that is formed. This was observed in the pilot-scale 
experiments of Ma et al.,5 where the amount of melt formation increased with the level of Si contaminants in the different 
fuels. Further secondary ash transformations such as adhesion of Ca-rich particles would have a significant impact upon the 
melt. Incorporation of Ca leads to crystallization of high temperature melting Ca-silicate phases such as CaSiO (s), 
Ca Si O (s) and Ca SiO (s). This was apparent in the pilot-scale campaign firing bark, where the relatively high Ca content of 
the fuel led to limited amounts of melt formation.5  

From a practical perspective, it is desirable to operate at high temperatures to ensure a high purity syngas with minimal tar 
and CH (g). Therefore it is most likely that some molten material will be foremost produced from amounts of Si that are 
always contained in, or carried with, the fuel. Since Ca is more abundant than Si in most woody biomasses, Ca-rich deposits 
with large amounts of crystalized material may be abundant as a result of adhesion and secondary transformations. The 
greater the amount of Ca incorporated, the less the amount of melt that is formed. If a slagging mode of operation is chosen, 
this may be remedied by the addition of SiO -based additives such as quartz and kaolinite, as suggested by Coda et al.4 This 
has the advantage of condensing amounts of gaseous K species that otherwise may prove problematic for downstream 
equipment; e.g., corrosion of syngas cooler surfaces. However, this entails an economical and technical efficiency penalty. 
Alternatively, if a fuel produces low concentrations of gaseous K species that is not problematic, operation in a predominate-
ly non-slagging mode without additives may produce loosely sintered deposits upon the reactor wall that can be removed 
mechanically; e.g., in the manner of periodic soot-blowing. The latter may be plausible for stem wood fuels that are relatively 
low in K and a high Ca:Si ratio. Both modes of operation require practical knowledge about the fractionation and reactivity 
of the ash-forming matter, including those with the containment material, in order to assess whether reactor operation can be 
sustained long-term. 
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Ash deposit and mullite refractory interactions 
Figure 12 shows the solubility of Al O  within the oxide melt for compositions ranging from the potential ash deposit 
compositions (Ca-only, Si:Ca = 1:2, 1:1, 2:1) to mullite refractory, under a gasification atmosphere of 2 bar with correspond-
ing partial pressures of gaseous K species (Figure 2). They are intended to represent the interactions of the ash deposits as it 
penetrates the refractory, under the assumption that the global reactor conditions still apply. 

Figure 12. Solubility of Al O  in compositions between ash deposits and mullite refractory. White spaces represent regions where no 
melt was predicted. 

The lack of Al O  dissolution or melt formation observed by Carlborg et al.8 when synthetic K CO -CaCO  ash was placed 
upon mullite-based refractories at 1050°C agrees with the Ca-only ash deposit-rich region of Figure 12, top left, in spite of 
the pressure and atmospheric discrepancies (1 bar CO ). However, the KAlSiO (s) (kalsilite and kaliophilite) phases that they 
observed were not predicted to be stable; instead, CaO, Ca-aluminates and a solid solution of melilite were predicted. This is 
likely due to the negation of transport processes and chemical kinetics that are inherent to the thermochemical equilibrium 
calculations. As such, products from solid reactions between the mullite and Ca may be more stable from a thermodynamic 
perspective, but the lack of mobility compared to the volatility of K may enable the latter to achieve higher reactivity in 
practice. Indeed, the phase assemblage of the mullite-only composition under 2 bar gasification atmosphere with gaseous K 
species (Figure 13) shows that it is reactive with K to form melt and K-aluminates at the experimental temperature. 

At temperatures < 1400°C, the increase of the deposit Si:Ca ratios increases the amount of Al O  that is dissolved into the 
oxide melt also. This suggests that melt formation and corrosion of the mullite is likely if Si-rich particles are deposited upon 
the reactor wall, which was also observed by Carlborg et al.8 As the melt penetrates into the refractory and the composition 
becomes dominated by the refractory, the relative level of Al O  dissolution reduces. At higher temperatures > 1400°C, the 
dissolution of Al O  would be more severe but lessens somewhat with increasing Si:Ca ratio. 
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Figure 13. Phase assemblage of mullite composition under 2 bar gasification atmosphere containing gaseous K species. 

Comparing Figure 4 (left), Figure 6 and Figure 8 with Figure 12 (top left), Figure 12 (top right) and Figure 12 (bottom left), 
respectively, the presence of mullite can be seen to increase the melt formation tendency when the composition is rich in ash 
(> 90 mol%). This means that corrosion of the refractory due to ash deposits is likely. In the pilot-scale tests of PEFG of stem 
wood, slagging was found to occur dramatically that led to outlet blockages when temperatures near the mullite-based reactor 
wall rose above approximately 1350°C.6 Referring to Figure 12, top right, as representative of behavior of relatively Ca-rich 
fuel like stem wood, it can be seen that dissolution of Al O , and therefore the refractory, increases significantly above 
1300°C. This is exacerbated at even higher temperatures, which was observed. It is also likely that traces of other elements 
associated with the fuel or refractory—e.g., Fe and Mg—would increase the formation of melts at lower temperatures, 
especially in reducing atmospheres.11 

