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ABSTRACT

Pressurised entrained-�ow gasi�cation (PEFG) of woody biomass has the potential to

produce high purity syngas for the production of vital chemicals, e.g., biofuels. Before

this potential can be realised from a technical perspective, ash-related issues such as 3

reactor blockages and refractory corrosion need to be addressed. These undesirable

consequences can be brought about by slag formation involving inorganic ash-forming

elements that undergo chemical and phase transformations during fuel conversion. The 6

objectives of this study were to elucidate the ash transformations of the major ash-

forming elements, the slag formation process, and the interactions of ash material with

reactor containment refractories. 9

A pilot-scale PEFG reactor was used as the basis of the study, gasifying di�erent

woody biomass-based fuels including wood, bark, and a bark/peat mixture in separate

campaigns. Di�erent ash fractions were collected and chemically analysed. Reactor 12

slags had distributions of major inorganic elements that di�ered from the original fuel

ashes, indicating the occurrence of ash fractionation during fuel conversion. Fly ash

particles from a bark campaign were also heterogeneous with particles exhibiting dif- 15

fering compositions and physical properties; e.g., molten and crystalline formations. Si

was consistently enriched in the reactor slags compared to other major ash-forming

elements, while analyses of other ash fractions indicated that K and Cl were likely 18

volatilised to a signi�cant extent.

In terms of slag behaviour, near-wall temperatures of approximately 1050–1200 °C

inside the reactor were insu�cient to form �owing ash slag for continuous extraction of 21

ash material during �ring of the woody biomass fuels alone. However, fuel blending of

a bark fuel with a silica-rich peat changed the chemical composition of the reactor slag

and bulk �owing slag behaviour was evident. Thermochemical equilibrium calculations 24

supported the importance of Si in melt formation and lowering solidus and liquidus

temperatures of Ca-rich slag compositions that are typical of clean wood and bark fuels.

Viscosity estimations also showed the impact that solids have upon slag �ow behaviour 27

and corresponded qualitatively to the experimental campaign observations.

Corrosion of the reactor containment refractory was observed. The mullite-based

refractory formed a slag with the fuel ash matter that caused the former to �ux away. 30

Reactor blockages were also resultant because of the high viscosity of this slag near

the outlet. A preliminary study into the corrosion of di�erent refractories was carried

out under gasi�cation of a bark/peat mixture. This fuel produced a siliceous slag con- 33

taining substantial amounts of K and Ca that were deposited upon the test refractories.

The exposed test refractories were based on di�erent minerals, which included fused-

cast periclase/spinel, zircon/mullite, alumina, andalusite, silicon carbide, and hibonite. 36

Increased levels of Al were detected in the slag deposited upon all the refractories,

which indicated likely dissolution of the refractories. The fused-cast periclase/spinel

refractories showed the least amount of degradation. The zircon/mullite refractory was 39
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partially disintegrated due to dissolution of the mullite while the alumina and hibonite

refractories were in�ltrated comprehensively by the slag and new crystalline phases

were formed as a result of the exposure. The andalusite and silicon carbide refractories3

were in�ltrated to lesser extents but new phases were also identi�ed. The results indi-

cated that the corrosion severity can be largely dictated by the level of resistance that

the refractory matrix possesses against slag in�ltration. Hibonite, spinel, zirconia, and6

silicon carbide were the refractory aggregates that showed the most resilience against

dissolution by the slag.

The �ndings from this thesis contribute towards the development of woody biomass9

PEFG by highlighting issues concerning ash fractionation, slag behaviours, and ash/

refractory interactions that need to be investigated further.

Keywords: woody biomass, entrained-�ow gasi�cation, ash transformation, slag be-12

haviour, refractory corrosion
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1 INTRODUCTION

Woody biomass are potential sustainable and CO2-neutral feedstocks for the synthesis of
transportation fuels and other vital chemicals. Conversion of woody biomass into speci�c
chemical compounds can be accomplished via di�erent processes, one of the most versatile 3

being pressurised entrained-�ow gasi�cation. This process, however, entails signi�cant
issues regarding ash behaviour that require special consideration. This section introduces
the motivating issues that prompted the objectives of this thesis study. 6

1.1 Swedish transportation energy use

According to the Swedish Energy Agency [1], Sweden consumed a total of 71 TWh

of petroleum-derived resources within the domestic transport sector during 2014. It

represented approximately 63 % of fossil fuel (coal, oil, natural gas) energy use and was 9

responsible for approximately 53 % of CO2 emissions from fossil-based fuel combustion

in Sweden [2]. In order to reduce greenhouse gas emissions as outlined by domestic

ambitions [3,4] and international commitments [5], substitution of petroleum in trans- 12

portation is an obvious prerequisite. One promising resource to facilitate the transition

away from fossil fuel use is woody biomass. Sweden possesses a well-managed forest

resource that — despite intensive industrial logging — has increased during pass decades 15

[6]. Gasi�cation is a thermochemical process that can facilitate the conversion of woody

biomass into essential hydrocarbon chemicals such as fuels. It involves the partial oxi-

dation of a carbonaceous materials, e.g., woody biomass, to produce syngas (primarily 18

CO and H2) that can be synthesised into liquid transportation fuels; e.g., compressed

dimethyl ether, Fischer-Tropsch diesel, methanol. This creates a potential to produce

renewable, sustainable, and CO2-neutral transportation fuels from a domestic resource 21

that can — in combination with other alternatives, e.g., electric vehicles — eliminate

the use of fossil fuels within the Swedish transport sector [7–9]. An addition bene�t of

gasi�cation is the possibility to synthesis a broad range of chemicals that are either end- 24

products themselves or are precursors for the synthesis of other products; e.g., methanol

as solvent or precursor for plastics; ammonia as refrigerant or precursor for fertiliser.

The prospect of producing chemicals from woody biomass is by no means limited to 27

Sweden, as much of the European continent also has increasing volumes of forest re-

sources [10] and must also enact measures to reduce net greenhouse gas emissions.

1.2 Pressurised entrained-�ow gasi�cation

Pressurised entrained-�ow gasi�cation (PEFG) of coal has been producing syngas com- 30

mercially for the synthesis of chemicals for about 70 years. Its development began in the

1940s when trials of the atmospheric pressure Koppers-Totzek gasi�er were conducted.

It consisted of a reactor with two opposing side-burners through which oxygen was fed 33
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Figure 1.1: Di�erent con�gurations of commercialised entrained-�ow gasi�ers and their manufac-
turers: (a) Koppers-Totzek, Shell; (b) Texaco, General Electric (GE) Energy, Siemens,
Uhde, Northwest Research Institute of Chemical Industry, Hangtian Lu (HT-L); (c) Mit-
subishi Heavy Industries (MHI), Huaneng Clean Energy Research Institute (HCERI), En-
ergy Application for Gas, Liquid, and Electricity (EAGLE), Chicago Bridge & Iron Com-
pany (CB&I); (d) East China University of Science and Technology (ECUST); (e) Tsinghua
University

with powdered coal. A top-�red entrained-�ow gasi�er was also developed in the 1940s

by Texaco — albeit mainly for gasi�cation of natural gas. Towards the 1970s, both these

variants were developed for pressurised entrained-�ow gasi�cation of coal due to the3

need to improve e�ciency for downstream chemical synthesis processes and to reduce

dependency on oil [11–13]. Since then, PEFG reactors with other con�gurations have

also been developed; some of these are depicted in Fig. 1.1. These developments have6

been motivated to improve fuel conversion of di�erent coals and also to handle ash

slag that is formed during the process. They all, however, share the common de�ning

characteristic of gasifying a �ow of powdered fuel that is entrained within the oxidant.9

The global production of syngas is dominated by PEFG technologies: in 2014, at least

48 % of commercial gasi�ers were of the entrained-�ow type, representing at least 65 %

of the 117 GW
th

global operating output [14]. Moreover, the development of PEFG con-12

�gurations continues, as exempli�ed by the Tsinghua Oxygen Staged Entrained Flow

gasi�er that was introduced commercially as recently as 2011. This indicates that PEFG

of coal continues to be a well-proven process from a techno-economic perspective. It15

has advantages when compared to other gasi�cation technologies (e.g., �xed bed and

�uidised bed gasi�cation) in terms of production capacity (> 1 GW
th

) and syngas qual-

ity [11,15]. Production of syngas from woody biomass via PEFG can therefore be an18

attractive prospect, especially when integrated with other industrial processes [16,17].

However, there are disadvantages also; e.g., the need to pulverise fuel particles; the

need for enriched oxy-�ring to generate high temperatures; di�culties with consistent21

feeding of a powdered fuel under pressurised conditions; degradation of costly reactor

materials [13]. As described later, coal and woody biomass also di�er signi�cantly with

respect to their compositions, which manifests di�erences in fuel conversion behaviour24

that prevents the former from being substituted by the latter in a straightforward man-

ner. Because of this, most biomass PEFG facilities remained in developmental or demon-

strative stages at the time of writing. Commercialised PEFG units using biomass as the27
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1.2 PRESSURISED ENTRAINED-FLOW GASIFICATION

main feedstock were very limited, if available at all [18,19].

1.2.1 Fuel conversion process

A simpli�ed scheme of the fuel conversion process during PEFG of carbonaceous fuels

is shown in Fig. 1.2(a). Powdered fuel is fed into a pressurised reactor, either as parti- 3

cles or within a slurry. A co-current �ow of oxidant gas (often enriched O2) entrains

the fuel into the reactor whereby conversion begins under the high temperatures that

are usually between 1200–1600 °C. The fuel conversion is generally thought to proceed 6

similarly as for other gasi�cation techniques; i.e., consecutive processes of drying, de-

volatilisation, char oxidation and combustion of volatiles, and char gasi�cation. The

processes of drying and devolatilisation occur from approximately 100 °C and 350 °C, 9

respectively. During these processes, H2O and other gases from the decomposition of

organic matter in the fuel, e.g., CO, CO2, H2, CH4, and tar compounds [20], are evolved

from the fuel particle as it is devolatilised to form char, a carbon-rich matter: 12
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Figure 1.2: Schematics of PEFG (a) fuel conversion in hot reaction zone and (b) top-�red reactor
con�gurations
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1 INTRODUCTION

Much of the released volatiles are oxidised to produce H2O and CO2 and release heat,

i.e., combustion:

CO(g) + H2(g) + CH4(g) + CaHbOc (g)

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟

Tars

+O2(g)

⏟⏞⏟⏞⏟

Oxidant

CO2(g) + H2O(g) ΔH < 0 (R2)

Parts of the char are also combusted and contribute to the heat that drives the previous3

drying and overall endothermic process of devolatilisation. With the depletion of oxi-

dant, the heat of the combustion processes also drives the subsequent char gasi�cation

process. This mainly involves the endothermic Boudouard and water gas reactions that6

describe the reactions of char with CO2 and H2O, respectively, to produce CO and H2:

CO2(g) + H2O(g) + 2C(s)

⏟⏞⏟⏞⏟

Char

3 CO(g) + H2(g) ΔH > 0 (R3)

The important characteristics of PEFG that distinguishes it from other gasi�cation tech-

niques are the relatively high reactor temperatures and high particle heating rates. This9

means that the powdered fuel particles may be subjected to the aforementioned pro-

cesses simultaneously. In addition to chemical changes, fuel particles can also diminish

in size due to various forms of fragmentation.12

Upon complete conversion of the fuel, the �nal composition of the syngas is largely

dictated by the water-gas shift reaction, which is dependent on the temperature:

ΔH > 0 CO(g) + H2O(g) CO2(g) + H2(g) ΔH < 0 (R4)

In the ideal scenario, all char is converted to the gases CO, H2, CO2, H2O; i.e., a syngas15

that can be shifted to a CO:H2 ratio (gas conditioning) appropriate for synthesis into the

desired chemical. In practice, unconverted char, tar, and CH4 are also produced, which

require dedicated downstream cleaning and puri�cation processes [21]. PEFG generally18

produces lower levels of these raw syngas impurities compared to other established

gasi�cation technologies [11,22], which is one reason for their dominance.

1.2.2 Ash behaviour and issues

Biomass and coal fuels contain inorganic elements that are bounded in numerous chem-21

ical phases. These are often referred to as the ash-forming elements or ash-forming mat-
ter because they constitute the majority in condensed (solid and liquid) residues that

are remnant after complete combustion or gasi�cation. During fuel conversion, these24

elements (mainly Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, Mn, Fe, Zn) can interact among them-

selves and with organic phases to form gas, liquid, and solid products, as depicted in

Fig. 1.2(a). The behaviours of these inorganic products are important for the operations27

of the PEFG reactor. For example, under the high temperatures of the reactor, most of
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1.2 PRESSURISED ENTRAINED-FLOW GASIFICATION

this ash-forming matter in coal may melt and form slag, which means that coal PEFG

reactors are almost exclusively run in a slagging regime [11,23]. A signi�cant portion

of this ash slag can come into contact with the containment structure of the reactor and 3

form a layer that must �ow out of the reactor to avoid ash accumulation. These areas

in the reactor are indicated by the thick dashed grey lines in Fig. 1.1.

There are two main containment structure variants that manage the ash slag in 6

slightly di�erent ways. In the refractory wall variant (Fig. 1.2(b), left), the reactor is lined

internally with layers of refractory materials that insulate the reactor shell against the

high temperatures of the reaction zone. The wall slag layer serves, in turn, to shield the 9

hot face refractory material from �ame radiation and high temperature gases that can

be corrosive due to the syngas or volatilised ash-forming matter. The slag, however,

can also react with the refractory material and cause degradation and eventual failure. 12

Elucidation of the ash/refractory interactions are currently being pursued [24–26] and

new refractory materials are being developed [27,28].

The other containment structure variant consists of a cooling screen, or membrane 15

wall (Fig. 1.2(b), right), made of an attached coiled pipe in which a coolant �ows; e.g.,

water. A thin layer of refractory is bonded to the coolant coil so that the initial ash-

forming matter melted by the high temperatures are frozen upon contact. As more ash 18

material deposits, an ash layer with a steep temperature gradient builds up such that at

steady state, subsequent molten ash depositions �ow down the hot side. Because the

slag on the refractory is frozen, this containment structure is in principle self-repairing 21

and immune to corrosion. However, it is disadvantaged by higher heat losses compared

to refractory variants, which are insulated [11].

At the outlet of a top-�red reactor (Fig. 1.2), a constriction reduces the amount of 24

heat loss from the reactor and induces a circulation of the gas �ow that reduces tem-

peratures close to the wall. This constriction also forms the slag tap that facilitates the

quenching of slag into granules that can be removed with lock hoppers. A reduction in 27

the raw syngas temperature is often necessary to carry out puri�cation and condition-

ing prior to its conversion into the desired chemical. To achieve this, a total or partial

quench is positioned at the bottom of the reactor (Fig. 1.2(b), left and right, respectively). 30

Total quenching causes the raw syngas to become saturated with steam (< 300 °C) and

is accomplished by passing the gas through water sprays and submerging it beneath the

quench water surface. This is advantageous for some chemical synthesis processes that 33

require the syngas to contain more H2; e.g., ammonia production. Partial quenching

uses water sprays to cool the gas moderately (to approximately 900 °C) so that a syngas

cooler can then be used to recover heat for other processes. 36

Regardless of the containment variant or the level of quenching, ash slag needs to be

removed from the reactor in a consistent manner to avoid accumulation and blockage of

the gasi�er outlet. Furthermore, besides the ash-related issues that pertain to the opera- 39

tion of the reactor, the ash-forming elements can also form compounds that constituent
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as impurities entrained with the syngas. These can cause degradation and contami-

nation of downstream units, e.g., syngas coolers and chemical synthesis catalysts [29].

Hence, the fate of ash-forming matter is an overall critical issue for PEFG. This implies3

that the fate of ash-forming elements and the rheology of the slag are important factors

to consider, and at the time of writing, these areas remained under active research for

coal gasi�cation [30–33]. This is especially important to consider when attempting to6

adapt to new fuel feedstocks such as biomass [34,35], where signi�cantly less has been

studied compared to coal.

The composition of ash-forming elements in coal is generally dominated by Si, Al,9

Ca, and Fe, while for woody biomass they are Ca, K, Mg, and Si. The quantities of ash-

forming matter is higher in coal (> 5wt%) than woody biomass (< 4wt%) [36,37]. These

di�erences imply that their ash transformations and behaviours can also di�er substan-12

tially during fuel conversion. Indeed, the ash melting temperature for woody biomass

ash has been found in bench-scale experiments to be excessively high for PEFG, due

to the high share of Ca [34]. The low ash contents may also lead to insu�cient wall15

slag coverage. Furthermore, ash-forming matter can experience fractionation, which

describes the partitioning of the elements into di�erent phases of aggregation. This

can complicate predictions of reactor slag �ow behaviour and potential refractory in-18

teractions. Some of these issues may be overcome by changing the ash chemistry via

blending the fuel with additives or with other fuels that have favourable ash compo-

sitions. Such practices are implemented for PEFG of certain coals. Fuel blending is21

particularly attractive when considering the relatively low heating value of woody bio-

mass (≤ 20 MJ/kg) compared to coal (≥ 20 MJ/kg). Additives generally act as thermal

ballast that reduces the operating temperature, whereas fuel blending maintains or en-24

ables higher operating temperatures. In this regard, Swedish peat fuels characterised by

higher ash contents dominated by Si are potential candidates for suitable blending with

woody biomass fuels. However, with the exception of a small number of laboratory-27

scale studies [34,35], there is currently no knowledge regarding the ash transformation

or ash slag behaviour of woody biomass PEFG (with or without fuel blending) at facili-

ties closer to industrial-scale. This is crucial as some process parameters and phenom-30

ena are not known a priori, nor easily reproduced in laboratory facilities. This makes

pilot-scale campaigns compelling, because they can reproduce some of the character-

istics associated with industrial-scale facilities. At the same time, they can highlight33

further engineering issues and more fundamental research that should be undertaken.

1.3 Objectives

Having brie�y described the potential role that PEFG of woody biomass can have upon

energy and chemical supplies, as well as the criticality that ash behaviour has upon the36

PEFG process with respect to slag �ow and refractory interactions, the objectives of this

thesis are stated:
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1.4 OUTLINE OF THESIS

(1) Elucidate the ash transformations during pilot-scale PEFG of woody bio-
mass with/without blendingwith a peat fuel, with respect to the fraction-
ation of the major ash-forming elements and slag formation 3

(2) Estimate the melting behaviour and viscosity of ash slags during pilot-
scale PEFG of woody biomass with/without blending with a peat fuel

(3) Determine the chemical interactions between ash and refractory materi- 6

als in entrained-�ow gasi�cation of a woody biomass/peat mixture

1.4 Outline of thesis

This thesis summarises and discusses the overall implications of the appended Papers
that have addressed the above objectives as listed: 9

Ash transformations Slag �ow
behaviour

Ash/refractory
interactions

Ash fractionation Slag formation

Paper I, IV, V Paper I, II, III, IV Paper I, II, IV Paper II, V, VI

It began with the pilot-scale PEFG of three woody biomass in Paper I. The analyses

of reactor slags collected from those campaigns indicated that Si, along with K and 12

Ca, had signi�cant roles in determining the composition and behaviour of these ash

fractions. A thermochemical equilibrium study was therefore carried out asPaper III to

elucidate the conditions of slag formation under the assumption of interactions between 15

Si, K, and Ca. Paper IV used these results to study the di�erence in slagging behaviour

and ash transformations of a bark fuel, with and without blending with a Si-rich peat

fuel. Further ash fractions were also analysed. Paper II studied slag formations that 18

caused reactor blockages and ash/refractory interaction was identi�ed as a contributor.

This motivated campaigns of Paper V to study the degradation of several di�erent

refractories exposed to gasi�cation of a bark/peat mixture. Paper VI is an overview of 21

refractory corrosion issues that aided the interpretation of the �ndings and highlights

approaches in refractory development.

24

Section 1 brie�y introduced the motivating background to develop PEFG of woody

biomass and outlined the importance of ash behaviour. Section 2 overviews some of the

literature concerning ash behaviour and ash transformations of both coal and woody 27

biomass, in order to comprehend the most pertinent aspects and shape the objectives of

the thesis. Section 3 describes the experimental apparatus, campaigns, and procedures,

as well as analytic methods that were chosen. Section 4 presents the results of the stud- 30

ies carried out and discusses the most signi�cant �ndings. Section 5 summarises the

main conclusions drawn from this work, while Section 6 describes possible implications

arising from this thesis and suggests further research work of interest. 33
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2 LITERATURE OVERVIEW

Given the long history of PEFG and pulverised combustion of coal, it is valuable to learn
from the studies of ash formation from these processes in order to comprehend the possible
di�erences in ash behaviour during PEFG of woody biomass. This section also brie�y covers3

the deposition and rheological behaviours of ash matter as well as reactor containment
material corrosion, issues which are all critical to PEFG. The perceived pertinent knowledge
gaps needed to be �lled in order to successfully develop PEFG of woody biomass are then6

summarised and lay the basis for this study.

2.1 Ash transformations related to PEFG of coal

2.1.1 Ash-forming matter of coal

Coal is a natural carbonised sedimentary rock produced from the compression and

heating of vegetations that were buried millions of years ago. Owing to its biogenic9

origins and geological events, the constitution of coal can vary signi�cantly. Rank is

commonly used for classi�cation, where high-rank coals (anthracite, bituminous) gen-

erally have higher total and �xed (non-readily volatilisable) C contents, higher heating12

values and lower moisture contents compared to low-rank coals (brown, lignite, sub-

bituminous). The ash-forming matter can comprise approximately 5–50 wt% of the coal

matter [11,13,38]. The composition of the ash-forming matter also varies greatly, with15

some dependency on the rank, but are usually dominated by Si and Al followed by Ca

and Fe. S can also be quite high while Mg, Na, P, Cl, K, and Ti are generally signi�cantly

lower. The major chemical phases in which these inorganic elements belong to are nu-18

merous (> 30), but are mainly in oxygenated minerals that can be broadly classi�ed

[38,39] as :

silicates e.g., quartz SiO2, kaolinite Al2Si2O5(OH)4

oxides and hydroxides e.g., spinel (Mg, Fe)Al2O4, diaspore Al(OH)3

carbonates e.g., calcite CaCO3, dolomite CaMg(CO3)2

sulphides e.g., pyrite FeS2, marcasite FeS2

sulphates e.g., gypsum CaSO4, melanterite FeSO4 ⋅ 7 H2O

phosphates e.g., apatite Ca5(PO4)3(F, Cl, OH)

salts e.g., sylvite (KCl), halite (NaCl)

amorphous phases e.g., precipitated SiO2

21

While most of the ash-forming elements are found in the above categories, some may

also be bound to part of the organic matrix; in particular, Na, Cl, and the alkaline earth

metals (Mg, Ca). The levels of such organically-bounded elements tend to be higher24

in low-rank coals [13,40,41]. It is important to distinguish these mode-of-occurrence (or

chemical speciation) for the ash-forming elements because it gives rise to their di�erent

behaviours during thermochemical conversion; e.g., melting or volatilisation [39,42,43].27
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2.1 ASH TRANSFORMATIONS RELATED TO PEFG OF COAL

Organically-bounded
(Mg,P,S,Cl,K,Ca,Fe)

Included minerals

e.g., CaC₂O₄, SiO₂, KCl
(Mg,Al,Si,P,S,Cl,K,Ca,Mn,Fe)

Excluded minerals
e.g., feldspars, sand

(Na,Al,Si,K,Ca)
Fuel organic matrix

Figure 2.1: Modes-of-occurrence of ash-forming matter in a fuel particle. Italics indicate typical
phases and mode-of-occurrences for inorganic elements in woody biomass.

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 ma-

trix of the coal, or as excluded minerals when they are easily mechanically separable 3

from the coal [40]. These distributions are depicted and labelled in bold in Fig. 2.1. In-

cluded minerals are generally between 1–20 �m while excluded minerals may be much

larger [44,45]. These spatial distributions, along with chemical composition as afore- 6

mentioned, are aspects that can in�uence the ash formation behaviour.

2.1.2 Ash particle formation behaviour

The PEFG process is characterised by pulverised �ring. Studies of ash transformations

associated with pulverised �ring are largely based on combustion, where understand- 9

ing of the phenomena is comprehensive but not complete. The extent of their relevance

under gasi�cation conditions has also not yet been fully established, though there are

indications that they may share signi�cant commonalities [46,47]. This may be expected 12

because, in principle, combustion and gasi�cation both involve fuel drying, devolatili-

sation, and di�erent extents of char oxidation. Hence, it is worthwhile reviewing some

of the major �ndings from pulverised coal combustion given its relatively long history. 15

However, it is important to keep in mind that the local conditions, e.g., temperature,

are likely to be di�erent during some stages of the fuel conversion process due to the

lower O2 partial pressure encountered during gasi�cation. The latter can also a�ect 18

the oxidation states of elements (e.g., S and Fe) that can subsequently cause signi�cant

di�erences in ash behaviour (cf. Section 2.4) [48,49].

The combustion of pulverised coal has been reported to produce ash particles with 21

three distinct aerodynamic sizes, or modes, with approximate designations as: (1) ultra-

�ne (< 0.5 �m), (2) �ne (0.5–5 �m), and (3) coarse (> 5 �m) [50–52]. The formation of

these ash particles depends on the coal fuel particle size and the ash composition [53]. 24

For the sake of simplicity, this section will classify ash particles as coarse (or residual)

�y ash (> 1 �m) or submicron (< 1 �m) �ne ash particles. They have been studied

extensively due to their propensity to cause problems such as corrosion, fouling, unde- 27

sired slagging behaviour, and release of harmful particulate matter into the atmosphere.

In the context of PEFG, the formations of coarse and �ne particles are of importance

because of their potential to cause fractionation of the ash-forming elements. As a hy- 30
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Figure 2.2: Schematic of �y ash formation during pulverised coal combustion based on Helble [54],
Wu et al. [55] and Xu et al. [56]

pothetical, coarse particles may impact the reactor wall and form part of the slag, while

gaseous or �ne aerosol particles may remain entrained with the bulk gas �ow and exit

the reactor directly. Helble [54] presented a schematic of the formation pathways of3

submicron and coarse particles from pulverised coal combustion, which is represented

in Fig. 2.2 augmented with contributions from other authors that are described in the

following sections.6

Coarse �y ash formation

The formation of coarse �y ash is mainly attributed to the inorganic matter that remains

in the condensed state throughout the combustion process. Such inorganics may still9

undergo chemical and physical transformations, as well as act as condensation sites for

volatilised ash matter. Devolatilisation — i.e., the release of volatiles from the fuel par-

ticle leading to the formation of char — has been studied extensively due to its decisive12

in�uence upon the ensuing fuel conversion and ash formation processes. The heat-

ing rate and temperature can a�ect the degree of coal plasticisation and the amount

of volatiles that are released, which subsequently determines the physical form of the15

resultant char particle. The size, morphology, porosity, and surface area of the char

formed during devolatilisation determines the subsequent char oxidation characteristics

[57]. These characteristics also have an important in�uence over the formation of ash18
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2.1 ASH TRANSFORMATIONS RELATED TO PEFG OF COAL

particles. Conceptually, the char can assume coarsely spherical or angular forms with

varying degrees of porosity; alternatively, they may swell up and become cenosphere-

like. The latter are characterised by large voids surrounded by fused but thin particle 3

walls [55,58,59].

In coarsely spherical and angular dense char particles (Fig. 2.2, Group 3), the in-

cluded inorganic matter may coalesce via melting or solid di�usion as they are brought 6

into contact with each other as the char periphery recedes radially during char oxida-

tion. Minerals such as illite, pyrite, kaolinite, quartz, and siderite (FeCO3) can exhibit

such behaviour when they are included minerals [60]. The degree of coalescence be- 9

haviour is ultimately determined by the thermodynamic properties of the minerals (e.g.,

melting and eutectic temperatures) and also by the char devolatilisation, char plasticity,

and char conversion processes because they all a�ect the morphology and size of the 12

char that ultimately determine the spatial relationships between the inorganic matter.

Coalescence of included mineral results in ash particles that are relatively large (> 2 �m),

though included minerals may also become dispersed or shed away due to the reces- 15

sion of the parent coal particle [55]. The latter causes included minerals to become

isolated and reduces the occurrence of coalescence, thereby also increasing the number

of smaller �y ash particles [56,61]. Percolative fragmentation, where the bulk porous 18

structure of a char particle disintegrates into smaller particles due to the consumption of

connecting network bridges [62,63], can also occur and cause a reduction in the overall

�y ash size distribution. 21

Formation of cenospheres during devolatilisation causes included inorganic mat-

ter to be distributed and isolated around thin-walled structures (Fig. 2.2, Group 1).

Char fragmentation or burnout can then occur to disperse the small included miner- 24

als. Hence, chances for coalescence of mineral matter are restricted and �y ash tend

to be smaller when �ring coals that are prone to formation of cenospherical char [64].

Increasing pressure tends to produce �ner ash material due to the enhanced formation 27

of high porosity chars characteristic of cenospheres, and they could be even �ner under

a gasi�cation regime [65].

The two de�ning char types have led to the modelling of ash formation with total, 30

partial or complete lack of coalescence between included mineral matter [66]. Syred et

al. [67] and Kreutzkam et al. [68] have also pointed out the necessity to consider frag-

mentation of particles in order to model the resulting deposition behaviour adequately, 33

since the size and density of particles can in�uence their trajectories within the reactor

and their deposition behaviour.

At high temperatures, excluded minerals are also likely to be melted or fragmented. 36

The latter is especially true for larger particles because steep internal thermal gradi-

ents can in�ict excessive internal stresses. Controlled experiments have shown that

excluded minerals, e.g., pyrite, can exhibit fragmentation as their main transformation 39

mode [69,70]. Fragmentation may also occur due to the release of gases; e.g., H2O and
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CO2 from crystallised waters and carbonates, respectively [56,71]. Essentially, both

included and excluded minerals may undergo similar transformations, with the excep-

tion that coalescence is a�orded to the former due to their initial �xed proximity to each3

other. The isolation of excluded minerals from other mineral matter during pulverised

�ring means that coalescence is rare�ed and happens only if adhesive collision occurs.

This also implies that abrasive attrition and collisional fragmentation can be regarded6

as having a negligible e�ect on �y ash particle size distribution [56]. As indicated in

Fig. 2.2, vaporisation of inorganic matter is also possible from both included and ex-

cluded minerals, and is covered next.9

Submicron particles formation/Volatilisation

The formation of submicron particles have been largely attributed to ash volatilisation.

During both devolatilisation and char combustion, inorganic species can be volatilised12

[72–74]. 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 mentioned previously, Na

is mainly organically-bounded or as salts in coal, while K is usually bounded within15

silicate minerals. This makes the former more susceptible to volatilisation at low tem-

peratures. However, at temperatures above 1350 °C, K is also susceptible to volatilisation

from common coal minerals such as illite and muscovite [47,75]. Gaseous K and Na18

may also subsequently react with silicates to be retained in condensed glassy phases

[70]. Neville and Saro�m [76] studied the behaviour of Na in a lignite coal that was

mainly organically-bounded. They found that with increasing temperature (> 1627 °C),21

the fraction of Na released gaseously decreased. This was attributed to the increased

di�usion of Na into silica particles a�orded by the fusion behaviour of the latter with

increasing temperature. They also compared the release of Na from other coals and24

found an inverse correlation between the fraction of Na released and the amount of Si

in the coal. Wibberley and Wall [77] found experimentally that S and Cl can reduce the

amount of Na-silicate melt formation on silica grains from approximately 1027 °C. This27

was attributed to the formation of thermodynamically-favourable Na2SO4 at tempera-

tures up to approximately 1127 °C and the stability of NaCl at higher temperatures. Cl

has also been shown to have a positive thermodynamic in�uence on the gaseous release30

of both Na and K [42].

Volatilised ash material released into the gas stream may, upon cooling, nucleate to

form very small submicron particles. These may coagulate together to form larger parti-33

cles [72]. Alternatively, they may also condense heterogeneously upon other submicron

particles or upon �y ash and slag dispersed from the char combustion stage, as shown in

Fig. 2.2. Neville and Saro�m [78] also hypothesised, based on laboratory experiments,36

that refractory oxides such as SiO2, FeO, and MgO can be reduced and volatilised as

SiO(g), Fe(g), and Mg(g), respectively, in the high temperature and reducing conditions

that prevail within burning char particles. Upon emerging to the surface, Fe(g) and39
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Mg(g) are re-oxidised and homogeneously nucleate. They subsequently coagulate and

agglomerate to form submicron particles upon which SiO2 is formed via heterogeneous

condensation. Further downstream at lower temperatures, these particles then serve as 3

condensation sites for low temperature volatiles, such as Na, K, and S. This sequence

of events was used to explain the elemental composition strati�cation of submicron

particles [78]. Organically-bounded alkaline earth metals, Ca and Mg, have also been 6

observed to vaporise mono-atomically under similar conditions [79].

Xu et al. [56] highlighted the possibility of submicron particles resulting from frag-

mentation during bursting of cenospheres or simply as carry-over of submicron in- 9

cluded minerals in the coal fuel [80,81]. The increased presence of excluded minerals

within submicron particles due to smaller initial coal particle size has also been reported

by Ninomiya et al. [53]. In regards to the e�ect of increasing pressure, it has been pre- 12

dicted by thermodynamic equilibrium calculations to suppress the volatility of some

elements such as Fe, which implies a reduction in the amount of submicron particles

[65]. 15

2.1.3 Fate of inorganics during PEFG of coal

Currently, there is considerable interest in the utilisation of high-ash coals in gasi�ca-

tion processes due to their lower costs and unsuitability for other purposes, e.g., coking

or combustion [13]. The study into the fate of coal ash-forming matter during PEFG 18

in gasi�ers larger than laboratory-scale (≥ 100 kW
th

) is, however, currently somewhat

limited. This is due in part to the assumption that the bulk of the ash-forming matter

becomes a molten slag of the same composition that �ows down the gasi�er wall to be 21

continuously extracted [11,82]. There are a number of studies to indicate that this is not

necessarily valid and may give rise to occasions that hinder smooth gasi�er operation.

Brooker [83] studied deposits upon the tube surfaces of a radiant syngas cooler down- 24

stream of a pressurised entrained-�ow gasi�er. Pyrrhotite (FeS) and halite (NaCl) were

prominent in these deposits. It was suggested that elements with high volatility (alkalis,

S, Cl) during the gasi�cation process could subsequently condense upon cooler down- 27

stream surfaces. This implies the potential for less volatile elements, e.g., Si, Al, and

Ca, to become enriched within the gasi�er due to the departure of the easily-volatilised

elements with the raw syngas �ow. This type of elemental enrichment/diminishment 30

behaviour has, in fact, been reported by Meij and Winkel [84] in their compilation of

ash samples from di�erent locations within Dutch pulverised coal combustion power

plants. They introduced an element enrichment factor to deduce the fates of elements: 33

EF =

'a

'
f/!f

× 100

'a = elemental concentration in ash material [mol/g ash]

'
f
= elemental concentration in fuel [mol/kg fuel]

!
f
= fuel ash contents [g ash/kg fuel]

This was used by Duchesne and Hughes [46] to classify partitioning (fractionation) be-
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haviour of the elements based on data from demonstration- and pilot-scale entrained-

�ow gasi�cation plants. Table 2.1 lists these assigned classi�cations to some of the major

ash elements based on the generalised behaviours derived from the di�erent gasi�ers.3

They stress, however, that the enrichment factors and classi�cations are only indicative

and are dependent upon the entrained-�ow gasi�cation technology tested and the op-

erating conditions. This is evident, e.g., for Na, which was observed as a likely volatile6

element by Brooker [83], contrary to Table 2.1. Ilyushechkin et al. [85] recently reported

on the ash partitioning behaviour of several coals in a 5 MW
th

pilot-scale entrained-

�ow gasi�er. They analysed coarse tapped slag and solids collected from the quench9

e�uent, the latter of which were interpreted as ash material that departed the gasi�er

without participation in the formation of the tapped slag, i.e., �y ash particles. Both

the tapped slags and �y ash showed extensive molten inorganic phases as expected of12

PEFG, but there were also di�erences in elemental composition compared to the fuel ash

compositions. This was attributed to three main reasons: (1) partitioning of inorganic

elements during fuel that caused enrichment or depletion of certain elements within15

samples, (2) interaction 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. [32] also recently studied the ash partitioning be-18

haviour with di�erent coals utilising a 1 MW
th

pilot-scale entrained-�ow gasi�er. They

also found that most of the inorganics melted and became either �y ash or slag. In

addition, almost all S and a signi�cant portion of Na were depleted from ashes sampled21

at various locations, presumably due to volatilisation. They also found di�erences be-

tween the compositions of the fuel ashes [86] and the slags, highlighting also the role of

residual slag and refractory interactions. Si and Al were found to be enriched in slags,24

whereas Ca was diminished. Yu et al. [87] studied a bench-scale opposed multi-burner

entrained-�ow gasi�er and also found that slag deposits upon di�erent regions of the

gasi�er wall di�ered in composition and, therefore, �ow behaviour. This was attributed27

to the heterogeneous distribution of mineral matter in coal and also the fuel conversion

process. Wall et al. [65] reported that excluded minerals tended to form the wall slag in a

commercial swirling entrained-�ow gasi�er. This was attributed to the �ne and porous30

char structures that tended to be entrained from the gasi�er, thereby also carrying over

included minerals. They, therefore, suggest that �uxing agents intended to generate a

�owing slag require consideration beyond that of simply the fuel ash composition only.33

Table 2.1: Behaviour of major elements from data of pilot- and demonstration-scale plants as com-
piled by Duchesne and Hughes [46]

Class 1: Does not volatilise

during gasi�cation process

Class 2: Volatilises with

subsequent condensation

upon �y ash particles

Class 3: Volatilises and

does not condense in

gasi�cation system

Na, Al, Si, K, Ca, Fe, Mn Zn Cl
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Song et al. [88] also found di�erences in the fusibility and �ow properties of coal ash

obtained from low temperature combustion and that obtained as corresponding slag

from a gasi�er. Even though the di�erences in chemical compositions were only ±3 3

wt%, hysteresis e�ects associated with melting and precipitation induced di�erences

upon their measured �ow temperatures and viscosities between them when they were

blended with CaO additives. This was attributed to the physical di�erences, i.e., degree 6

of sintering and consolidation, between the low temperature ash and the actual gasi�er

slag.

The �ndings from these studies imply that there can be di�culties in reproducing 9

ash behaviour tests in laboratories that are robustly applicable to industrial gasi�ers

because the slag composition and physical properties arising from the actual gasi�ca-

tion processes are not generally known a priori. They also underline the uncertainties 12

associated with obtaining representative ash samples, especially of tapped slag, from

pilot-scale or larger gasi�ers. As such, mass balances of the inorganics in commercial

reactors have also su�ered from very high uncertainties and poor mass closures [46]. 15

This makes elucidation of the ash transformations challenging, but a task that is re-

quired in order to achieve optimised technical and economic performance [89].

2.2 Ash transformations of woody biomass

2.2.1 Ash-forming matter of woody biomass

The ash-forming matter of woody biomass fuels can be broadly classi�ed as intrinsic to 18

the fuel (taken up and formed during growth; i.e., biogenic and authigenic) and extrin-
sic (accumulated during natural processes; i.e., detrital; or included during harvesting

and treatment processes; i.e., technogenic) [90]. The elemental compositions of com- 21

mon Nordic woody biomass di�er between species as well as between di�erent parts

of the same tree. Table 2.2 shows the major elemental compositions of relatively pure

specimens (i.e., inorganics derived only from authigenic and detrital origins) that were 24

reported by Werkelin [91]. The most dominant elements are Ca and K that generally

account for approximately 40 mol% and 30 mol%, respectively, of the major ash-forming

elements, followed mainly by Mg (≈ 9 mol%) and S (≈ 5 mol%). The share of P can vary 27

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 shares of Na, Al, Si,

Cl, Mn, and Fe are relatively low in pure woody biomass. Elements that are essential for 30

growth can be roughly distinguished as macronutrients if their levels are higher than

10 mmol/kg of dried material (i.e., Mg, S, P, K, Ca) and as micronutrients (i.e., Cl, Mn,

Fe) if they are below this level. Elements that are are non-essential but which promote 33

plant growth and/or well-being are classi�ed as bene�cial nutrients (i.e., Na, Si, Al).

Smethurst [92] and Marschner [93] provide information regarding the functions of

the major ash-forming elements. Mg exists mainly as a highly mobile species that in- 36
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Table 2.2: Typical composition of major inorganics within common Nordic woody biomass. Colours
represent high (red), medium (yellow) and low (green) elemental shares within each type.
Source: Werkelin [91]

Species Na Mg Al Si P S Cl K Ca Mn Fe
Spruce 0.3 3.9 0.1 2.1 0.1 1.6 1.4 5.5 18.1 1.8 0.1 1308
Pine 0.7 7.8 0.1 4.4 1.3 2.9 2.4 10.4 16.0 1.5 0.1 1688

Birch 0.2 3.8 0.1 2.7 1.6 2.6 1.1 8.1 15.9 1.9 0.1 1405
Aspen 0.7 11.8 0.2 2.2 6.2 3.9 1.0 35.0 24.9 0.9 0.1 3143
Spruce 1.1 35.6 3.6 6.1 14.6 11.4 7.3 51.9 208.3 13.0 0.7 13372
Pine 1.0 36.0 33.7 2.1 40.7 9.7 4.1 81.3 158.4 6.2 0.9 13507

Birch 0.6 13.3 0.7 4.1 13.8 10.3 4.2 43.7 196.1 9.7 0.4 11504
Aspen 0.5 56.4 0.7 3.3 21.4 16.2 1.1 121.0 291.9 4.7 0.5 19432
Spruce 4.2 37.4 8.2 35.0 34.9 24.2 8.9 91.1 107.8 9.0 3.0 12925
Pine 1.7 29.4 12.3 11.1 27.4 18.3 5.6 77.8 132.2 4.4 1.3 11691

Birch 1.9 18.4 0.9 2.5 26.5 15.4 3.4 77.2 118.0 6.4 0.7 10160
Aspen 0.8 26.5 1.3 6.7 22.9 14.9 2.5 150.1 259.5 3.3 0.6 18648
Spruce 2.1 43.2 3.1 236.4 49.7 22.0 14.2 109.2 200.4 25.3 0.8 24304
Pine 1.2 33.1 13.9 19.5 41.0 26.4 11.5 122.0 103.3 15.3 0.7 14066

Spruce 0.6 37.3 1.0 10.7 123.7 41.2 30.7 373.4 41.7 4.5 0.8 24045
Pine 1.6 42.0 12.3 26.6 83.6 39.0 15.2 224.8 59.1 3.5 2.0 17978

Birch 1.4 83.5 1.5 11.3 101.4 52.7 5.1 240.9 227.6 29.1 1.5 27654
Aspen 0.4 121.0 0.7 4.7 165.9 79.8 14.4 613.8 244.5 12.1 1.0 45836

Major inorganic elements [mmol/kg dried]

Leaves

Wood

Bark

Twigs

Needles

Shoots

Total
[mg/kg dried]

Tree
part

teracts with enzymes to perform photosynthesis, protein syntheses, and other chemical

processes. As such, it is generally organically-associated. S is an essential part of amino

acids and critical to protein formation. It is usually organically-bounded in a reduced3

form but can be stored as sulphate (SO4

2 –
). P is an essential element comprising ge-

netic and energy storage compounds in the form of organically-bounded phosphates.