With exception at ash deposit-rich compositions at high temperatures, there are significant crystalline phases that are stabi-
lized throughout the remainder of the compositional and temperature ranges. The main crystalline phases that are stable with 
the melt at high temperatures (> 1200°C) include mullite, Al O (s) (corundum) and KAlSi O (s) (leucite),while at low to 
intermediate temperatures (900 – 1200°C) KAlSiO (s) (kaliophilite), Ca SiO (s) (larnite), CaSiO (s) (wollastonite), KAlO (s) 
(potassium aluminate), CaAl O (s) and CaAl O (s) (calcium aluminates) are stabilized. A coarse interpretation of the 
occurrence of refractory dissolution and spallation can be extracted from the plots. Upon the occurrence of ash deposition and 
dissolution of the refractory (e.g., at 1400 – 1500°C), the melt may infiltrate pores or cracks within the refractory and become 
enriched towards the mullite composition. At the same time, cooler temperatures deeper in the refractory would then induce 
the formation of phases like KAlSi O (s), resulting in spallation of the refractory due to their lower density compared to 
mullite (2.45 – 2.5 g/cm³ vs. 3.11 – 3.26 g/cm³). Such occurrences would be highly detrimental as a new surface would be 
exposed for repeated attack.  

Despite the dissolution of the refractory and formation of crystalline phases that may cause corrosion and spallation, there 
remains potential for mullite refractory to be used feasibly, if not indefinitely. The use of slagging additives containing Al, 
such as kaolinite, would increase Al O  concentrations in the melt and may reduce dissolution from the refractory. If pores 
and cracks are also minimized, the refractory would then be only subjected to a milder corrosion process with the ash slag 
flowing down the hot face. This also has the benefit of retaining gaseous K species to reduce alkali-induced problems 
downstream of the reactor. Hence, relevant in-depth evaluation of ash slag-mullite interactions in relation to properties such 
as microstructure and porosity, along with thermo-mechanical properties, may prove worthwhile.  

Further discussion 
The calculations were based on the most current and comprehensive oxide and salt melt databases and models available 
commercially. However, it has been pointed out that the K O-CaO-SiO  system remains in need of experimentation and 
critical evaluation.12,13 The miscibility of salt melts and oxides melts also requires further experimental data,14 and the 
conditions at which these melts are stabilized may well vary depending on the miscibility of the two melts; i.e., as CO (g) 
dissolved within an oxide melt. There are also optimized models of the K O-Al O -SiO  system that give better predictions 
than those currently available in FactSage 6.4.15 Hence, the presented results are only predictions of qualitative trends, not 
accurate quantitative behavior. Also, only the global conditions in the reactor have been studied. Factors that may impact 
upon the eventual composition of the ash matter—e.g., the transition of fuel particles from very reducing atmospheres (initial 
devolatilization) to oxidizing atmospheres (volatiles and char combustion) to reducing conditions (char gasification)—have 
not been taken into account. The actual ash matter fractionation and their reactivities are also important. Likewise, the 
conditions under which interactions between ash deposits and refractory occur are likely to change as they progress, meaning 
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that conditions are localized. Attaining greater knowledge of the actual conditions in detail would give opportunity to im-
prove the thermodynamic analyses.  

Conclusions 
Based on the assumed ash transformations, thermodynamic databases and solution models that were used, as well as the 
woody biomass-based fuels and calculated global PEFG reactor conditions, the results allow for the following conclusions: 

Under a gasification atmosphere with extensive K volatilization, melt formation with CaO particles alone (e.g., for 
pure stem wood fuels) is restricted to K CO -CaCO  salt melts at low temperatures (< 1250°C) and at high pres-
sures (> 4 bar). At higher temperatures, the carbonate salt melt decomposes and CaO(s) particles are predicted to be 
inert against gaseous K species.    
In contrast, the presence of SiO  particles alone (e.g., quartz sand fuel contaminants) is predicted to facilitate melt 
formation across a broad range of conditions (1 – 80 bar, 900 – 1800°C). However, high temperature polymorphs 
of SiO (s) are predicted to be inert against low gaseous KOH species concentrations (< 100 ppm) for certain condi-
tions (approximately < 6 bar, 1400 – 1700°C). 
The conditions for melt formation are broadened with greater gaseous K concentrations and increasing Si:Ca ratio. 
A salt melt and an oxide melt may co-exist at low temperatures and elevated pressures when Si and Ca are co-
present. Ca is predicted to be preferentially partitioned into the K CO -rich salt melt, assuming their immiscibility.  
An SiO -rich oxide melt phase is most dominant at high temperatures, but increasing Ca generally lowers the 
amount of oxide melt content due to formation of high temperature melting Ca-silicate crystalline phases. 
The trend of K O fractions in the oxide melt generally shows decreases with increasing temperature, but increases 
with increasing pressure, most significantly at low pressures. 
Dissolution of Al O (s) from mullite refractory into ash deposits is likely, along with formations of Al-rich crystal-
line phases. 
The results from the calculations were in qualitative agreement with results from an experimental study of a mul-
lite-based refractory exposed to synthetic ashes, as well as with deposits and slags collected from a pilot-scale reac-
tor. 
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