K exists as a highly mobile ion that is critical to enyzme activation, charge-balancing,6

and osmosis. It can therefore be organically-bound or as a free ion in solution. Ca ex-

ists mainly organically-bound within the cell walls of trees. It can also be precipitated

and stored as insoluble compounds with anions including carbonates (CO3

2 –
), oxalates9

(C2O4

2 –
), and phosphates (PO4

3 –
). Cl is a micronutrient that occurs mainly as a free ion

or within chlorinated-organic compounds in order to facilitate critical functions such as

charge-balancing, osmosis, and a probable role in the release of O2 from photosynthetic12

sites. Mn and Fe are micronutrients that exist mainly in their 2+ oxidation state. Mn

is critical for processes such as enzyme activation and O2 release, while Fe is critical

for protein formation and can be stored as Fe
3+

in crystallite structures of ferrihydrite15

(2 Fe2O3 ⋅H2O). Na is non-essential to woody biomass and is generally low in contents,

but can substitute for K in biological process to a limited extent. High levels of Na may be

present due to inclusion of soil minerals such as feldspars ((K, Na)AlSi3O8, CaAl2Si2O8)18

during harvesting processes. Al is generally toxic to plants and authigenically-derived

Al is mostly minor compared to that which can be included during harvesting processes.

Al in the former are likely to be precipitated as Al(OH)3(s) while the latter are likely to21

be relatively stable minerals such as clays and feldspars. Si is taken up as from the soil as
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silicic acid (Si(OH)4(aq)) and acts a bene�cial nutrient to promote growth and resistance

against diseases. It may remain in solution or can be precipitated to form amorphous

SiO2. Such authigenic Si is generally minor when compared to soil minerals that may 3

be added during harvesting processes as aforementioned, or via detrital processes such

as deposition by wind.

The modes-of-occurrence of these elements were studied by Werkelin et al. [94] by 6

applying chemical fractionation analysis using water, ammonium acetate (NH4CH3CO2),

and HCl acid as the sequential leachants. The leachability of the elements re�ect the

chemical associations described above, as summarised in Table 2.3. It is important to 9

emphasise, though, that soil minerals are often mixed into biomass fuels due to har-

vesting and handling processes. As such, common minerals like feldspars may cause

signi�cant additions of Si, Al, Na, Ca, and K, none which are signi�cantly leachable 12

with chemical fractionation analysis. Fig. 2.1 summarises some of the relationships of

the major ash-forming elements with respect to the fuel, inclusive of common contam-

inants. 15

The ash-forming contents are generally lower for woody biomass (0.1–4 wt%) com-

pared to coal (5–50 wt%) [36,37] and the elemental compositions are also substantially

di�erent. The chemical phases to which the elements belong to within woody biomass 18

are also signi�cantly di�erent. The share of elements comprising salts and organically-

bounded species are generally higher for woody biomass, whereas the presence of sil-

Table 2.3: Approximate mode-of-occurrence distribution of major inorganics within common Nordic
woody biomass. Source: Werkelin et al. [94]
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icates and other minerals are higher in coal [90]. Such di�erences in the ash-forming

matter can, in turn, cause signi�cantly di�erent ash behaviours when �ring each re-

spective fuel. As shown earlier in Section 2.1.3, research into the transformation and3

behaviour of ash-forming matter during PEFG of coal remains active, making it all the

more pertinent for study when considering biomass fuels.

2.2.2 Conceptual ash transformation process

Boström et al. [95] introduced a conceptual ash transformation model for biomass com-6

bustion, which can also be applied to gasi�cation. They used hypothetical primary and

secondary ash transformation reactions as a basis to explain the behaviour of major

ash-forming elements. Primary ash transformation reactions describe the propensity9

of ash-forming elements to form oxides as a hypothetical initiating step, which can be

shown in an Ellingham diagram (Fig. 2.3). Here, the relative thermodynamic stability

of oxides and the relative a�nity of one mol O2(g) to form them are shown. Both tem-12

perature and p(O2) experienced by the ash-forming elements change during the course

of fuel conversion, which means that the oxides can be thermodynamically unstable,

especially during the initial stages where very high temperatures and low p(O2) may15

prevail. However, as typical global equilibrium PEFG conditions are approached (e.g.,

CO:CO2 ≈ 2, p(O2) ≈ 10
−10

bar, 1400 °C), the oxides of Fe, P, Mn, Si, Al, Mg, and Ca

become thermodynamically stable. Importantly, O2 also has a higher a�nity to form18

oxides with these elements over H and, to a large extent, over C, which implies that

these oxides can be formed during fuel conversion. Conversely, O2 does not have such

a�nity for Cl, K, Na, Zn, nor S, and as such, they do not form thermodynamically21

stable oxides under such conditions. Instead, they are expected to either form other

compounds, e.g., hydroxides, sulphides, and chlorides, or to remain in their elemental

forms. These oxides and compounds can ordered according to their relative Lewis base24

(e
-

donor) and Lewis acid (e
–

acceptor) behaviour [96], which are loosely represented

ordinally as:

Lewis acidity

KOH NaOH CaO MgO MnO Zn FeO Al2O3 P2O3 HCl SiO2 P2O5

Lewis basicity

These species serve as hypothetical precursors that govern potential secondary ash27

transformation reactions. Generally, a strong Lewis base will — transport and kinetic

factors permitting — preferentially react with the strongest Lewis acid available and

vice versa. This can be used to explain common compounds identi�ed in ash material30

from combustion, as listed in Table 2.4. Skoglund [96] further introduced tertiary ash

transformation reactions to account for ash products that can result due the forma-

tion of Lewis bases/acids from secondary ash transformation reactions. These reac-33

tions hold special relevance for SiO2 and P2O5 based products, because as they react
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Figure 2.3: Ellingham diagram of major ash-forming elements. Oxides of Cl have positive ΔG°

with Lewis bases, they can gradually become Lewis bases themselves due to the forma-

tion of anions; e.g, SiO4

2 –
, PO4

3 –
. This implies that they begin to preferentially react

with stronger Lewis acids; e.g., MgO or CaO in preference over KOH. In the case of 3

woody biomass, where P contents are relatively low compared to an abundance of Ca,

orthophosphates (e.g., Ca3(PO4)2, Ca5(PO4)3OH) are commonly formed. On the other

hand, because Si contents can vary substantially in woody biomass, a range of neso- 6

(SiO4

4 –
), soro- (Si2O7

6 –
) and ino- (SiO3

2 –
) silicates are commonly formed [97].

The concept of Lewis base/acid essentially describes the drive of a chemical system

towards the most stable products under speci�ed conditions. This is encapsulated by 9

thermodynamic equilibrium modelling in the form of global minimisation of Gibbs en-

ergy pertaining to a system. The latter is an important tool in ash chemistry because it
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Table 2.4: Some secondary ash transformation reactions as proposed by Boström et al. [95]

HCl(g) + KOH(g) KCl(g, l) + H2O(g)

SiO2(s) + 2x KOH(g) x K2O ⋅ SiO2(l) + x H2O(g)

CO2(g) + 2 KOH(g) K2CO3(g, l) + H2O(g)

SiO2(s) + x CaO(s) CaxSiO(x+2)(s)

CO2(g) + CaO(s) CaCO3(s)

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

enables prediction of ash products without explicit knowledge of the reaction pathways.

2.2.3 Ash behaviour studies

Similar to coal, studies on the ash behaviours during pulverised woody biomass �ring

pertain mostly to combustion, though some laboratory-scale gasi�cation �ndings have3

also been reported. Before the latter are covered, it is bene�cial to review some general

ash transformations that can occur during thermal processes of woody biomass to bring

focus upon the objectives that this study aims to achieve.6

The gaseous release of woody biomass ash-forming elements such as S, Cl, and K

was studied by van Lith et al. [98]. Under very low heating rates (< 3 °C/s) and rela-

tively controlled pyrolysis and combustion conditions, very high levels of Cl (> 85 %)9

was observed to be released by 500 °C. This was attributed to the organically-bounded

nature of Cl and also possible reaction between chloride salts and organic compounds,

both of which presumably facilitated the release of HCl(g). Nearly all S was observed to12

be released by around 1150 °C. The latter was found to be dependent upon the level of

organically-bounded S, which could be completely released by 850 °C, while inorganic

S was presumed to released at higher temperatures. K was also observed to be released15

to a high extent but was dependent upon the presence of Si, which is addressed a little

later. The release of K was proposed to be resultant of the decomposition of organically-

bounded K (≤ 800 °C) into K2CO3(s), which subsequently decomposes at 850 °C to be18

released as K(g) or KOH(g). In addition, the drying stage of the fuel conversion may

precipitate salts such as KOH, KCl, and K2SO4 that begin to be vaporised from approx-

imately 500, 700, and 1000 °C, respectively [98,99]. As mentioned in Section 2.2.1, a21

signi�cant portion of K in woody biomass can be leached out with water or ammonium

acetate. These leachable phases (e.g., K2CO3, KCl, R-COO-K) are perceived to be more

prone to be released to the gas phase and exhibit greater availability for reaction during24

fuel conversion [100–102]. Van Lith et al. [99] also pointed out the potential of sec-

ondary reactions between char and released species within grate-�ring beds that may

reduce/hinder overall gaseous release.27

Okuno et al. [103] used a wire mesh reactor to compare the di�erences in release

of K, Mg, and Ca from single-layer 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 was30
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found to induce greater release of K, while the releases of Mg and Ca were less severe

and similar under both heating rates. They also performed a comparative experiment

with thermogravimetric analysis (1 °C/s up to 900 °C, clustered particles) �lled with 3

inert He gas (i.e., absent of forced convection) that revealed the total retention of the

alkali and alkaline earth metals. This suggested the importance of forced gas transport

in contributing towards the release of the metals, at least at very low heating rates, in 6

addition to secondary reactions with char particles or silicates.

Alkaline earth and alkali metal interactions with silica have been reported from nu-

merous larger scale experiments [104–110]. For example, Gilbe et al. [109] reported that 9

the slagging propensity increased with Si content during �xed-grate �ring of woody

biomass pellets. This occurred regardless of whether the Si was intrinsic to the fuel

or included as soil-based contaminants. This was attributed to the formation of melts 12

between K and Si that can occur as low as 742 °C [111]. Slag minerals were also de�ned

by Gilbe et al. [109] as those that may have crystallised from the melt; e.g., wollastonite

(CaSiO3), åkermanite (Ca2MgSi2O7), leucite (KAlSi2O6). The Ca content was observed 15

to a�ect the amount of melt formation due to possible crystallisation upon incorpora-

tion into established K-Si oxide melts. Furthermore, studies by Thy et al. [112,113] on

rice straw and wood ashes at up to 1300 °C showed that K may be released to the gas 18

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

depolymerisation e�ect that Ca has upon silicate melt networks, in which K requires a

degree of polymerisation to be retained. Similar �ndings were reported by Novaković 21

et al. [114] in a study of the K-Ca-Si ternary system at up to 1000 °C. Moreover, they

found that a high moisture content enhanced the release of K, presumably due to the

formation and stability of KOH(g). Okuno et al. [103] also highlighted, from a thermo- 24

dynamic perspective, the possible role of Si in retaining more Ca than Mg or K due to

the lower Gibbs energy of formation (ΔG
◦
) of silicates associated with Ca.

At the relatively low temperatures of �uidised bed processes, Öhman et al. [115] 27

found no signi�cant di�erences in bed agglomeration characteristics between combus-

tion or gasi�cation regimes when �ring bark in a bench-scale �uidised quartz bed re-

actor at approximately 760 °C. In other gasi�cation experiments, Gustafsson et al. [116] 30

collected particles from the hot syngases (500 − 800 °C) produced from three di�erent

gasi�ers �ring wood pellets: a bubbling �uidised bed (BFB), a circulating �uidised bed

(CFB), and an indirect BFB. The �rst two were �red with steam and O2 while the third 33

was supplied with pre-heated sand and steam. Two particle modes, one coarser and one

�ner than 0.5 �m, were identi�ed from all the gasi�ers. Ca and Mg were detected in the

�ne particles from the BFB and CFB, which suggested that they may have volatilised 36

from localised high temperature reducing conditions and subsequently nucleated or

condensed. Alternately, they may have resulted from the attrition and/or abrasion pro-

cesses in the bed, or were part of coarse particles that may have bounced through the 39

cascade sampling device that was used. Earlier, Gustafsson et al. [117] had even reported
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that the share of Ca within the particles from the BFB increased with decreasing particle

size. In the case of the indirect BFB, however, Cl and K were the dominant inorganic

elements within the �ne particles, with Si and Ca more prominent in the coarse par-3

ticles [118]. Cui et al. [119] studied the fractionation behaviour of ash-forming matter

in bench-scale �uidised bed steam gasi�cation of a milled (3 mm sieved) fast-growing

N-�xing tree. Operated at 800 °C, most of the K, Ca, Mg, and P were found adhered to6

the alumina-silicate bed particles but the volatilisation and escape through SiC candle

�lters of trace heavy metals Cd, Mo, Pb, and Zn was relatively extensive.

Information regarding the physical characterisation of woody biomass melts (e.g.,9

viscosity, density, surface tensions) formed from established thermochemical processes

could not be found, though some work has been reported for other biomass [120,121].

This could be due to the fact that slagging is generally undesirable in such processes12

(e.g., �uidised beds) and only the presence and quantity of melt — rather than the de-

tailed properties of it — are of prime interest [122]. In contrast, detailed physical char-

acterisation of melts are needed for PEFG, making it an area that needs to be addressed15

with respect to woody biomass ash.

2.2.4 Pulverised combustion experiments

Studies of ash transformations speci�cally addressing pulverised �ring of woody bio-

mass have mainly focussed on the ash deposition upon superheater tubes in combustion18

boilers. This is because it causes fouling that reduces overall heat transfer e�ciencies,

as well as tube corrosion [123]. Some studies have also focussed on the ash behaviour

during co-combustion of straw, peat, or coal with wood due to possible positive e�ects21

upon operations.

Damoe et al. [124] collected coarse particles (> 1 �m) with a quench probe from

entrained-�ow air combustion of wood in a bench-scale reactor operated at 1200 and24

1400 °C. The conversion of two wood fuels led to the evolution of bimodal distributions

of ash/char particles during residence times from 0.25 to 2 sec. These particles were

heterogeneous with respect to composition and morphology. Spherical and/or particles27

with molten appearances had relatively high Si contents, while irregular and porous

structures were rich in Ca [125]. Levels of K could also be substantial, somewhat de-

pending on the amount of Si. Neglecting volatilisation, the fragmentation of the parti-30

cles was estimated to ultimately form just over three ash particles per each fuel particle.

Aerosols were dominated by K, Cl, and S that were largely volatilised even early in the

fuel conversion process. Korbee et al. [126] also found from similar experiments that33

woody biomass particles fragmented to a greater extent than some coals and straw, in

addition to signi�cant shares of Mg, Na, S, Cl, K, and Ca being volatilised or dispersed

as �ne aerosols ( approximately 50–95 %).36

Bashir et al. [127] compared the compositions of the deposits in the superheater

region (probe surface temperature ≈ 500 °C) of full-scale grate- and suspension-�ring
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boilers utilising wood. They found that the easily volatile elements, S, Cl, and K, were

enriched in the �y ash particles from grate-�ring whereas the composition of �y ash

from suspension �ring resembled closer to that of the parent fuel. This could have been 3

due to the inherently more dynamic behaviour of suspension �ring causing entrain-

ment of large amounts of coarse ash material that subsequently deposited via inertial

impaction (cf. Section 2.3) [128]. Jiménez and Ballester [129] also found from laboratory 6

drop-tube furnace experiments that coarse supermicron ash particles had compositions

that resembled the original fuel composition, whereas �ne particles were enriched in

easily volatilised elements like Cl, S, and K. The former were attributed to char frag- 9

mentation and ash matter coalescence. Furthermore, Bashir et al. [130] found a positive

correlation between the K/Si ratio and the shares of S, Cl, and K within �y ash sampled

from the electrostatic precipitators of a full-scale combustion unit �ring straw/wood 12

mixtures. These elements were presumably released as chlorides and sulphates dur-

ing combustion. Deposits on the downstream side of deposition probes also contained

the highest concentrations of S, Cl, and K, which indicated their tendency to volatilise 15

and deposit through condensation, chemical reaction and/or thermophoresis (cf. Sec-

tion 2.3). Si, K, and Ca dominated the deposits and were especially high in the deposit

of the upstream side of the probe, where they likely deposited due to inertial impaction 18

as coarse particles.

Experiments of pulverised �ring of wheat straw and woody biomass mixtures by

Nordgren et al. [131] revealed the fractionation of ash-forming elements that led to 21

selective, or isolated, ash reactions. Comparison of ash products, as predicted by global

thermodynamic equilibrium based on fuel compositions, against downstream deposits

and bottom ash material also showed that elements, in particular Si and Ca, were to an 24

extent kinetically-hindered from forming the thermodynamically predicted condensed

phases. Blending of Ca-rich woody biomass with wheat straw was observed to reduce

the degree of sintering in the bottom ash as compared to when �ring the Si-rich wheat 27

straw, similar to the observations of Gilbe et al. [109]. Fly ash and deposits upon probes

with controlled surface temperatures of 550 °C and 250 °C were high in KCl and K2SO4.

This was attributed to the high degree of K volatilisation due to the high temperatures 30

and heating rates, as well as the dispersive isolation of fuel particles that diminish op-

portunities for interaction between ash-forming elements; e.g., Si interaction with Ca.

Wu et al. [132] investigated the e�ect of coal ash to mitigate the deleterious ef- 33

fects that the vaporisation of S, Cl, and K during pure wood powder �ring can have

on superheater surfaces (corrosion, deposition) and �ue gas cleaning equipment (cat-

alyst deactivation). In an 800 MW
th

full-scale pulverised boiler, wood fuel was �red 36

with injection of a Si-Al-rich coal ash as an additive. The formation of molten K-Al-Si

phases correspondingly reduced the vapour concentrations of K salts. In complemen-

tary experiments with the same boiler, Damoe et al. [133] further reported that the 39

particulate matter less than 1 �m was decreased by approximately two-thirds when
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wood fuel was �red with the coal ash as an additive. This was another indicator that

gaseous K species — often in�uential upon submicron particle formation — were in-

stead captured by aluminosilicates from the coal ash. Shah et al. [134] observed from3

laboratory-scale combustion experiments at furnace temperatures of 1450–1600 °C that

K from a sawdust fuel could be retained in a condensed phase when Si was abundant.

In contrast, pulverised wood chips with low Si contents exhibited a high release of K.6

For all three fuels, S and Cl were practically completely gaseously released, while Mg

and Ca were also diminished within large condensed residues. The latter elements were

interpreted as having been dispersed as super�ne aerosols due to their association to9

the organic matrix. Based on this data, Hansen [135] proposed a function for the release

of K during suspension �ring that was based on the fuel molar (Ca+Mg)/Si and K/Si ratios

that was implemented into a CFD submodel with promising results [136].12

Theis et al. [137] performed experiments with bark and peat powder mixtures in

a laboratory-scale atmospheric entrained-�ow reactor. At a furnace temperature of

1000 °C, they found that deposits upon a probe (surface temperature 550 °C) decreased15

with increasing peat content. They attributed this to the fact that the peat ash consisted

mainly of silicates that do not cause signi�cant deposition, while bark contains readily

volatilised alkali species that were released during fuel conversion before subsequently18

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 �ring, gaseous alkali may not21

form signi�cant melts with certain Si-rich fuels, or that such products were cooled and

solidi�ed su�ciently to avoid becoming a deposit upon the probe. Skrifvars et al. [138]

took particle samples using a low pressure impactor (LPI) from a full-scale 80 MW
th

24

pulverised wood furnace from �ue gas at temperatures of approximately 400 °C. They

found that Ca was enriched in the coarser particles (2–10 �m) but Si appeared to be

diminished within �y ash and deposits. This suggests that Si could have formed large27

non-sticky particles that were less prone to deposition than the smaller Ca-containing

particles. K, Cl, and S were enriched in the �ner particles that indicated their volatil-

ity. The condensation of K melts could have facilitated the formation of the Ca-rich30

deposits by adhering CaO or CaCO3 particles that were proposed to have resulted from

the decomposition of oxalate (C2O4

2 –
) minerals in the wood fuel.

The temperatures of the probe surfaces of the above experiments (500–600 °C, to33

simulate steam generation tubes) are signi�cantly lower than that expected upon slag-

ging surfaces during PEFG. Nonetheless, they still highlight ash behaviours that need to

be considered. The volatility of S, Cl, and K mean that they may not necessarily deposit36

at the same locations as less volatile elements like Si and Ca, if at all.
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2.2.5 Devolatilisation experiments

Numerous studies focussed on the elucidation of the kinetics of pyrolysis and devolatil-

isation of pulverised woody biomass particles have been reported. These processes

are largely responsible for char properties that in�uence the subsequent heterogeneous 3

char oxidation/gasi�cation process [139,140]. Insights into char formations can be help-

ful since it can lead to fractionation of the ash material via fragmentation, as indicated

in Section 2.1.2. 6

Jarvis et al. [141] devolatilised white oak wood particles (< 180 �m) between 500–

900 °C and found that micro-pores could be formed from approximately 550 °C. These

pores can become larger with increasing temperature and coalesce to swell the char 9

particle into cenospheres that can rupture and fragment above 850 °C (Fig. 2.4). Such for-

mations of char cenospheres from rapid heating of woody biomass particles have been

observed by others also [142–146]. Dall’Ora et al. [146] also observed di�erences in char 12

formations from pine wood and beech wood. They suggest further investigation into the

roles of Ca and K in in�uencing the char structure, since they were the major di�erences

between the fuels. They also concluded that rapid heating rates (10
4
–10

5
K/s) caused 15

major morphological transformations, while low heating rates (10–20 K/min) left chars

with forms that were reminiscent of their parent particles. Newalkar et al. [147] found

that pressure (5–30 bar) had signi�cant in�uences on eventual char structures, where 18

minimised surface areas and pores was observed at intermediate pressures (≃ 10 bar).

This was attributed to the competition between the external pressure and the internal

release of pyrolytic gases that can alter the plasticity of char when the level of oxygen 21

of low. Umeki et al. [142] performed pyrolysis of powdered wood in an atmospheric

entrained-�ow reactor at 1000 °C. They found that fuel particles swelled initially upon

heating and the release of internal gases created balloon-like structures upon char parti- 24

Figure 2.4: Schematic of char morphology evolution during devolatilisation of wood. Source: Jarvis
et al. [141]
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cles. Fragmentation due to devolatilisation was suggested for the formation of particles

that were much smaller than the original fuel particles. Examination of char particle

samples revealed the presence of submicron spherical particles containing mainly K and3

Ca, as well as Mg and Fe, which were likely adsorbed upon the surface after volatilising

initially. Li et al. [148] compared the chars formed from pure forest residue and its tor-

re�ed counterpart. They found that the char from the pure forest residue fragmented6

into smaller particles with a broader range of sizes and attributed this to the greater

explosive devolatilisation. Costa et al. [149] also found that torrefaction led to reduced

char fragmentation for pine shells, with a possible explanation being that the relatively9

high amount of volatiles that are released from pure woody biomass — which causes

expansion and rupture of parent particles — is diminished after torrefaction.

2.2.6 Entrained-�ow gasi�cation experiments

Currently, the speci�c ash transformation pertaining to high temperature PEFG of12

woody biomass is limited to a few laboratory-scale experiments. Coda et al. [34] �red

di�erent woody biomass in two laboratory-scale entrained-�ow reactors, one of which

could be pressurised. Deposits collected at a furnace temperature of 1450 °C showed15

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 incidental18

due to Si being mainly from extrinsic sand particles. There was no observed di�erence

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

residence time pro�les. Thermodynamic calculations were also carried out based on21

the bulk wood ash composition to illustrate the high melting temperature. Additions

of kaolinite (Al2Si2O5(OH)4) or quartz (SiO2) were suggested as �uxing agents to gen-

erate enough �owing slag to maintain an adequate thickness upon a reactor wall in a24

practical operating scenario. They also pointed out the possible de�ciency in existing

viscosity models of slags formed from woody biomass due to the high contents of

alkali and alkaline-earth metals. Interestingly, Qin et al. [150] found possible traces27

of volatilised K2SO4 from bench-scale entrained-�ow gasi�cation of wood, despite the

reducing conditions.

2.3 Deposition of ash matter

The main transport mechanisms of �ow-suspended condensed ash matter onto sur-30

faces are inertial impaction, thermophoresis, di�usion, and turbulent eddies [151,152].

Inertial impaction occurs when an entrained particle cannot follow the streamlines of

a �ow around an obstacle and collision occurs. For deposition upon boiler tubes, it is33

characterised by the Stokes number, where large values (> 1) indicate a propensity for

inertial impaction, while small values (< 1) indicate that the particle can likely traverse
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around:

St =

��u

9�D

� = particle density

� = aerodynamic parameter associated with particle size

u = gas freestream velocity

� = gas viscosity

D = diameter of boiler tube

Accordingly, large and dense particles as well as high gas velocities promote inertial 3

impaction. There appears to be no equivalent expression when considering deposi-

tion upon broader surfaces (e.g., walls) but computational �uid dynamics (CFD) can be

used, judiciously, to predict the impaction propensity in di�erent situations based on 6

Lagrangian particle tracking [153–155]. In regards to the other transport mechanisms,

which generally only apply to submicron particles, they have been neglected in some

recent models of coal PEFG [156–158]. This may be due to the fact that coal ash matter 9

during PEFG becomes largely coarse ash particles or released as vapours. Volatilised ash

matter can deposit via chemical reaction with compounds already upon the surface, or

condense directly onto the surface [151]. Under PEFG reactor conditions, condensation 12

of volatilised ash matter would likely be low, because easily volatilised elements like

Na, S, Cl, and K can form stable gaseous compounds. They may, however, react het-

erogeneously with constituents of the slag layer or refractory wall to become part of 15

condensed phases. Relatively minor amounts of gaseously released refractory elements

like Si, Mg, and Ca would likely nucleate and/or condense as submicron particles prior

to contact with the reactor wall or slag layer [78]. All this implies that inertial impaction 18

is likely the dominant transport mechanism by which condensed ash particles impinge

upon surfaces inside the reactor during PEFG of coal. The submicron transport mech-

anisms, however, may be signi�cant for woody biomass because of the �ner particles 21

that are produced, e.g., CaO (cf. Section 2.2.4).

Whether a particle ultimately deposits (i.e., adheres) upon a particular surface is

dependent upon the physical properties of the particle, e.g., degree of fusion, viscos- 24

ity, surface tension, as well as the corresponding properties of the surface upon which

the particle impinges. Here, researchers have developed sub-models that incorporate

di�erent mechanisms in attempts to elucidate and predict the deposition behaviour. 27

Balakrishnan et al. [159] formulated a deposition model based on the recoiling e�ect

that molten droplets have upon striking a solid surface. It considers the dissipation of

the kinetic and surface energies of molten ash particles upon impacting and spreading 30

itself across a solid surface. From its maximum spread area (called the splat), the recoil-

ing potential can be calculated and the fate of the particle — i.e., whether it sticks to

or rebounds from the surface — is determined. Ni et al. [160] also developed a similar 33

model and found that larger particles, higher imparting velocities, and higher temper-

atures favoured deposition while contact angle was less in�uential, at least for molten
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ash depositions upon solid surfaces. Earlier, Mueller et al. [161] used a sticking cri-

terion to predict the deposit formation of alkali salt mixtures upon a cooled probe. It

was stipulated that particles with 15 wt% molten levels (calculated from thermodynamic3

equilibrium) would have a sticking propensity. They also considered particle rebound,

angle of impaction, surface tension, and deposit run-o� from the probe. They concluded

that while it may be acceptable for small particles (< 75 �m) that have little kinetic6

energy (which makes complete dissipation of this energy more likely during deposi-

tion) to adhere solely based on the 15 wt% melt criteria, larger particles are a�ected

by factors such as rebounding from the surface. In a similar manner, Li et al. [153]9

found a relationship between the degree of fuel conversion and the adhesion e�ciency

of ash particles from a bituminous coal to deposit upon a tilted alumina plate. They

reported that particles that were approximately 90 % converted showed dramatically12

increased adhesion e�ciency. They attributed this to the melting behaviour of the coal

ash, whereby the formation of viscous and sticky molten ash can encapsulate and seal

the non-sticky porous char surfaces from the gasi�cation atmosphere towards the end15

of fuel conversion. A probabilistic deposition model based on the degree of fuel con-

version was subsequently implemented into an overall CFD model of an entrained-�ow

gasi�er by Bi et al. [157]. Yong et al. [156] and Safronov et al. [158] modelled the slagging18

behaviour inside an inclined combustor and top-�red gasi�er, respectively, taking into

consideration molten ash and molten wall depositions. They set the criteria that molten

wall deposits and all particles with at least 88 % conversion and a temperature above21

the critical viscosity (cf. Section 2.4) were sticky. Ash deposition would always occur if

sticky particles impacted sticky walls, while non-sticky particles impacting non-sticky

walls would bounce away. Any molten particles impinging upon a non-sticky wall or24

non-sticky particles impinging upon a sticky wall could adhere depending on the value

of the Weber number:

We =

�u
2
d

�

� = particle density

u = particle impact velocity

d = particle size

� = interfacial surface tension

27

For We < 1, it was deemed that the particle would adhere and be incorporated into

the slag layer, whereas if We > 1, the particle was assumed to bounce away. For solids

impacting a liquid layer, Montagnaro and Salatino [162] showed that the criterion of30

impacting particles to penetrate a slag layer may be approximated by:

ud >

36�

�

d = particle size

u = particle perpendicular velocity

� = slag viscosity

� = particle density

There have also been deposition models based solely on the predicted viscosity of33

molten ash, where ash particles under a certain critical viscosity value (cf. Section 2.4),
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are assumed to be stick upon the wall; otherwise, their probability of adhesion is pro-

portional to their ratios [163], i.e.:

Pr(sticking) =

{

1 ∶ �
predicted

≤ �
critical

�
critical

�
predicted

∶ �
predicted

> �
critical

A �
critical

value of 8 Pa.s was used by Walsh et al. [163] but others have set this value 3

high as 10
9

Pa.s in other studies, which indicates that factors besides viscosity also play

a critical role in deposition behaviour [159]. Drawing comparisons with this model,

Hansen et al. [136] developed another that considered the viscoelastic behaviour of ash 6

material. They prescribed critical impact angle velocities that were determined by the

surface tensions, densities, sizes, and Young’s moduli of ash particles and surfaces as

criteria for deposition of wood and straw ash onto a simulated boiler tube. Porosity and 9

sintering were also taken into account. The study indicated the importance of attaining

reliable models/expressions for these parameters in order to build upon the promising

results. 12

2.4 Rheology of ash slags

The �ow behaviour of slag formed from the deposition of ash material upon the con-

tainment structure of a PEFG reactor determines if it can be operated in a consistent and

steady manner. Viscosity serves as a crucial parameter in determining �ow behaviour 15

and is a measure of the force required to shear a continuum body of unit dimensions at a

unit rate (Pa.s). In the case of an entrained-�ow gasi�er, the slag �ow is largely driven by

gravitational force with contributions from the in�ux of depositing ash. A consistently 18

�owing slag of between 8–25 Pa.s is believed to be necessary for continuous opera-

tion [34,164]. Accurate prediction of viscosity is essential, because excessively high

viscosities can cause blockages, particularly at or near the slag tap constriction where 21

temperatures may be lower. On the other hand, excessively low viscosities can cause

erosion of refractory linings or give insu�cient coverage such that the refractories are

exposed to the harsh atmospheres and high temperatures of the reaction zone [85,165]. 24

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

fusion tests to determine �ow temperatures are often used as an initial indicator to de-

termine the operating temperature of the gasi�er [166]. Coarse predictions of suitable 27

operating temperatures can also be given by a base-to-acid ratio (wt% basis) (Fig. 2.5),

de�ned on the basis that coal ash is dominated by silicates [167,168]:

Base

Acid

=

Na2O + MgO + K2O + CaO + FeO

Al2O3 + SiO2 + TiO2 + Fe2O3

(2.1)

The classi�cation of components as either base or acid stems from the potential of the 30

metal ion to repel (donate) or attract (accept) oxygen anions (O
2 –

), respectively (c.f.
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CaO + MgO,+ Fe2O3 + Na2O + K2O

SiO2 + Al2O3 + TiO2

1100

1200

1300

1400

1500

1600

RATIO,R,=

0 2 3 4 5 6

ACIDIC ALKALINE

FLUID,POINT,T25,
(η,=,25 Pa.s)

1

R

T
E

M
P

E
R

AT
U

R
E

,[°
C

]

Figure 2.5: Coal ash composition index to predict suitable operational temperatures. Source: Hig-
man and van der Burgt [11]

Section 2.2.2). Such indices, and even simpler ones for speci�c coal types [169], have

been used to predict �ow behaviour as well as assess requirements for fuel additives.

However, they are insu�cient to describe the behaviour for a broad range of coals be-3

cause it is assumed that each constituent has an equal or �xed e�ect upon the ratio.

As such, they cannot account for speci�c physical e�ects that each individual chemical

constituent have upon the viscosity. A conceptual network model of oxide melts was6

reviewed by Vargas et al. [167] and Mysen [170]. In this network model, SiO2 and TiO2,

are generally considered as network-formers that polymerise and increase the viscos-

ity of melts, while FeO, alkali and alkaline earth metals (Mg, Na, K, Ca) are generally9

considered as network-modi�ers that disrupt the polymeric structure of the network-

formers and thereby decrease the viscosity of melts. Others such as Al2O3 and Fe2O3

are considered as amphoteric in that they can act as network-formers or -modi�ers.12

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 Al
3+

, which makes

the latter a network-forming species. Some elements, like Fe and Ti, have di�erent15

oxidation states that renders their e�ect upon melt viscosity dependent upon the O2

partial pressure [171]. Solubility of gaseous species [172] can also render changes in

the slag composition that a�ect the viscosity.18

More information about slag �ow behaviour can be obtained by subjecting the ash

slag to viscosity measurements in reducing atmospheres at temperatures close to those

of the gasi�er wall; e.g., 1200–1600 °C [169,173]. As an example, Seebold et al. [121]21

measured the properties of slags from PEFG of pyrolysed straw and wood slurries in a

5 MW
th

pilot-scale reactor. The slag composition was dominated by SiO2 and K2O, with

substantial amounts of CaO also. The slags were completely molten at the operating24

temperatures (1250–1400 °C) and viscometer measurements con�rmed that the viscosi-

ties were between 10–25 Pa.s. Such viscosity measurements, however, must be carried
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out very carefully and the sheer number of combinations of real ash compositions and

gasi�cation conditions make it infeasible to carry out comprehensively. Therefore, a

large number of mathematical expressions have been developed for the prediction of 3

viscosities of coal ash-derived slags [174]. They typically use empirical-�tting to ob-

tain parameters of analytic expressions derived from consideration of the most essen-

tial in�uences, e.g., temperature, activation energy of molecular motion [167,175]. The 6

Arrhenius-type equation is an example:

ln(�) = A +

E

RT

� = viscosity

A = temperature-/composition-dependent parameter

E = conceptual activation energy of viscous �ow

R = gas constant

T = temperature

Although numerous additional parameters and equation forms can be introduced, there 9

can still be large di�erences in predictions between models because their parameters are

generally optimised over a limited range of compositions. As such, currently there is

no single viscosity model that is widely accepted as the most accurate in predicting 12

viscosities signi�cantly beyond the compositional ranges for which they were based

on [175]. However, new models promising broader applicability have recently been

reported. An example of this is a viscosity model based on the Arrhenius equation 15

that was developed by Nentwig et al. [176]. In this model, chemical associate species

— essentially stoichiometric compounds — are introduced with interaction parameters

to account for melt structure properties that in�uence the viscosity. The existence of 18

such chemical associates have been supported by spectroscopic analyses and imbue

the model with further physico-chemical meaning. Wu et al. [177,178] extended this

model to consider the strong e�ect that silica polymerisation has upon viscosity, and this 21

has been applied to multi-order systems comprising SiO2–Al2O3–CaO–MgO–Na2O–

K2O. Another physico-chemical model was developed by Grundy et al. [179,180], and

Kim et al. [181] based on the Modi�ed Quasichemical Model [182], which considers the 24

ordering of bonds between neighbouring components.

In addition to the viscosity of the melt component of a slag, crystallisations and/

or other solid inclusions in the melt can increase the slag viscosity very sharply. In 27

fact, slags above the liquidus temperature can often be considered as Newtonian, but

as temperature decreases, their rheology behaviour can become complex as crystalline

products precipitate [183]. The temperature of critical viscosity, Tcv, is de�ned at which 30

slag viscosity increases sharply with decreasing temperature (Fig. 2.6) and is believed

to be generally correlated with the onset of crystallisation [82,167]. The temperature

dependency of viscosity at temperatures above Tcv is generally signi�cantly reduced. 33

Coal gasi�ers are generally operated at temperatures well above Tcv to avoid viscous

and unsteady slag �ow [164]. However, variation in temperature throughout the reactor

is inevitable, which means precipitations of crystals can occur. Song et al. [30] studied 36
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Figure 2.6: Approximate designation of the temperature of critical viscosity, Tcv

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. Kondratiev and Jak [184] used the3

Einstein-Roscoe expression to estimate the viscosity of a coal ash slag with melt and

solid suspensions:

�s = �m (1 − vs)
−2.5

�s = slag viscosity

�m = melt viscosity

vs = volume fraction of solids

6

This expression assumes that the slag �ow remains in the Newtonian regime even at

high solid volume fractions. However, Seebold et al. [31] have pointed out that a slag

layer �ow may consist of Newtonian, transient, and non-Newtonian �ow due to the9

cross-sectional temperature gradient that induces the formation of crystals at dilute,

semi-concentrated, and concentrated levels, respectively. Non-Newtonian �ow can con-

sist of shear rate-/stress-dependent e�ects that include thinning or thickening, coupled12

with possible plastic behaviour. These behaviours are resultant from embedded solids

with shape, size, distribution, and physical properties that interact in a complex manner

within the liquid phase. In this regard, Mader et al. [185] introduced a simple rheology15

algorithm (Fig. 2.7) to assess the impacts that solid particles have upon viscosities of

melts, taking into account their volume fraction (�) and aspect ratio (rp). The latter

refers to the longest length of a particle divided by the perpendicular width; i.e., parti-18

cles are treated as spheres or elongated spheroids. �m is an experimentally determined

function to represent the volume fraction at which particles would no longer be able to

�ow pass each other such that the �uid bulk becomes essentially solid. �r is the relative21

viscosity of a particle suspension �ow compared to a pure molten �ow, i.e., �suspension =

�r × �molten
. The �ow index n determines shear thinning (< 1) or shear thickening (> 1)

behaviour. The algorithm essentially regards dilute suspension �ows as well as more24

concentrated suspension �ows that exhibit shear thickening behaviour as Newtonian

�uids with increased viscosities; otherwise, they are regarded non-Newtonian �uids.

Although largely qualitative, the algorithm enables predictions of silicate slag �ows in27

the Newtonian and non-Newtonian power-law (shear-thinning) regimes, which is of

interest for PEFG slags.

p32p



2.5 ASH-REFRACTORY INTERACTIONS

Figure 2.7: Rheology algorithm by Mader et al. [185]

2.5 Ash-refractory interactions

Ash-forming matter from coal has been known to cause corrosion and spallation of re-

fractory materials used as the containment structures of gasi�ers. This in�icts extended

periods of gasi�er shutdown needed to perform reactor wall re-lining. In fact, it is one 3

of the key economic factors that restricts more widespread deployment of coal PEFG

[186],

Refractories can be attacked by di�erent �uids during the process. Kennedy [187] 6

reported the spallation of a mullite-based refractory in a �xed-bed slagging gasi�er.

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 9

mullite-based refractories have also been well-documented from other high tempera-

ture furnaces and experiments [188,189]. Nilson et al. [190] derived an analytic model

to study the rate of corrosion of silica refractory due to NaOH vapour. They took into 12

account the gas transport of NaOH(g), the chemical kinetics and di�usion of Na2O in

the liquid slag as well as the capillary suction of slag into the refractory. They concluded

that the concentration of NaOH(g) and reaction rate at the liquid/silica grain interface 15

are the rate-limiting factors, while liquid di�usion and capillary suction occurred rela-

tively rapidly. In a similar manner, Beerkens and Verheijen [191] analysed the scenario

with the presence of CaO incorporated in the refractory. Their results, both from ex- 18

periments and modelling, showed that the presence of 2–3 wt% CaO would increase the

range of temperatures at which the silica refractory would be susceptible to attack. In

addition, increasing gas �ow velocity would exacerbate the rate of corrosion. 21

Besides gaseous alkali attack, refractories are also susceptible to deleterious inter-

actions with coal ash slags. The dissolution of Al2O3 from porous regions and grain

boundaries of a pure alumina refractory into coal slags was observed in experiments by 24
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Nakano et al. [192]. This caused alumina aggregates, which are less susceptible towards

dissolution, to be dislodged from the surrounding porous matrix as the latter was dis-

solved. In another experiment, synthetic ash slag penetration was found to be slower3

for a alumina-silica refractory than a 99 mol% alumina refractory, possibly due to the

higher viscosity melt resultant from dissolution of SiO2 into the in�ltrating slag melt

[193]. High-chromia (Cr2O3) refractories were found to resist such corrosion better6

than those with alumina [192,193], and it was proposed that formation of a protective

layer of FeCr2O4 can impede slag penetration and corrosion. Moreover, Cr2O3 also

has low solubility in coal ash slags. For these reasons, high-chromia refractories are9

generally utilised for coal PEFG reactors. However, they are reported to be generally

limited to less than three years of operation before failure [186]. This has been at-

tributed the penetration of slag through porous zones combined with the detrimental12

e�ects of thermal cycling, changes in coal feedstock, and internal stress build ups [186].

To combat this, research has been conducted into the corrosion mechanisms of such re-

fractories in relation to their compositions and microstructure. Refractories containing15

phosphate additives have also shown potential to increase the useful duration of these

refractories by hindering slag in�ltration [194]. In addition, because of the expense and

environmental issues with the use of high-chromia refractories [195], there are also18

studies into alternative materials. An example is the casting of alumina refractories

with inclusions of coal ash, under the principle of dampening the chemical potential

for refractory dissolution into the coal ash melt [196]. Similar e�orts are being made21

to create refractory that resist alkali attack [197–199]. Strategic placement of di�erent

refractories adapted to di�erent regions of a gasi�er have also been proposed and are

already in use [186,200,201]. Reinmöller et al. [25] performed short slag in�ltration24

tests of several refractories that were based on spinel (MgAl2O4), corundum (Al2O3),

hibonite (CaAl12O19), grossite (CaAl4O7), and Al2TiO5. They were exposed to a basic

slag, derived from wood, at up to 1450 °C under reducing conditions. They reported27

that a high-alumina refractory with Al2TiO5 was penetrated least by the slag and was

the most promising, though the open porosities varied between the refractories. More

experiments and �eld tests are needed to develop suitable refractory materials, and the30

experiences from the corrosion of soda-glass furnace and steelmaking ladles can also be

helpful towards the development of refractory materials for PEFG of woody biomass.

2.6 Summary of literature overview & motivation

The composition of coal ash is dominated by Si, Al, Ca, and Fe, mainly within inor-33

ganic mineral phases. Their transformations during fuel conversion depend upon their

thermodynamic behaviour as well as their association with the fuel. The char fragmen-

tation characteristics can dictate the size and number of �y ash particles larger than36

or approximately equal to 1 �m. These are mainly composed of non-volatilised ash-

forming matter. Other elements like Na and Cl can be released extensively to the gas
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phase during fuel conversion. Practical experiences and pilot-scale experiments have

shown that the composition of ash slags inside the a PEFG reactor can di�er substan-

tially from the original fuel ash. Although PEFG of coal has been commercialised for 3

over six decades, it appears accurate prediction of this ash fractionation behaviour re-

mains elusive and under study. Predicting the propensity of ash particles to deposit

upon the reactor wall also continues to be researched, with more detailed approaches 6

involving physical and kinematic properties. In regards to reactor containment materi-

als, the seemingly inevitable ash-induced degradation of high-chromia refractories that

are commonly used in coal PEFG reactors has motivated interest to develop strategies 9

that hinder slag in�ltration and dissolution, as well as alternative materials that are

cheaper and less environmentally harmful.

Given that the composition of woody biomass fuel ash is dominated by Ca, K, and 12

Si — which are largely organically-bounded or comprising easily decomposed phases

— the ash behaviours during PEFG are likely to entail di�erences compared to those of

coal. Some ash-forming elements, e.g., K, Cl, and S have been reported to be volatilised 15

to a high extent during pulverised �ring. The fragmentation of woody biomass fuel/char

particles has been reported to be more severe, while chemically heterogeneous coarse

particles of varying sizes have also been collected from bench-scale experiments. This 18

implies that the fractionation of ash-forming matter during PEFG is likely to be high,

and can bring about selective isolation of ash reactions to form non-global equilibrium

products, which has been reported from combustion systems. 21

The Ca-rich nature of woody biomass has been known to suppress slag melt forma-

tion, both from chemical experiments and practical furnace environments. This implies

that �owing slag formation is unlikely for PEFG of pure woody biomass. The use of 24

Si additives has been shown to enhance slag melt formation via reaction with K and

the molten character of coarse ash particles and ash slags are likely to dictate their fate

inside the reactor. 27

With only a small number of laboratory-scale studies, there is currently no practical

knowledge regarding the ash fractionation of woody biomass with relevance to PEFG

reactors, with or without fuel blending. Because of this, there is also a lack of infor- 30

mation about the �ow behaviour of such woody biomass-based slags. This includes

the e�ects that woody biomass-based ash material may have on high temperature re-

fractory materials. This therefore gives motivation to pursue pilot-scale experiments to 33

study ash transformations and ash slag behaviour, as well as their e�ects on refractory

materials.

p35p



3 METHODS & MATERIALS

The pilot-scale reactor facilities and details of their operating procedures and performances
are described. Fuel compositions, analytical techniques used for ash analyses, and details of
the thermochemical equilibrium calculations and slag viscosity estimations are also stated3

in this section.

3.1 Pilot-scale entrained-�ow gasi�cation reactors

A PEFG pilot-scale reactor (PSR) was chosen as one of the facilities to study the ash

transformations and ash behaviours. Figure 3.1 shows a schematic of the PSR at SP6

ETC (Piteå, Sweden) [22] that was used in Paper I, II and IV. It consisted of a stainless

steel pressure vessel lined internally with refractory. The hot face was a pre-�red high-

alumina, mullite-based castable refractory (Vibron 160H, Gouda Vuurvast). Powdered9

fuels were fed from the centrally top-mounted burner and enriched-O2 gas mixtures

were used as the oxidant. N2 was added as part of the mixture and was also injected

as part of the fuel line inertion agent. The main hot reaction zone had an initial inner12

diameter of approximately 53 cm and a length of approximately 149 cm down to the

conical outlet. A camera was installed at the top of the reactor to enable live views of the

burner �ame and reactor outlet. The raw hot syngas was quenched with water sprays15

Reactor

Reactor
slag probe
(Paper I,IV)

TC-1

3TC-2

N₂/He

O₂

SyngasQuench
cooling water

Quench inlet
water (Paper IV)

Quench effluent (Paper IV)

Pressure
control
valve

Quench solid
residues (Paper II,IV)

Raw syngas
µGC gas
(Paper I,II,IV)

4

TC-5

Flare

Camera

Outlet

Quench

Raw syngas
par�cles
(Paper IV)

Fuel feeding system

Fuel
lock

hopper
1

Fuel
lock

hopper
2

Sedimenta�on tank

Figure 3.1: Schematic of pilot-scale PEFG reactor (SP ETC)
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3.2 PILOT-SCALE ENTRAINED-FLOW GASIFICATION REACTORS

and passed through a bubbling quench. The composition of the quenched raw syngas

(H2, N2, O2, CO, CO2, CH4, C2H4, C2H2) was monitored with Fourier transform infrared

(FTIR) spectrometry (MKS Multigas 2030 HS) and micro gas chromatography (Varian 3

490 GC, molecular sieve 5A, PoraPlot U columns). Three alumina-shielded (⌀10 mm)

S-type thermocouples (TC-2, -3, and -4) were positioned equidistant from each other

around the circumference of the reactor in the middle; the average of these measure- 6

ments is de�ned here as the process temperature. A shielded thermocouple was also

located towards the bottom (TC-5) of the reactor. Initially, the tips of these thermocou-

ples were positioned �ush with the hot face wall of the reactor (Paper I). Over time, 9

however, interaction of the ash material with the wall (reported in Paper II) caused the

latter to be corroded. The inner diameter of the reactor was e�ectively expanded due to

this recession of the wall. Consequently, the thermocouples protruded approximately 12

2–3 cm into the reactor from the refractory wall by the time the campaigns in Paper IV
were carried out. Despite this, the TC-5 thermocouple was deemed to give reasonable

measurements of the shield surface temperature (±20 °C), which should be no less than 15

50 °C of the slag temperature during the campaigns, due to the deposition and coverage

of ash upon them (cf. Appendix A1). Additional details of the PSR and other operating

procedures were described by Weiland [202]. 18

In Paper V, a similar PSR that was described by Simonsson et al. [203] also located

at SP ETC was used. This other PSR had almost identical dimensions and materials as

the PEFG PSR but was operated at atmospheric pressure. It also had multiple ports that 21

allowed for insertion and removal of probes for the exposure of test materials to ash

slags under gasi�cation conditions. A detailed schematic of this PSR can be found in

Paper V. 24

As previously mentioned PSRs enable reproduction of some of the characteristics

and phenomena that may be associated with commercial-scale facilities, making them

important tools for highlighting necessary engineering considerations as well as more 27

fundamental research that should be undertaken [32,89,204]. For the purpose of study-

ing ash transformations, it is also bene�cial in producing a signi�cant amount of ash

material for statistically reliable analyses. However, it is also disadvantaged by the fact 30

that crucial information regarding the fuel particles and gas phase during the process

cannot be easily determined; e.g., trajectories, �ow patterns, residence times, and tem-

peratures. This implies that the PSR functioned as a black box component, where only 33

the input and output materials of the process could be readily characterised. Another

disadvantage is the operational expense and the number of personnel required to run

such a reactor. This places practical limits upon the number of campaigns that can be 36

carried out when compared to smaller scale facilities under the same budget and time

frame. Nonetheless, PSRs play an important role in veri�cation of engineering models

and other research developments. 39
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3.2 Fuels

The composition of the major inorganic elements of the fuels are shown in Table 3.1.

Fuels were pulverised by a hammer mill equipped with a sieve to impose cut-o� limits

of particle sizes. They were then pneumatically transported into fuel silos above the3

reactor.

In the experimental campaigns involving the �ring of three di�erent fuels at low

reactor load (Paper I), the sieve size was 0.75 mm. For the soft wood bark, bark-C6

(I), and pulp mill debarking residue (PMDR (I)) fuels, 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 standard9

deviations shown after the mean values. The variations were particularly high for Si in

the bark-C (I) fuel, while Al, Si, Na, K and the ash content for the PMDR (I) fuel also had

large variations. This suggests the inclusion of typical soil-based contaminants (e.g.,12

quartz and feldspars) that were unevenly distributed within these fuels.

The sieve size was varied for the high reactor load and high � campaigns (Paper
II) to give particle sizes of d50 = 120, 130 and 180 �m. Only one grab sample of approx-15

imately 30 g was sent for analysis for each of the wood fuels used in the campaigns

because of con�dence in their homogeneity based on previous experience of the PEFG

operators (SP ETC). They had compositions typical of soft wood stems.18

Two gasi�cation campaigns were carried out �ring bark (IV) and a bark/peat mix-

ture (BPM (IV)) (Paper IV). The bark (IV) fuel was from spruce and pine obtained from

Glommersträsk, Sweden, while peat (IV,V) was obtained from Norrheden, Sweden. The21

peat (IV,V) fuel was formed from predominately carex with some sphagnum [205]. Both

fuels were hammer-milled to pass a sieve size of 1.25 mm. The d50 and d90 of the pow-

dered bark (IV) were approximately 225 �m and 580 �m, respectively, while for peat24

(IV,V) they were 65 �m and 175 �m, respectively. The mixing ratio of the BPM (IV) fuel,

85 wt% bark/15 wt% peat, was chosen based on the di�erence in molar Ca:Si from 4.1

(bark) to 1.3 (BPM (IV)) that was thermodynamically predicted in Paper III to signi�-27

cantly change melt formation behaviour. The BPM (IV) was blended in batches with a

Soroto 120L-30 paddle mixer. A Thermo Scienti�c Niton XL3t XRF (X-ray �uorescence)

analyser was used to check that the mixture remained unsegregated after the pneumatic30

transportation into silos above the reactor.

The BPM2 (V) fuel was a mixture of 70 wt% bark (IV) and 30 wt% peat (IV,V). The

fuel mixture was hammer milled with sieve size of 1.25 mm directly after blending. It33

was gasi�ed in the atmospheric PSR to investigate the chemical interactions that could

occur with some commercially-available refractories (Paper V).

All fuel analyses were carried out by external laboratories (either ALS Global or36

Euro�ns) and details of the methods and standards used can be found in Paper I and

IV.
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3.3 FUELS

Table 3.1: Major elemental compositions of the fuels used in Paper I, II, IV and V

El
em

en
t

U
ni
t

W
oo

d
(I
)

B
ar
k-
C
(I
)†

PM
D
R
(I
)‡

W
oo

d
(I
I)

B
ar
k
(I
V
)§

B
PM

(I
V
)§

B
PM

2
(V

)#
Pe

at
(I
V,
V
)§

N
a

m
g
/
k

g
d

.s
.

1
5

4
3
1
±

1
6
9
0
±

4
5
7

2
5
.2

6
6
±

2
0

1
3
4
±

4
2

1
6
1
±

3
8

3
8
3
±

1
1
7

M
g

m
g
/
k

g
d

.s
.

1
8
7

7
9
0
±

4
3

6
9
1
±

7
3

1
9
0

6
8
5
±

1
0
3

7
4
5
±

1
1
2

7
2
9
±

8
1

8
3
0
±

1
2
5

A
l

m
g
/
k

g
d

.s
.

2
6

1
1
1
0
±

3
0

1
7
3
0
±

1
2
9
0

4
5

6
3
0
±

1
2
6

1
1
0
0
±

2
2
0

1
4
5
0
±

2
1
9

3
3
5
0
±

6
7
0

S
i

m
g
/
k

g
d

.s
.

7
9

4
8
1
0
±

8
0
3

7
0
1
0
±

5
2
9
0

1
5
9

7
5
0
±

1
5
0

2
6
5
0
±

5
3
0

4
4
3
0
±

7
8
7

1
3
0
0
0
±

2
6
0
0

P
m

g
/
k

g
d

.s
.

4
8

4
6
0
±

2
2

3
9
6
±

3
6

3
3

5
9
0
±

8
9

6
5
0
±

9
8

5
9
0
±

6
8

5
9
0
±

8
9

S
m

g
/
k

g
d

.s
.

6
0

3
3
0
±

1
8

2
6
0
±

8
5
5

2
4
5
±

1
3

5
2
0
±

5
2

9
2
2
±

3
9

2
5
0
0
±

1
2
5

C
l

m
g
/
k

g
d

.s
.

<
8
0

1
1
9
±

3
1
2
8
±

1
5
9

1
0
9
±

1
7

1
2
0
±

1
8

1
3
0
±

1
4

1
8
0
±

2
7

K
m

g
/
k

g
d

.s
.

3
5
7

2
0
3
0
±

8
2

2
1
7
0
±

8
5
5

3
0
6

2
1
0
0
±

6
3
0

1
9
5
0
±

5
8
5

1
6
5
0
±

4
4
2

5
8
5
±

8
8

C
a

m
g
/
k

g
d

.s
.

7
3
6

8
7
2
0
±

3
0
3

6
2
4
0
±

3
8
9

5
8
5

4
5
0
0
±

6
7
5

4
9
5
0
±

7
4
3

4
7
0
0
±

5
2
6

5
1
5
0
±

7
7
3

T
i

m
g
/
k

g
d

.s
.

1
.8

3
9
±

3
6
3
±

4
3

4
.2

6
.2
±

1
.9

2
2
±

5
3
3
±

6
9
5
±

1
9

M
n

m
g
/
k

g
d

.s
.

1
1
6

5
3
8
±

2
4

4
1
2
±

1
8

8
8

2
9
5
±

4
5

2
8
5
±

4
3

2
3
8
±

3
2

1
0
5
±

1
6

F
e

m
g
/
k

g
d

.s
.

2
8

7
1
0
±

3
5

8
5
5
±

5
7
9

2
3

2
1
5
±

4
3

1
8
0
0
±

3
6
0

3
4
5
0
±

6
6
1

1
1
0
0
0
±

2
2
0
0

Z
n

m
g
/
k

g
d

.s
.

9
9
7
±

6
1
2
1
±

2
1
1

5
4
.5
±

9
4
5
±

7
4
9
±

7
3
7
±

1
1

A
s
h

d
.s

.%
0
.4

4
.3
±

0
.4

4
.5
±

2
.0

0
.3

5
1
.8
±

0
.2

2
.8
±

0
.3

3
.2
±

0
.3

6
.3
±

0
.7

C
d

.s
.%

5
0
.9

5
2
.2

5
2
.6

5
0
.8

5
1
.2
±

2
.6

5
1
.1
±

2
.6

5
1
.8
±

2
.0

5
3
.2
±

2
.6

H
d

.s
.%

6
.3

5
.6

6
.4

6
.2

5
.7
±

0
.6

5
.6
±

0
.6

5
.6
±

0
.4

5
.4
±

0
.5

N
d

.s
.%

0
.1

0
.4

1
0
.3

8
<

0
.1

0
.3
±

0
.0

3
0
.7
±

0
.0

7
1
.0
±

0
.1

2
.6
±

0
.2

6

O
d

.s
.%

4
2
.4

3
7
.5

3
8
.3

4
2
.5

4
0
.9
±

3
.2

3
9
.8
±

3
.2

3
8
.3
±

2
.5

3
2
.3
±

3
.5

M
o

i
s
t
u

r
e

w
t
%

4
.7

7
.6
±

0
.3

4
.3
±

1
.2

6
.7

9
.0
±

4
.9

8
.0
±

2
.6

1
0
.7
±

5
.2

1
1
.2
±

9
.5

†
S
t
a
n

d
a
r
d

d
e
v
i
a
t
i
o

n
b
a
s
e
d

o
n

t
w

o
c
o

m
p

o
s
i
t
e

g
r
a
b

s
a
m

p
l
e
s

(
∼
3
0

g
)

c
o

l
l
e
c
t
e
d

d
u

r
i
n

g
m

i
l
l
i
n

g

‡
S
t
a
n

d
a
r
d

d
e
v
i
a
t
i
o

n
b
a
s
e
d

o
n

t
h

r
e
e

c
o

m
p

o
s
i
t
e

g
r
a
b

s
a
m

p
l
e
s

(
∼
3
0

g
)

c
o

l
l
e
c
t
e
d

d
u

r
i
n

g
m

i
l
l
i
n

g

§
R

a
n

d
o

m
i
n

c
r
e
m

e
n

t
s

(
∼

5
g
)

w
e
r
e

c
o

l
l
e
c
t
e
d

d
u

r
i
n

g
h

a
m

m
e
r

m
i
l
l
i
n

g
a
n

d
m

i
x
i
n

g
t
o

a
c
c
u

m
u

l
a
t
e

c
o

m
p

o
s
i
t
e

s
a
m

p
l
e
s

(
∼

2
0
–

2
5

i
n

c
r
e
m

e
n

t
s
)

f
o

r
a
n

a
l
y

s
e
s
.
E

a
c
h

v
a
l
u

e

i
s

b
a
s
e
d

o
n

t
h

e
m

e
a
n

o
f

t
h

e
t
w

o
c
o

m
p

o
s
i
t
e

s
a
m

p
l
e
s

a
c
c
o

m
p

a
n

i
e
d

b
y

t
w

o
s
t
a
n

d
a
r
d

d
e
v
i
a
t
i
o

n
s

o
f

r
e
p

e
a
t
e
d

a
n

a
l
y

s
e
s

a
s

s
t
a
t
e
d

b
y

t
h

e
a
n

a
l
y

s
i
n

g
l
a
b

o
r
a
t
o

r
i
e
s
.

#
C

a
l
c
u

l
a
t
e
d

f
r
o

m
B

a
r
k

(
I
V

)
a
n

d
P

e
a
t

(
I
V

)
f
u

e
l

p39p



3 METHODS & MATERIALS

3.3 Test refractories and procedure for gasi�cation exposure

Seven commercially-available refractory coupons were selected for exposure tests in

the atmospheric pressure gasi�cation of BPM2 in Paper V (Table 3.2). These coupons

were cut as cuboids with dimensions 13×13×110mm. They were inserted horizontally3

into the atmospheric PSR perpendicular to the bulk gas �ow 1.94 m from the burner

after the gasi�cation set point was reached.

Table 3.2: Manufacturer speci�cations and descriptions of refractory materials used in preliminary
exposure campaigns (Paper V)

Refractory reference Composition Description

HA+CA

Al2O3 94 %

Tabular corundum (Al2O3)-based castable, re-

sistant against abrasion, dust erosion or impact

at high temperatures

CaO 4.5 %

SiO2 0.1 %

Fe2O3 0.05 %

ADL

Al2O3 62 %

Andalusite (Al2SiO5)-based, strong castable

with high shock resistance

SiO2 33 %

CaO 1.4 %

TiO2 1.4 %

Fe2O3 1.1 %

HASPf1

Al2O3 64 %

Void-free fused cast refractory (spinel

(MgAl2O4) > 90 %; periclase (MgO) < 10 %)

MgO 35 %

Other 1%

HASPf2

Al2O3 53.6 %

Periclase (MgO)-rich fused cast refractoryMgO 44.9 %

Other 1 %

SCLC

SiC 60 % Low-cement castable base on silicon carbide

(SiC) with good thermal conductivity and high

abrasion, oxidation and thermal shock resis-

tance

Al2O3 30 %

SiO2 5 %

Fe2O3 0.2 %

HB

Al2O3 90.6 %

Hibonite (CaAl12O19)-based castable for high-

alkali refractory applications

CaO 8.5 %

SiO2 0.8 %

Fe2O3 0.1 %

ZR+ML

Al2O3 66 % Acidic (mullite-based) refractory with low

thermal expansion coe�cient, resistant to slags

in glass, chemical and metallurgic industries

ZrO2 20 %

SiO2 12 %

3.4 Reactor operating conditions

3.4.1 Paper I campaigns

The wood (I), bark-C (I), and pulp mill debarking residue (PMDR (I)) fuels were gasi�ed6

in separate campaigns at approximately 200–210 kW
th

. The aim was to characterise
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3.4 REACTOR OPERATING CONDITIONS

the reactor slags and study the di�erences between them based on their fuel ash com-

positions. The campaigns were carried out at 2 bar(a) with a 90/10 O2/N2 gas mixture

as the oxidant. The temperature pro�les of the TC-5 thermocouple are shown for each 3

campaign in Figure 3.2. Each pro�le began with a decreasing temperature due to the

time needed to remove the reactor preheating element and to �xate the fuel feeder. This

was then followed by N2 purging of the reactor to ensure a reduced atmosphere before 6

commencement of the fuel feeding. At the beginning, � was set to 0.5 for approximately

0.5–1.5 hours in order to increase oxidative reactions to increase the reactor temperature

more rapidly. After this period, � was gradually set to 0.45, which caused a noticeable 9

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 caused sudden temperature drops. During 12

such interruptions, N2 was purged through the reactor until rectifying actions were

completed and fuel and oxidant feeding could recommence. These interruptions were

mainly caused by issues with the fuel feeding system. The large temperature drop in 15

the bark campaign just after the beginning was due to problems with the pilot ignition

�ame used to �are the crude syngas. Each campaign had steady operations for approx-

imately 4–6 hours cumulatively. During these periods, the composition of the syngas 18

was approximately 25–30 mol% H2, 47–53 mol% CO, 15–24 mol% CO2, and 2–3mol%

C1/C2 hydrocarbons on a dry O2- and N2-free gas basis.
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Figure 3.2: Temperature pro�le for wood (I), bark-C (I) and PMDR (I) campaigns (Paper I)

3.4.2 Paper II campaigns

Three particle sizes (D50 = 120, 130, and 180 �m) of the wood (II) fuel were gasi�ed 21

in separate campaigns, with similar outcomes each time. The aim was to characterise

slag that had caused reactor outlet blockages and to propose an explanation for the

occurrence. As per the Paper I campaigns, after the electrical heater was removed, the 24

gasi�cation process was started by feeding the fuel powder and O2/N2 gas mixtures to

the reactor. The operational pressure of the gasi�er was 2 bar(a) for all experiments.
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Initially, � ≈ 0.65was used in order to quickly reach a process temperature above 1350 °C

(approximately 60 min after the start-up). After this start-up phase, the gasi�er was

operated at � ≈ 0.5 and 200 kW
th

for the next 2 hours. To investigate the in�uence of3

process temperature on the gasi�cation process, the load of the gasi�er was adjusted

to 400 kW
th

to reach a high process temperature (> 1450 °C) inside the gasi�er. The

CO:CO2 molar ratio was approximately 2.45. The experiment continued until block-6

age of the reactor outlet occurred. The temperature pro�le is shown in Section 4.3.1

alongside the discussion.

3.4.3 Paper IV campaigns

The bark (IV) and BPM (IV) fuels were gasi�ed in separate campaigns. The aim was9

to compare the ash transformations and ash behaviours based on their di�erences in

fuel ash composition. For each campaign, the reactor was initially run in a combustion

regime (120 kW
th

, oxidant-to-fuel ratio � ≈ 1.25) for 2–3 hours in order to calibrate the12

fuel feeding under the pressurized conditions of 7 bar(a) [206]. After this procedure, the

reactor was purged with N2 to render it inert before beginning the gasi�cation cam-

paigns. The gasi�cation set point was at approximately 600 kW
th

(≈ 120–130 kg/hour)15

with � = 0.4 using enriched O2 as the oxidant (5–20% N2 was injected as the fuel line

inertion agent). The operations at the gasi�cation set point were approximately 3.5–

4.5 hours in duration. The temperatures as measured by the TC-5 thermocouple in-18

side the reactor during the bark campaign are shown in Figure 3.3(a). The temperature

dropped during the transition from combustion to gasi�cation but increased as the load

was gradually increased to approximately 600 kW
th

. This thermocouple measured an21

average temperature of 1200 °C, which was on average 112 °C below that of the process

temperature. The major components of the raw syngas after the quench are shown

within the interval marked on Figure 3.3(b). The CO:CO2 and H2:CO ratios remained24
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Figure 3.3: Bark (IV) campaign measurements (Paper IV)
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Figure 3.4: BPM (IV) campaign measurements (Paper IV)

at approximately 2.88 and 0.63, respectively, throughout this regime. The CH4 content

was generally below 1 vol% after the 600 kW
th

set point was reached. Three particle

samples from the raw syngas and quench e�uent samples were taken during periods 3

when operations were deemed to be relatively stable and are marked accordingly on

both plots. The corresponding temperature and gas composition measurements for the

BPM (IV) campaign are shown in Figure 3.4(a) and 3.4(b), respectively. The bottom ther- 6

mocouple (TC-5) measured an average temperature of 1240 °C, which was on average

63 °C below that of the process temperature. The CO:CO2 and H2:CO ratios remained at

approximately 3.22 and 0.58, respectively, throughout the gasi�cation set point regime 9

and the CH4 content was generally below 1.2 vol%. A major temperature drop occurred

prior to the start of gasi�cation when the reactor was shutdown to remove some slag

that was beginning to block the reactor outlet. This also occurred towards the end of 12

the campaign as indicated.

3.4.4 Paper V campaigns

The BPM2 (V) fuel was gasi�ed in the atmospheric PSR with the aim of studying the

degradation of several di�erent refractory materials under gasi�cation of a woody bio- 15

mass/peat mixture. Prior to campaign start-up, the gasi�er was preheated overnight

with a 100 kW
th

diesel oil burner. Additional heating was accomplished by combustion

of the pulverized fuel mixture until the refractory temperature in the gasi�er reached 18

close to 1200 °C. Once this temperature was reached, the probes holding the ceramic

samples were inserted into the gasi�er and O2 feeding was reduced to switch to the gasi-

�cation regime. Fuel powder was fed to the gasi�er using constant mass �ow of trans- 21

portation air corresponding to 220±10NL/min. The fuel feeding rate was 25±3 kg/hour,

while the O2 feeding rate (174 ± 8 NL/min) was used to control the process temperature

and maintain a temperature of approximately 1100–1140 °C on the refractory thermo- 24
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couples closest to the sample probes. Thus, the gasi�er was operated at � = 0.47 ± 0.02

during gasi�cation. This investigation consisted of two campaigns, 6 and 27 hours, in

duration. The latter included approximately 2.5 hours of paused operation for hopper3

refuelling. During this period, a small �ow of N2 was purged through the gasi�er. After

refuelling, the reactor was run in a combustion mode for approximately 1 hour to reheat

the reactor. The dry syngas composition was 13.6 ± 1.9 mol% H2, 23.7 ± 4.0 mol% CO,6

23.6 ± 3.3 mol% CO2, 35.6 ± 4.0 mol% N2, and 0.2 ± 0.1 mol% C1/C2 hydrocarbons. After

each campaign, the refractory samples were removed from the gasi�er and allowed to

quench cool at room temperature.9

3.5 Ash sampling procedure

3.5.1 Reactor slag

In the wood (I), bark-C (I) and PMDR (I) campaigns (Paper I), a non-cooled probe with a

horizontal platform tip of 6.5 cm (width) × 5 cm (length) was inserted from the side into

the reactor to collect reactor slag samples. Only the length of the tip protruded into the12

reactor. This reactor slag probe was located on same level as the bottom thermocouple

(TC-5) but at a di�erent circumferential location (Fig. 3.1). It was cast from the same Vi-

bron 160H material as the reactor lining. The horizontal platform was set perpendicular15

to the reactor wall, ensuring that entrained ash deposits as well as downward-�owing

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 was18

used for each trial and was installed prior to preheating of the reactor. For the bark (IV)

and BPM (IV) campaigns (Paper IV), similar probes were used but with the addition

of 2 cm × 2 cm × 0.5 cm thick zirconia (ZrO2) plates fully stabilized with 8 mol% yttria21

(Y2O3; Technox 802 (8Y-FSZ), CoorsTek, UK) attached at the probe tip with a ceramic

adhesive (Cerambond Ultra-Temp 516, Aremco Products Inc., USA). The probe tip was

shaped such that slag �owing down the wall could be kept separated from fuel ash slag24

collected upon the FSZ plate (Fig. 3.5). This also prevented reaction with the mullite-

based material of the probe that was evident in Paper II. At the conclusion of each trial,

Slag deposit probe

Reactor refractory

Reactor refractory

FSZ ash
deposit plate

Reaction
zone

Figure 3.5: Reactor slag probe with Y2O3-stabilised ZrO2 deposition plate
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a mild �ow 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. 3

3.5.2 Quench solids

In Paper II and IV, solid residues remaining in the quench or reactor outlet after the

campaigns were retrieved the next day after the reactor had cooled down.

3.5.3 Quench e�luent

In Paper (IV), a valve was actuated to redirect the quench e�uent to a manually con- 6

trolled outlet in order to obtain samples (Fig. 3.1) [207]. E�uent was �ushed through this

line for approximately 3 min before being collected by acid-washed, 125 mL polyethy-

lene bottles that were repeatedly �lled and rinsed �ve times with the e�uent before a 9

sample was taken. Samples of the feedwater near to the inlet of the sprays were also

collected in a similar manner for comparison.

3.5.4 Particles in raw syngas

In Paper IV, particles in the raw syngas were sampled after the pressure release valve 12

with a 13-stage (30 nm–10 �m) low pressure impactor (LPI) (Dekati Oy). Details of the

raw syngas particulate collection system is available elsewhere [208]. During each 10-

minute sampling period, 1 L/min of raw syngas was diluted with 9 L/min of N2 (dilution 15

ratio 1:10) before entering the LPI. Non-greased aluminium foil substrates were used for

particle collection that were weighed before and after each campaign with an analytical

balance (±1 �g). 18

3.6 Ash analyses

3.6.1 Overall element compositions

Bulk solid ash samples were analysed by an external laboratory (ALS Global, Sweden).

They were fused with LiBO2 and dissolved with nitric acid according to ASTM D3682,

before inductively coupled plasma (ICP) with sector �eld mass spectroscopy (SFMS) was 21

used to quantify the overall elemental composition, according to SS EN ISO 17294-1, 2

(modi�ed) as well as EPA-method 200.8 (modi�ed). Quench e�uent and inlet feedwater

samples were syringe �ltered (0.45 �m) before analyses (EPA methods (modi�ed (mod.)) 24

200.7 (ICP-AES) and 200.8 (ICP-SFMS), CSN EN ISO 10304-1, CSN EN ISO 10304-2, and

CSN ISO 15681-1) (ALS Global).
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3.6.2 Microscopic morphology and elemental composition

Scanning electron microscopy equipped with energy dispersive X-ray spectroscopy

(SEM-EDS) was used to analyse the microscopic morphology and elemental composi-

tion of ash samples. In Paper I and IV, the author used a Philips XL30 environmental3

scanning electron microscope (ESEM) (Umeå University, Energy Technology and Ther-

mal Process Chemistry) equipped with a LaB6 emitter and a dedicated backscattered

electron (BSE) detector to visualize the compositional contrasts of the reactor slags. The6

ESEM was paired with an EDAX energy-dispersive X-ray spectroscopy (EDS) detector

for semi-quantitative analysis (i.e., for comparison and trend identi�cation) of the el-

emental compositions of spots and areas. It was operated at an accelerating voltage9

of 20 kV and a interaction volume of approximately 5 �m with working distance of

approximately 1 cm. In Paper II, co-author Olov Öhrman used a Zeiss Gemini Mer-

lin SEM (Luleå University of Technology, Department of Chemical Engineering and12

Geosciences) equipped with thermal �eld emission source at an accelerating voltage

of 20 kV to obtain BSE images of polished cross-section of the slags. Spot elemental

analyses were obtained with an attached Oxford Instruments X-Max detector. In Paper15

V, co-author Markus Carlborg used a Zeiss EVO LS15 SEM with LaB6 electron source

equipped with an Oxford Instruments X-Max 80 detector for EDS (Umeå University,

Department of Applied Physics and Electronics).18

3.6.3 Solid phase identi�cation

In Paper I co-author Dan Boström (Umeå University) used a Bruker D8 Advance X-

ray di�raction (XRD) instrument in �-� mode with an optical con�guration consisting

of a primary Göbel mirror, Cu K� radiation, and a Våntec-1 detector to semi-quantify21

crystalline phases consisting the reactor slags. 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 databank [209] and Bruker software were used to make initial24

qualitative identi�cations. The data were further analysed with the Rietveld technique

and data from ICSD [210]. In IV, co-author Markus Carlborg (Umeå University) used

the same instrument to identify crystalline phases in reactor slags and quench solids. In27

Paper II, co-author Olov Öhrman (SP ETC) used a PANalytical Empyrean X-ray di�rac-

tometer 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 High-30

Score Plus evaluation software and the Crystallography Open Database (COD) [211] to

identify crystalline phases.

3.6.4 Heating microscopy

In Paper II, co-author Roger Molinder (SP ETC) used a modernized heating microscopy33

system from Hesse Instruments consisting of a furnace and a camera to study sintering
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and melting behaviour of the slag. A N2 �ow of 500 mL/min was kept through the

furnace to ensure an inert atmosphere. The slag was ground to a �ne powder using a

marble pestle and mortar. The powder was then mixed with deionized water to form a 3

slurry, which was then compacted into a cylindrical pellet (⌀2 × 3 mm) and dried. The

pellet was heated at 15 °C/min to 600 °C and then at 10 °C/min until the �ow temperature

was reached. The sintering temperature was de�ned as the temperature at which the 6

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 �ow temperature was de�ned according

to standardized method DIN 51730 1984 as the temperature at which the height of the 9

pellet was one-third of its original height.

3.6.5 Thermogravimetric and di�erential temperature analyses

In Paper II, co-author Roger Molinder (SP ETC) used a Netzsch STA for thermogravi-

metric analysis (TGA) and di�erential temperature analysis (DTA). This was used to 12

verify phase changes, in particular the �ow temperature, as observed from the heating

microscopy analyses. The heating pro�le was the same as for the heating microscopy

analysis. A N2 atmosphere was kept around the sample using a gas �ow of 600 mL/min 15

and a blank run was carried out to correct for buoyancy e�ects. Slag powders of 55.6–

78.3 mg for the analyses were used.

3.7 Thermochemical equilibrium calculations

The Equilib module of FactSage [212] was used to carry out thermochemical equilib- 18

rium calculations based on the minimisation of Gibbs energy of a system. Paper I and

III involved only �xed compositions, such that mass balance was the only constraint.

In Paper II, III, IV, and V, �xed ideal gas partial pressures (i.e., chemical potentials) 21

were applied for calculations in order to study equilibrium conditions as dictated by the

gasi�cation atmosphere, meaning that system mass was allowed to vary. The version

of the software and thermodynamic databases were updated during the course of the 24

study. These details are listed for each paper in Table 3.3 to 3.7. The comparatively

limited databases chosen in Paper I and III re�ect the fact that only the distribution of

the elements between the molten phases (salt melt vs. oxide melt) was the focus. For 27

Paper II, IV, and V, the formation of solid phases was the focus, which meant selection

Table 3.3: TEC databases used in Paper I (FactSage 6.3)

Database Full name and chemical species

FToxid SLAGA (oxide melt: Na2O, K2O, SiO2, CaO, < 10% S )

FTsalt LCSO (salt melt: K
+
, Ca

2+
// CO3

2 –
, SO4

2 –
)

FTsalt SCSO (K
+
, Ca

2+
// CO3

2 –
, SO4

2 –
solid solution)

FTpulp MELTA (salt melt: Na
+
, K

+
// CO3

2 –
, Cl

–
, OH

–
, S

2 –
, SO4

2 –
)

FactPS Pure stoichiometric gas and solid phases
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Table 3.4: TEC databases used in Paper II (FactSage 6.4)

Database Full name and chemical species

FToxid SLAGA (oxide melt: Na2O, K2O, Al2O3, SiO2, CaO, FexOy , MgO, MnxOy , TixOy )

FToxid WOLLA (wollastonite: CaSiO3 + MgSiO3, FeSiO3, MnSiO3)

FToxid Mel_ (melilite: Ca2[Mg, Fe
2+

, Fe
3+

, Al]{Al, Fe
3+

, Si}2O7)

FToxid MullF (mullite: Al6Si2O13 solid solution + dilute Fe
3+

)

FToxid ASp (spinel: FeAl2O4 – MgAl2O4 – MnAl2O4 + Al2O3 in solution)

FToxid OlivA (olivine: Mg2SiO4 – Ca2SiO4 – Fe2SiO4 – Mn2SiO4)

FToxid CORU (corundum: Al2O3 – Cr2O3 – Fe2O3 + dilute Mn2O3, Ti2O3)

FTsalt LCSO (salt melt: K
+
, Ca

2+
// CO3

2 –
)

FTsalt SCSO (K
+
, Ca

2+
// CO3

2 –
solid solution)

FTpulp MELTA (salt melt: K
+

// CO3

2 –
, OH

–
)

FactPS Pure stoichiometric gas and solid phases

Table 3.5: TEC databases used in Paper III (FactSage 6.4)

Database Full name and chemical species

FToxid SLAGA (oxide melt: SiO2, K2O, CaO)

FTsalt LCSO (salt melt: K
+
, Ca

2+
// CO3

2 –
)

FTsalt SCSO (K
+
, Ca

2+
// CO3

2 –
solid solution)

FTpulp MELTA (salt melt: K
+

// CO3

2 –
, OH

–
)

FactPS Pure stoichiometric gas and solid phases

Table 3.6: TEC databases used in Paper IV (FactSage 7)

Database Full name and chemical species

FToxid SLAGA (oxide melt: Na2O, K2O, Al2O3, SiO2, CaO, FexOy , MgO, MnxOy , P2O5)

FToxid SPINA (spinel: (Al, Fe
2+

, Fe
3+

, Mg)[Al, Fe
2+

, Fe
3+

, Mg, Vacancy]2O4)

FToxid Mel_A (melilite: Ca2[Mg, Fe
2+

, Fe
3+

, Al]{Al, Fe
3+

, Si}2O7)

FToxid MeO_A (monoxide: Fe
2+

O, CaO, MgO, Mn
2+

O + dilute Al, Fe
3+

)

FToxid bC2SA (�
′
-CaSi2O4: CaSi2O4 + dilute Mg2SiO4, Fe2SiO4, Mn2SiO4)

FToxid OlivA (olivine: (Ca, Fe, Mg, Mn)[Ca, Fe, Mg, Mn]SiO4)

FToxid KASH (kalsilite: KAlSiO4 + excess SiO2, Na, Ca)

FToxid KA_H (K-aluminate: KAlO2 + excess KAlSiO4)

FToxid Neph (nepheline: NaAlSiO4 – KAlSiO4 solid solution + excess SiO2, Ca)

FToxid NCA2 (Na2CaAl4O8: Na2(Na2, Ca)Al4O8)

FToxid C2SP (Ca-Si-P-oxide: �
′
-Ca2SiO4 – Ca3P2O8)

FactPS Pure stoichiometric gas and solid phases

of numerous solid solution phases was required. In general, as many solution databases

as allowable as dictated by the software were selected (40–44) and trial-and-error was

carried out to rule out selection of inconsequential databases. The listed phases in this3

are limited to those that were predicted in the results. Chemsheet [213] was also used

to facilitate the calculations in Paper III and V.

While the FactSage solution databases are widely regarded as one of the most com-6

prehensive available [214,215], there remains some signi�cant discrepancies in the pre-

diction of systems containing alkalis, particularly K [214,216,217]. This is illustrated for

the CaO – K2O – SiO2 liquidus in Fig. 3.6. The FactSage databases lacks ternary com-9

pounds in this system and the interactions between CaO and K2O are assumed to be
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Table 3.7: TEC databases used in Paper V (FactSage 7.1)

Database Full name and chemical species

FToxid SLAGA (oxide melt: Na2O, K2O, Al2O3, SiO2, CaO, FexOy , MgO, MnxOy , ZrO2 P2O5)

FToxid MeO_A (monoxide: FeO, Fe2O3, CaO, MgO, Al2O3, MnO, ZrO2, Na2O)

FToxid cPyrA (clinopyroxene: (Fe, Ca, Mg)SiO3 – (Fe, Ca, Mg)Al2SiO6 – (Fe, Ca, Mg)Fe2SiO6)

FToxid Mel_A (melilite: Ca2[Mg, Fe
2+/3+

, Al]{Al, Fe
3+

, Si}2O7)

FToxid OlivA (olivine: (Ca, Fe, Mg, Mn)[Ca, Fe, Mg, Mn]SiO4)

FToxid Cord (cordierite: Al4(Mg, Fe)2Si5O18)

FToxid Mull (mullite: (Al, Fe)2(Al, Si, Fe)(O, Va)5)

FToxid CAF6 (calcium ferro-aluminate: Ca(Al, Fe)12O19)

FToxid CAF2 (calcium ferro-aluminate: Ca(Al, Fe)4O7)

FToxid CAF1 (calcium ferro-aluminate: Ca(Al, Fe)2O4)

FToxid CORU (corundum: Al2O3, Fe2O3, Mn2O3)

FToxid Neph (nepheline: NaAlSiO4 – KAlSiO4 solid solution + excess SiO2, Ca, Fe)

FToxid ZrOt (zirconia (tetragonal): ZrO2 + dilute Al2O3, CaO, FeO, MgO, MnO)

FToxid ASp (spinel: (Fe, Mg, Mn)Al2O4 – Al2O3)

FactPS Pure stoichiometric gas and solid phases

ideal. The the predicted liquidus towards the CaO – SiO2 binary corresponds adequately

to that of the experimental data, but the liquidus temperatures along the K2O – SiO2 bi-

nary with modest amounts of CaO are predicted to be much higher than those measured 3

experimentally [218,219]. This has also been observed from more recent experiments

[216]. Nonetheless, given that volatilisation of K is expected to be high in woody bio-

mass PEFG, the composition of condensed phases formed during fuel conversion are 6

likely closer to the CaO – SiO2 binary. Even so, it is important to emphasise that the

results of TECs in this study are use for qualitative interpretation of ash/phase trans-

formations rather than gaining accurate quantitative information. 9

3.8 Slag viscosity estimations

In Paper IV, estimations of the viscosities of the molten oxide phases (as predicted

by TECs) were obtained with the Viscosity module of FactSage 7 [181]. The phase

assemblage and molten viscosity estimations were thereafter applied to the rheology 12

algorithm described by Mader et al. [185] to estimate slag viscosities; i.e., solid suspen-

sion �ow. The volume fraction of solids in the slag was estimated based on molten

oxide densities from Lange and Carmichael [220] and the Slag Atlas [111] and solid 15

solution densities based on weighted sums of their respective constituents represented

as endmembers using data from FactSage 7 or Mindat [221]. The FactSage 7 Viscosity

module was also used in Paper V to estimate the in�ltrating molten slag viscosity. 18
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(a) Experimental by Morey et al. [218,219]
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Figure 3.6: Liquidus of CaO–K2O–SiO2 system
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4 RESULTS AND DISCUSSION

The results with respect to the objectives stated in Section 1.3 are discussed in turn, focussing
solely on the ash behaviours and ash interactions. Temperature pro�les and syngas com-
positions of the experimental campaigns can be found in Section 3.4. 3

4.1 Ash transformations

4.1.1 Ash fractionation

The major inorganic elemental distributions comprising the bulk ash material of the

reactor slags from the PSR campaigns were signi�cantly di�erent from the original fuel

ash (Fig. 4.1). The most prominent di�erence was the enrichment of Si against most of 6

the other major inorganic elements. This is illustrated in Fig. 4.2 where their enrichment

or diminishment compared to Si is shown.

Signi�cantly volatilised ash-forming elements 9

S, Cl, and Zn were depleted in the reactor slags. As intimated in Section 2.2.2, these ele-

ments along, with Na and K, are likely to form non-oxide compounds, many of which are
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4 RESULTS AND DISCUSSION

Table 4.1: Major fractions of ash-forming elements out�owing within e�uent

Element Units† Bark (IV) BPM (IV)

Na % of input from fuel 29 ± 14 14 ± 7

Cl % of input from fuel 54 ± 20 95 ± 30

K % of input from fuel 54 ± 21 39 ± 15

†
Uncertainties based on fuel compositions and ±25 kg/hr fuel feeding

volatile under PEFG conditions. Na(g), K(g), H2S(g), HCl(g), KCl(g), NaOH(g), KOH(g),

and Zn(g) are the major compounds predicted to be present consisting of these elements

[222]. In the bark (IV) and BPM (IV) campaigns, some of these elements were found in3

the e�uent out�ows, presumably dissolved after the condensation of some of the afore-

mentioned compounds (Table 4.1). Signi�cant amounts of K, along with lesser amounts

of S and Cl, were also present in the �ne particles (< 0.4 �m) entrained in the syngas6

from the bark (IV) and BPM (IV) campaigns (Fig. 4.3). The phases of the particles could

not be identi�ed, but the imbalance of excess K against possible inorganic anions (e.g.,

Cl
–

, SO4

2 –
) indicates that K(g) or KOH(g) was released during fuel conversion. Zn was9

found incorporated within soot particles from the bark-C (I) and PMDR (I) campaigns

by Wiinikka et al. [208], likely in metallic state.

While the depletion of S, Cl, and Zn from the reactor slags may indicate their com-12

plete volatilisation, it is clear from Fig. 4.2 that Na and K can form condensed phases

within reactor slags. They are therefore only ultimately volatilised — i.e., exiting the

reactor in a gaseous state — to a limited extent. Their stabilisation in silicate phases15

under the gasi�cation conditions of the PSR was an important factor in reducing the

amount that was ultimately volatilised. This is demonstrated by reactor slags collected

from the bark-C (I), PMDR (I), and BPM (IV) campaigns. In the case of bark-C (I),18

Fig. 4.4(a) shows a typical aggregate consisting of a quartz particle surrounded by a

silicate melt layer with an attached feldspar. The melt layer surrounding the quartz

particle exhibits at least two mechanisms by which such a layer could have formed:21

(1) the reaction of gaseous K species with the quartz particle to form a silicate melt,

and/or (2) the adhesion of melts upon the quartz particle that were formed elsewhere.

The lack of melt surrounding the adjacent feldspar particle — which has been shown24
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Figure 4.4: BSE images of reactor ash material from PEBG campaigns (Paper I and IV)

experimentally [223] and thermodynamically [224] to be more resilient against reaction

with gaseous K species — indicates that the �rst mechanism applied only to the quartz

particles. Moreover, it also suggests that �rst mechanism was dominant; otherwise, 3

feldspar particles would also generally be surrounded by molten layers. Nonetheless,

the attachment of the feldspar does indicate that particles can undergo adhesive con-

tact also. Regardless of the actual melt formation mechanism, the resulting silicate melt 6

phase retains K within a condensed phase and the presence of K in a silicate melt was

also apparent in the PMDR (I) reactor slag (Fig. 4.4(b)). In this case, the reactor slag

was much more fused and consolidated, due to the higher level of Si in the fuel and the 9

higher temperatures reached in the campaign. In the case of BPM (IV), K was found in

bladed crystals of kalsilite (KAlSiO4) (Fig. 4.4(c)) that were formed upon cooling of the

silicate melt. The alkali content in these silicate melts were approximately 10–20 mol%. 12

This is generally consistent with other suspension-�red studies [130,134] that found K

retention in condensed �y ash to be correlated with increasing fuel Si content. This

retention also implies that the out�ow values of Na and K in Table 4.1 cannot be taken 15

to be the actual extent of volatilisation intrinsic to the process, because remnant ash
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Figure 4.5: Distribution of K in condensed phases according to TECs (Paper I)

slags and the mullite-based refractory may also have retained them to some degree. K

and Na remaining within contaminant feldspar particles were also present in reactor

slags, as labelled in Fig. 4.4(a) and 4.4(b). Si-rich molten particles containing K were3

also found in the wood (I) reactor slag, but these were very sparse because of the low

ash content.

The availability of Si to a�ect the extent of volatilisation of K is shown thermody-6

namically in Fig. 4.5. The distribution of K in condensed phases as a function of Si and

temperature are shown based on the bark-C (I) and PMDR (I) fuel ash compositions at

2 bar. At low temperatures, K is predicted to be stable within a carbonate salt melt. With9

increasing temperature, the tendency for K to be in gaseous phase increases, and the

only condensed phase containing K is an oxide melt. The presence of other elements,

e.g., Mg and Ca, within the oxide melt a�ects the amount of K in the melt and, in general,12

the higher the amount of alkaline earth metals, the lower the amount of K, or Na [112].

This behaviour was evident in the bark (IV) campaign, which had the highest level of

alkaline earth metals in the reactor slag and contained only approximately 5 mol% K.15

Comparing Fig. 4.5(a) and Fig. 4.5(b), it can be be seen that both exhibit steep increases

in the share of K in the oxide melt phase when the molar Si/(Mg + Ca) ratio is approxi-

mately 0.5. Hence, it can be interpreted that thermodynamically, K is largely excluded18

from molten silicates unless a su�cient level of Si is available relative to amount of

alkaline earth metals, which can form preferentially stable silicates.

Condensed phase ash-forming elements21

The prominent enrichment of Si against the other major-ash forming elements was

not observed in the deposits of Bashir et al. [127] nor Wu et al. [132] from full-scale

combustion facilities �ring wood and wood/straw mixtures. In those cases, the lower24

surface temperatures facilitated by a cooled probe (≈ 550 °C) appear to have favoured
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4.1 ASH TRANSFORMATIONS

the condensation of molten K species that may have in fact enriched the amount of

small Ca-rich particles, under thermophoretic transport, to deposit. The results from the

current PSR campaigns may be explained by the necessity of molten material inherent 3

to the particle — possibly initiated by gaseous K reaction with silica as aforementioned

— to enable deposition of ash matter within the reactor. It was shown in Paper III and

IV that for Ca-rich ash compositions characteristic of woody biomass, Si contents has 6

a critical role in melt formation from a thermodynamic perspective (discussed later).

The behaviour of the other elements and transport limitations would then dictate their

levels of diminishment compared to Si. 9

The elements Ca, Mg and Mn share similarities in their modes-of-occurrence in the

fuel as well as chemical behaviour. These elements are mostly organically-bounded or

exist as low-temperature decomposing oxalate minerals within woody biomass accord- 12

ing to Table 2.3. This also applies for the peat that was co-gasi�ed in Paper IV and

Paper V [205]. It makes them available for chemical reaction as the carbo-hydrogen

matrix is decomposed and Fig. 2.3 shows that these elements could potentially be trans- 15

formed to thermodynamically stable high-temperature melting solid oxides. The rela-

tive Lewis base behaviour of the oxides makes SiO2 — under circumstances where P is

relatively de�cient — the most favourable to react with. Given that Si and the metals 18

occupy separate chemical forms within the fuel, transport limitations would restrict the

amounts of Ca, Mg, and Mn oxides that can come into contact with SiO2-rich particles

with molten properties. This would give rise to their subsequent diminishment within 21

the reactor slags compared to Si. Although not shown in Fig. 4.2, similar enrichments in

Si was also apparent in the reactor slags from the bark-C (I) and PMDR (I) campaigns. In

those cases, Si-based soil contaminants in the form of feldspars and quartz were found to 24

have signi�cant interactions with the ash matter (cf. Fig. 4.4(a) and 4.4(b)). In particular,

bark-C (I) shows how dispersed Ca-rich particles could have adhered onto the molten

silicate layer that surrounded quartz particles to become isolated crystalline Ca-silicates 27

at the periphery of the aggregates.

A similar argument may be applied to Fe to explain its diminishment relative to Si.

The mode-of-occurrence of Fe in bark (IV) is ferrihydrite or organically-bounded, and 30

also possibly pyrite in BPM (IV) [205]. The lack of S in the reactor slags suggests that

Fe was mostly oxidised during gasi�cation, which — subject to the transport limitations

aforementioned — allow it to form silicate phases as observed in the BPM (IV) reactor 33

slag [225].

P was found in the reactor slags often as apatite. This can be attributed to the volatil-

ity of P-oxides (P4O6, P4O10) that are released upon the decomposition of K-phosphate 36

salts and the organic matrix during the initial stages of fuel conversion. The relative

strong Lewis acid behaviour of the P-oxides makes them reactive towards CaO, which

is abundant and facilitates the formation of apatite. Quench solid particles found in the 39

bark (IV) campaign with molten appearances (Fig. 4.4(d), top and bottom left) also often
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had high levels of P, which suggests that the reactor deposition of P is also in�uenced

by interaction with melts.

The formation of ash particles involving the dispersion of heterogeneous particles,3

some of which were mainly stable solid oxides and some of which are molten, was evi-

dent in the quench solid �y ash particles from the �ring of the bark (IV) fuel (Fig. 4.4(d)).

Similarly heterogeneous �y ash particles were also shown by Damoe et al. [125] from6

bench-scale entrained-�ow combustion. It must be pointed out that Si, P, Ca, Mg, Mn,

and Fe could also have interacted via gaseous states, because they can all be volatilised

under highly reducing conditions at high temperature; e.g., in the �ame region.9

The trend of diminishment in Al compared to Si in the reactor slags with increasing

peat content (Paper IV, V) is unexpected (Fig. 4.2). Given that the Al in bark is largely

present as Al(OH)3 or organically-bounded, the initial formation of substantial amounts12

of thermodynamically-stable Al2O3 is likely, as per the aforementioned elements. It is

then reasonable to assume that the same transport limitations would also apply to Al;

i.e., that its deposition requires interaction with Si. Hence, the possible enrichment of15

Al compared to Si in the bark (IV) reactor slag is surprising. Although, contamination

from the mullite-based wall refractory of the PSR cannot be ruled out, the formation of

Al2O3 eutectics, e.g., with CaO at 1413 °C, may also have facilitated its deposition. The18

Ca-aluminate plates found commonly in the quench solids of the bark (IV) campaign

(Fig. 4.4(d)) could be evidence of isolated interactions between Al2O3 and CaO. In re-

gards to the BPM (IV) and BPM2 (V) reactor slags, it is also surprising that although the21

occurrence of Al bounded in silicate minerals in the fuel (e.g., halloysite (Al2Si2O5(OH)4)

and albite [205]) was increased with peat content, Al is diminished compared to Si for

the BPM2 fuel, which was richer in peat.24

4.1.2 Slag formation

The formation of slag involves the presence of molten ash matter that facilitates de-

position and accumulation of other ash matter. An important aspect of this is whether

ash-forming elements have the thermodynamic propensity to form melt under di�erent27

reactor conditions. As discussed previously, the formation of melts also appears to be

critical for the ash fractionation observed in the reactor slags.

In order to investigate this, TECs were carried in Paper III based on the three most30

important and abundant elements in woody biomass ash: Si, Ca, and K. They also con-

stituted over 60 mol% of the inorganic elements in the reactor slags and were observed

to interact consequentially in Paper I. It was assumed that the interaction between33

gaseous K species with Si would lead to melt formation, which could be a�ected by

Ca [106,109]. A two-step TEC was carried out based on this assumption, depicted in

Fig. 4.6. The �rst involved estimating the gaseous K species concentration under di�er-36

ent gasi�cation conditions (� = 0.35, 900–1800 °C, 1–80 bar). K(g) and KOH(g) were the

main gaseous K species predicted and is shown in Fig. 4.7 for a fuel with K content that
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Figure 4.6: TEC scheme to predict melt formation at di�erent Ca:Si under a gasi�cation atmosphere
with gaseous K species (Paper III)

is typical of bark. Di�erent ratios of Ca:Si were then subjected to the resulting gasi�ca-

tion atmospheres, including the gaseous K species, in order to elucidate the conditions

under which melt and crystalline phases would be predicted. Immiscibility is assumed 3

between the salt and oxide melts. Fig. 4.8(a) shows that the presence of Ca alone is not

conducive of melt formation unless temperatures are relatively low with high pressures.

At such conditions, a K – Ca – CO3 salt melt would be formed. At higher temperatures, 6

CaO(s) is predicted to the sole compound, inert against the gaseous K species. With

decreasing Ca:Si ratio, the conditions for melt formation are broadened (Fig. 4.8(b)–

4.8(e)). The oxide melt dominates with decreasing Ca:Si ratio and especially at high 9

temperature. With the exception of a few solid phases that are stable at low pressure

(wollastonite (CaSiO3(s))) or low temperature (K2SiO3(s) and K2Si2O5(s)), the oxide melt

is predicted to be stable under most conditions with increasing Si content. 12

The role of K in melt formation is most apparent when comparing the SiO2 – CaO

phase assemblage under a gasi�cation atmosphere against the regular SiO2 – CaO bi-

nary system. Under a gasi�cation atmosphere at 7 bar laden with K(g) and KOH(g) 15

(marked in Fig. 4.7 by dotted lines), Fig. 4.9(a) shows that TECs predict the forma-

tion of melt for CaO/(CaO + SiO2) < 2/3 at all temperatures higher than 900 °C. This

is much lower compared to the lowest solidus for the regular SiO2 – CaO binary system 18

(> 1400 °C) as shown in Fig. 4.9(b). It indicates that to generate pure molten phases,
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Figure 4.8: TECs of melt formation at di�erent Ca/Si compositions based on K volatilisation from
bark. Based from Paper III using FactSage 7 databases

.

the temperature should be no less then approximately 1350 °C and a Ca:Si ratio < 0.5.

The Ca:Si ratio of the bark (IV) reactor slag suggests that it was on the borderline with

regards to melt formation. This could imply that for a Ca-rich fuel, a maximum cut-o�3
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Figure 4.9: E�ect of gasi�cation atmosphere with gaseous K species upon SiO2 –CaO binary

Ca:Si ratio may exist to restrict the compositions that can adhere upon the reactor wall

and form slag. In reality, the presence of other elements would have an impact on the

actual melt formation behaviour and other physical properties mentioned in Section 2.3 3

will a�ect the adhesion propensity.
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4.2 Reactor slag �ow behaviour

The variation in �ow behaviour of reactor slags was most visually observable from

the bark (IV) and BPM (IV) campaigns. The bark (IV) reactor slag consisted of coarse

sintered material (Fig. 4.10(a)), while the BPM (IV) reactor slag was much more consol-3

idated with a smooth curved surface remnant from a �owing slag (Fig. 4.10(b)).

(a) Bark (IV) (b) BPM (IV)

Figure 4.10: Top views of reactor slags from bark and BPM campaigns (Paper IV)

4.2.1 Melt formation

The bulk compositions of the bark (IV) and BPM (IV) reactor slags were used in TECs

to evaluate their melt formation behaviour under their respective gasi�cation atmo-6

spheres with varying temperature. Fig. 4.11 shows that the bark (IV) reactor slag

had signi�cantly higher predicted solidus and liquidus temperatures compared to the

BPM (IV) reactor slag. Moreover, the BPM (IV) reactor slag was likely to have been9

completely molten during gasi�cation (≃ 1250 °C), while only about a third of the

mass of the bark (IV) reactor slag was molten (≃ 1200 °C). For the bark (IV) reactor
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Figure 4.11: Melt formation, as predicted by TECs, of bark (IV) reactor slag with additions of Si, K,
and/or Fe compared against BPM (IV) reactor slag (Paper IV)
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4.2 REACTOR SLAG FLOW BEHAVIOUR

slag, the major crystalline phases predicted between the solidus and liquidus tem-

peratures were �
′
– Ca2SiO4 and spinel ((Mg, Fe)Al2O4), and at lower temperatures,

merwinite (Ca3MgSi2O8) and melilite (Ca2(Mg, Fe
2+/3+

, Al, Zn)(Al, Fe
3+

, Si)2O7). For 3

the BPM (IV) reactor slag, the predicted crystalline phases were mainly solid solutions

of melilite, olivine ((Ca, Fe, Mg, Mn, Zn)2SiO4), and kalsilite/nepheline ((K, Na)AlSiO4).

These phases were identi�ed in the XRD analyses and are pointed out for the BPM (IV) 6

reactor slag in Fig. 4.4(c). The main di�erence between the compositions of the bark

(IV) and BPM (IV) reactor slags was mainly the addition of Si, and smaller amounts of K

and Fe, to the former. Further TECs showed that normalized additions of K and/or Fe to 9

the bark slag increases the amount of melt, but do not in�uence the solidus or liquidus

temperatures signi�cantly until an addition of Si also (Fig. 4.11). This behaviour is

similar even when adding larger amounts of K and/or Fe, where K tends to be stable 12

within gaseous species, while Fe is predicted to be proportionately distributed within

solid solution and molten phases. The criticality of Si in facilitating the formation of

melt at lower temperatures is therefore apparent and in agreement with the results of 15

TECs from Paper III.

4.2.2 Viscosity estimations

The fully molten viscosity of the bark (IV) and BPM (IV) reactor slags as estimated by

the Viscosity module in FactSage are shown as dashed lines in Fig. 4.12. The impact 18

of solid phases, as predicted by TECs, upon the fully molten viscosities was estimated

using the rheology algorithm formulated by Mader et al. [185]. When temperatures

are su�ciently low for the stabilisation of crystalline phases, the viscosity is increased 21

within the Newtonian regime (solid lines) or non-Newtonian regime (dotted lines). In
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Figure 4.12: Viscosity estimations of reactor slags of bark (IV) and BPM (IV) campaigns (modi�ed
from Paper IV)
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the latter case, the estimated viscosity is based on the average wall shear strain rate for a

1-D �owing slag �lm 5 mm thick upon a vertical wall. Note that this gives characteristic

Reynolds numbers < 20, indicating laminar �ow with negligible surface rippling [226].3

A threshold in the volume fraction of solids in the slags brings about the transition

from Newtonian to non-Newtonian �ow. The particle aspect ratio also plays a role by

inducing this transition at higher temperatures (i.e., lower solids volume fraction) and6

at lower viscosities with increasing value. The ends of the lines at low temperatures

mark plastic �ow behaviour of the slags; i.e., not free-�owing under gravitational pull

upon a vertical wall.9

Even though the fully molten viscosity of bark (IV) reactor slag was estimated to be

lower than that of the BPM (IV) reactor slag, the formation of high temperature crys-

talline phases caused the former to have a much higher slag viscosity at temperatures12

< 1370 °C. This is in qualitative agreement with the experimental observations: the BPM

campaign (≃ 1250 °C) reached the necessary temperature for �ow to occur as opposed

to the bark campaign (≃ 1200 °C). In fact, the estimations suggest that a temperature15

of approximately 1300–1350 °C would be needed to produce an appropriate �owing

slag (8–25 Pa.s) for the bark (IV) reactor slag, whereas approximately 1150 °C would

already be adequate for the BPM (IV) reactor slag. This highlights the importance of18

composition in bringing about steep changes in the viscosity due to the possible for-

mation of solids induced by temperature reductions. It is also apparent that unless the

slag is fully or near-fully molten, its viscosity can �uctuate outside of the appropriate21

viscosity range over a small temperature interval (±20 °C). In the case of the bark (IV)

reactor slag, �ow may even only occur under excessively low viscosities because of the

predicted transition of a large amount of solid phases into a very low viscosity molten24

phase within a narrow temperature interval. In reality, the duration of the �ow needs to

be considered also because of the kinetics of crystallisation [30,31]. Another important

aspect is that solids are likely to be polydisperse, meaning that their sizes and shapes27

can di�er slightly and/or signi�cantly from each other, as exempli�ed in Fig. 4.4(c).

The interactions of each distinguishable fraction of particles with each other and their

ensuing e�ects upon viscosity as their respective volume fractions increase are subjects30

under research [185].

4.3 Ash/refractory interactions

4.3.1 Observations from pressurised pilot-scale reactor

In the campaigns involving wood (II) (Paper II), the reactor temperature increased

steeply as the load was increased (Fig. 4.13). Via the top-mounted camera, blockage33

of the reactor was observed and the campaign was halted. Slags were retrieved from

the reactor outlet and quench. These were found to contain high levels of Al (Table 4.2).

Comparison of the Al:Si ratio between the fuel ash, slags, and the pristine refractory36
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Table 4.2: Compositions of major inorganic elements in wood (II) fuel ash, slags collected from cam-
paign and refractory material (Paper II)

Element Unit Wood (II)
fuel

Reactor
outlet slag

Quench
slag

Reactor
refractory

(Vibron 160H)†

Na mg/kg d.s. 7200 10800 11700 -

Mg mg/kg d.s. 54300 20000 18200 -

Al mg/kg d.s. 12900 178000 184000 333400

Si mg/kg d.s. 45400 152000 154000 144900

K mg/kg d.s. 87300 36900 37900 -

Ca mg/kg d.s. 167000 82500 76000 -

Mn mg/kg d.s. 25200 9430 8680 -

Fe mg/kg d.s. 6600 14400 29300 7000

Al/Si mg/mg 0.28 1.17 1.19 2.3

†
Speci�cations from manufacturer

gives strong indications that the slags consisted of contributions from both fuel ash

and refractory; i.e., refractory corrosion at least in the form of dissolution had occurred

[227]. Particles of corundum (Al2O3), a major constituent comprising the pristine re- 3

fractory [228], could be found in the slags. DTA and heating microscopy tests showed

that the slags had melting and �ow temperatures of approximately 1290 °C and 1330 °C,

respectively. This is consistent with the observed �ow as the reactor increased in tem- 6

perature and the bottom of the reactor exceeded 1350 °C (Fig. 4.13). The eventual block-

age was attributed to a temperature drop further down the reactor where water quench

sprays were operated, causing the slag viscosity to increase and accumulate at the ta- 9

pered outlet. A similar occurrence took place during the BPM (IV) campaign, where

large slag blocks also enriched in Al were found in the quench afterwards. The e�ect of

refractory corrosion was also evident when the top of of reactor was opened after many 12
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Figure 4.13: Temperature pro�le leading up to and during blockage of reactor outlet (modi�ed from
Paper II)
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*

*

*
*

Figure 4.14: Photograph of PSR reaction zone from top after an outlet blockage. Thermocouple lo-
cations are indicated by red asterisks.

more hours of additional campaigns with di�erent fuels (including the campaigns of

Paper IV). Fig. 4.14 shows the protrusion of thermocouples — which initially had their

tips �ush with the reactor wall — into the reaction zone, due to the recessive material3

loss of the refractory. Expansion of the reactor bricks also contributed towards this

recession.

Thermodynamically, the addition of ash material to the mullite-based refractory6

can be viewed as the addition of the oxides of the major ash-forming elements, e.g.,

Ca, K, Mg, to the Al2O3 – SiO2 system. This may be initiated by the deposition of solid

or molten ash material, or in the case of K, gaseous attack of the refractory. These9

ash-derived components have the e�ect of creating systems with lower liquidus tem-

Wall temperature: 
1250 – 1350 °C

Wall temperature: 
1250 – 1350 °C

Wall temperature:
 > 1350°C

Wall temperature: 
1250 – 1350 °C

Reac�on product:
K-Si-Al-oxide melt

K, KOH, KCl

Reac�on product:
Mul�-component
oxide melt

Reac�on product:
Mul�-component
oxide melt + 
crystalline phases

Release and diffusion of 
gaseous K from fuel

1. 

Gaseous K species:
a) reac�on with fuel Si, forming 
     molten par�cles that adhere to 
     and dissolve the refractory
                    AND/OR
b) reac�on with free SiO₂ and mullite 
     in refractory, forming melt

2.

CaO and MgO dispersed from fuel: 
a) adhere and dissolve into K-Si-Al melt    
                    AND/OR
b) adhere and dissolve into melt formed by 
     refractory due to gasifica�on atmosphere 
                    AND/OR
c) sinter directly with refractory

3.

Increase in temperature 
of upper por�on of 
reactor causes dissolu�on 
of crystalline phases into 
melt and decrease in 
viscosity, resul�ng in 
flowing slag

5.

Lower temperatures near 
outlet induces 
crystallisa�on and  
increase in melt viscosity, 
causing slag accumula�on 
blockage. Long cooling 
dura�on enables crystal 
forma�on within the slag. 

6. 

Some slag droplets fall into 
the quench pool before 
blockage of the outlet, or 
drop from accumulated 
slag while s�ll at rela�vely 
high temperature

7.

High melt viscosity in addi�on to crystalline 
forma�ons prevent slag from flowing

4.

Figure 4.15: Proposed slag formation and corrosion of PSR wall refractory (Paper II)

p64p



4.3 ASH/REFRACTORY INTERACTIONS

peratures than the pristine refractory only. This would cause the refractory to melt or

dissolve within a slag and be subsequently �uxed away. Spallation, where formation of

phases of di�erent densities causes the fracturing of the refractory and detachment of 3

fragments, was not apparent but cannot be ruled out.

Following on from the slag formation scheme of Fig. 4.6, the refractory corrosion

leading to the observed slag blockage during the wood (II) campaign was proposed as 6

according to the schematic of Fig. 4.15.

4.3.2 Material exposures in atmospheric pilot-scale reactor

Paper V studied the degradation of seven commercially-available refractories (Ta-

ble 3.2) after exposure to a gasi�cation campaign �ring BPM2 (V) (Section 3.4.4). The 9

results are discussed with insights gained from the literature overview of refractory

corrosion in Paper VI.
The slag that deposited upon the probes was enriched in SiO2 (57 wt%) with a 12

base/acid ratio (wt basis) of approximately 0.46 and contained approximately 10 mol%

alkali (cf. Fig. 4.1). The temperature was approximately 1220 °C. All refractories showed

varying degrees of degradation, the most apparent being slag in�ltration: 15

SCLC: Fig. 4.16(a) shows that the refractory sustained extensive dissolution and

in�ltration of the matrix regions near the top. After 6 hours of exposure, slag had pene-

trated about 0.9 mm into the matrix, and 1.4 mm after 27 hours. Large aggregates of SiC 18

were generally intact though, and gives credence to studies that support its potential

for use in gasi�ers [27,229].

HA+CA: Fig. 4.16(b) shows the comparatively severe corrosion sustained by the 21

refractory, which was almost totally in�ltrated by slag after only 6 hours and may have

contributed to its cracking and bending.

ZR+ML: The refractory sustained extensive dissolution near the top, where aggre- 24

gates of zircon appeared to be resilient against the slag but were dislodged due to the

(a) SCLC cross-section end view
after 6 hours exposure

10 mm

(b) HA+CA cross-section side view after 27 hours exposure. Cracking and
extensive slag in�ltration circled in red.

Figure 4.16: Examples of slag in�ltration and refractory degradation from gasi�cation in atmo-
spheric PSR (Paper V) from BSE images of SEM analysis
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4 RESULTS AND DISCUSSION

direct dissolution of the matrix. Slag penetration of 2.5 mm was visible as �lled voids

between the zircon aggregates after 6 hours and about 3.5 mm after 27 hours.

HB: The refractory was in�ltrated by approximately 2.1 mm after 6 hours of expo-3

sure. After about 12 hours, this refractory broke and the majority of the piece fell to the

bottom of the gasi�er where it remained until the 27 hours had elapsed. Slag in�ltration

of this fallen piece was about 7 mm.6

ADL: Slag in�ltration was visible as a loss of porosity. After 6 and 27 hours of

exposure the matrix was severely a�ected to depths of about 0.7 and 3 mm, respectively.

HASPf1/HASPf2: These refractories behaved similarly and appeared to be the9

most resilient. This is demonstrated in Fig. 4.17, which shows that slag in�ltration — as

determined by the detection of Si — was limited to open pores approximately 30–40 �m

in depth.12

Table 4.3 shows phases that were identi�ed for the pristine and exposed refrac-

tories. Shown alongside are phases from assemblages that were predicted from TECs

based on bulk refractory and slag compositions under the gasi�cation conditions. While15

some phases are in agreement from XRD and TECs, di�erences between them may be

expected due to the heterogeneous make-up of the refractories, uncertainties regarding

actual conditions, cooling history, phase formation kinetics, and transport limitations18

[25,230]. Phase assemblages were therefore also calculated to evaluate the stability

of the 12 crystalline phases identi�ed in the pristine refractories. Anorthite was pre-

dicted to be formed as a major crystalline phase from slag interactions with CaAl2O421

(Fig. 4.18(a))), corundum (Al2O3), diaoyudaoite (NaAl11O17), grossite (CaAl4O7), an-

dalusite (Al2SiO5), mullite (Al6Si2O13), hibonite (CaAl12O19, Fig. 4.18(b)), and, to a much

lesser extent, spinel (MgAl2O4, Fig. 4.18(c)). This is in agreement with the anorthite24

phase found prominently in the exposed HA+CA, ADL, and SCLC refractories. How-

Refractory

Slag

10 μm

Figure 4.17: SEM-EDSmapping of interface between slag andHASPf1 refractory (similar to HASPf2)
(Paper V)
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Table 4.3: Identi�ed crystalline phases in pristine and exposed refractories (Paper V)
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Figure 4.18: Phase assemblages of refractory constituents against slag at 1220 °C from TECs

ever, no anorthite was detected in the ZR+ML refractory because the mullite that con-

stituted most of the matrix phase was dissolved into the in�ltrating slag. This can be

facilitated by the �uidity of the alkaline earth and alkali metal-rich slag that hastens3

both dissolution and in�ltration [231]. A solid solution of melilite was predicted to form

from slag interactions with CaAl2O4 (Fig. 4.18(b)) and grossite, which was identi�ed as

gehlenite (Ca2Al2SiO7) in the HA+CA sample. Hibonite aggregates did not exhibit sig-6

ni�cant dissolution nor was anorthite detected in the HB refractory. Hibonite has, in

fact, been reported to form from corundum in contact with Ca-rich slags [232], which

indicated that it can potentially act as a product of indirect dissolution that protects9

refractories against further dissolution. Zircon (ZrSiO4) was predicted to be almost

inert against the slag (Fig. 4.18(d)), while zirconia (ZrO2) would lead to the formation

of zircon. Despite the predicted resilience of zircon, loosened grains of zirconia could12

be found surrounding zircon aggregates near the surface as shown in Fig. 4.19. The

dissociation of pure zircon into zirconia and silica is believed to occur at very high tem-

perature (> 1600 °C), but has been experimentally observed to be lowered substantially15

when impurities are introduced [233]. Zirconia itself, in fact, is often used as a com-

ponent in glass furnace structure refractories, which indicates that it can resist against

silicate melts with up to approximately 15 wt% alkali for years in duration [234]. Peri-18

clase (MgO) was predicted to form olivine ((Fe, Mg, Ca)2SiO4) with the slag, but at a high

excess of slag, periclase would be incorporated into the slag. This could be a reason why
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4.3 ASH/REFRACTORY INTERACTIONS

Figure 4.19: Disintegration of ZR+ML refractory surface zircon aggregates into ZrO2 and silicate
melt (PaperV)

no olivine was detected by XRD in the exposed HASPf1 and HASPf2 refractories, while

the TECs also predict that leucite (KAlSi2O6) could have originated from crystallisation

of the slag during cooling. This was also the case for mullite, which was not detected 3

in the exposed ZR+ML refractory but is predicted to be incorporated into the slag melt

under excess slag conditions.

Despite some of the discrepancies between the identi�ed phases and the TEC pre- 6

dicted phases, further use of TECs was used to aid the interpretation of the observed

degradation of each refractory. The stepwise calculation method introduced by Be-

smann [235] was used to predict phase formations mimicking gradual slag in�ltration, 9

an occurrence which can have profound consequences for corrosion [186]. The re-

fractory matrix composition was used because slag in�ltration occurs most rapidly via

regions with high speci�c surface areas and high porosities; i.e., the matrix [26,192,227]. 12

Initially, a TEC involving 100 g of the original slag composition and 100 g of refractory

matrix was carried out. The resulting molten slag composition was then normalized to

100 g, and together with 120 g of refractory matrix, the equilibrium was then calculated 15

again. This procedure was repeated with the amount of refractory matrix increasing in

20 g increments until a �nal molten slag to refractory matrix ratio of at least 3.8 g/g (i.e.

at least 15 calculations). 18

The results are shown for the HA+CA, SCLC, and HASPf2 refractory matrices in

Fig. 4.20(a) to Fig. 4.20(c), respectively. When combined with the viscosity predictions

of the in�ltrating molten slag (Fig. 4.20(d)), a qualitative comprehension of the degrada- 21

tion can be gained. Slag in�ltration can be characterised by a simpli�ed version of the

Washburn equation [227,236], which suggests that viscosity is inversely proportional

to the in�ltration rate: 24
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Figure 4.20: Selected phase assemblages and slag melt viscosities at 1220 °C based on TECs carried
out according to slag in�ltration method by Besmann [235] (Paper V)

JI =

r cos �

4�l

r = pore radius

 = slag melt/atmosphere interfacial surface tension/energy

� = contact angle of slag melt upon smooth refractory material

� = slag melt viscosity

l = in�ltration depth

The SCLC matrix produces SiO2-rich melts with increasing refractory matrix (∼ in�l-

tration), which is estimated to reach 10
5

Pa.s. The HA+CA matrix on the other hand,3

interacts with the slag to become more �uid (approx. 10
2

Pa.s) with moderate SiO2

contents. This implies that the depth of in�ltration — assuming equal pore sizes, slag

wettability, and duration — into the HA+CA refractory can be orders-of-magnitudes6

higher than into the SCLC refractory. While the other parameters have a role in de-

termining the actual in�ltration depths, this stark di�erence in viscosity suggests that

it would have a major impact, and the SCLC specimen did indeed exhibit substantially9

greater resilience against slag in�ltration compared to the HA+CA specimen.

Furthermore, the predicted formations of melilite and anorthite with increasing

slag in�ltration depth would increase the risk of spallation corrosion for the HA+CA12

refractory, which is observable in Fig. 4.16(b). The density of anorthite and melilite

(approx. 2.7–3 g/cm
3
) is signi�cantly lower than corundum and hibonite (3.8–4.1 g/cm

3
)

that consist the pristine refractory. Such formations can cause grain and refractory15
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4.3 ASH/REFRACTORY INTERACTIONS

cracking because of the mismatch in interfacial planes and volume expansions [186,227].

The formations of the two former phases can be benign if porosities can bu�er the

increases in volume. However, with the �lling of pores with slag, excessive stresses 3

may build up. Analogous arguments can be made regarding the ADL, ZR+ML, and HB

refractories that correspond to their observed severity of degradation.

The in�ltrating slag melt of the HASPf2 refractory was estimated to have relatively 6

low viscosity melts (low SiO2 contents) that becomes compatible with spinel and peri-

clase with increasing amounts of refractory Fig. 4.20(c). These two phases are present

in the pristine refractory and suggests that while the slag could possess high �uidity 9

and �ll voids, it will not form new phases with components of the refractory exten-

sively. As mentioned earlier, periclase can be incorporated into the slag melt, but the

resilience of spinel under basic and acid slag attack has been reported [28,237]. This 12

suggests that the in�ltration shown in Fig. 4.17 pertains to the dissolution of periclase

that is co-surrounded by spinel. An analogous argument can be made for the HASPf1

refractory. 15

In summary, the refractory exposure campaign showed that silicon carbide, zirco-

nia, hibonite, and spinel are materials that warrant further study to assess their suit-

ability in woody biomass PEFG reactors. The results also highlight the role that slag 18

in�ltration has upon refractory corrosion and the importance of a resilient matrix. The

TEC results did not agree with some of the detected phases formed from the exposure,

but combining step-wise calculations with viscosity estimates produced results that 21

agreed with observations. In regards to the possibilities of using conventional high-

chromia refractories that are used in coal PEFG reactors [186], it appears that they are

unattractive for woody biomass PEFG. This is due the cost and the potential to form 24

toxic Cr
6+

species (e.g., Ca- and alkali-chromates (CaCrO4, K2CrO4)) from the relatively

high amounts of Ca and alkali in woody biomass [238,239], if and when conditions be-

come su�ciently oxidative. 27
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A pilot-scale reactor was used to study aspects of ash transformation in pressurised

entrained-�ow gasi�cation of di�erent woody biomass-based fuels including wood,

bark, and bark/peat mixtures. Di�erent ash fractions were collected and chemically3

analysed. Reactor slags had distributions of major inorganic elements that di�ered

from the original fuel ashes, indicating the occurrence of ash fractionation during fuel

conversion. Fly ash particles from a bark campaign were also heterogeneous with6

particles exhibiting di�ering compositions and physical properties; e.g., molten and

crystalline formations. Si was consistently enriched in the reactor slags compared to

other major ash-forming elements, while analyses of other ash fractions indicated that9

K and Cl were likely volatilised to a signi�cant extent.

In terms of slag behaviour, near-wall temperatures of approximately 1050–1200 °C

inside the reactor were insu�cient to form �owing ash slag for continuous extraction12

of ash material during �ring the woody biomass fuels alone. However, fuel blending of

a bark fuel with a silica-rich peat changed the chemical composition of the reactor slag

and bulk slag �ow behaviour was evident. Thermochemical equilibrium calculations15

supported the importance of Si in melt formation and lowering solidus and liquidus

temperatures of Ca-rich slag compositions that are typical of clean wood and bark. Vis-

cosity estimations also showed the impact that solids have upon slag �ow behaviour18

and corresponded qualitatively to the experimental observations.

Corrosion of the reactor containment refractory was observed. The mullite-based

refractory formed a slag with the fuel ash matter that caused the former to �ux away.21

Reactor blockages were also resultant because of the high viscosity of this slag near

the outlet. A preliminary study into the corrosion of di�erent refractories was carried

out under gasi�cation of a bark/peat mixture. This fuel produced a siliceous slag con-24

taining substantial amounts of K and Ca that were deposited upon the test refractories.

The exposed refractories were based on di�erent minerals, which included fused-cast

periclase/spinel, zircon/mullite, alumina, andalusite, silicon carbide, and hibonite. In-27

creased levels of Al was detected in the slag deposited upon all the refractories, which

indicated likely dissolution of the refractories. The fused-cast periclase/spinel refrac-

tories showed the least amount of degradation. The zircon/mullite refractory was par-30

tially disintegrated due to dissolution of the mullite while the alumina and hibonite

refractories were in�ltrated comprehensively by the slag and new crystalline phases

were formed as a result of the exposure. The andalusite and silicon carbide refractories33

were in�ltrated to lesser extents but new phases were also identi�ed. The results indi-

cated that the corrosion severity can be largely dictated by the level of resistance that

the refractory matrix possesses against slag in�ltration. Hibonite, spinel, zirconia, and36

silicon carbide were the refractory aggregates that showed the most resilience against

dissolution by the slag.
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6 PRACTICAL IMPLICATIONS & FURTHERWORK

The �ndings in this work that can give practical implications towards the development of
woody biomass PEFG are summarised. Recommendations of further research works are
also put forth in this section. 3

6.1 Ash transformation and fractionation

The compositions of reactor slags from the experimental campaigns di�ered signi�-

cantly from that of the original fuel ash, including in the distribution of major ash-

forming elements, e.g., Si and Ca. This gives rise to di�culties in determining the com- 6

position of slag that would contact the reactor wall, which, in turn hinders accurate

prediction of �ow behaviour and refractory interactions. Therefore, the underlying

transformation behaviour of ash-forming elements depending on their modes-of-oc- 9

currences needs to be established. This should take into account di�erent conditions

(temperature, heating rate, fuel particle size, pressure) under which fuel conversion

can take place. Methods should be undertaken to establish particle temperatures, be- 12

cause this has generally greater relevance towards the condensed ash-forming matter

rather than gas or furnace temperatures. The potential partitioning of elements into

speci�c particle sizes should be investigated, because this can a�ect particle trajectories 15

and particle-to-particle interactions (e.g., adhesive collision) that in�uence their fate.

Such investigations could conceivably be carried out in a drop tube furnace, where the

phenomena of ash fractionation and transformation of individual fuel particles may be 18

isolated from external e�ects such as turbulence and inter-particle interactions. Under

such isolation, the intrinsic chemical and physical behaviour of ash-forming matter may

be elucidated. Ideally, this information would then be applied as sub-models in e.g., CFD 21

simulations, where they can be coupled with other fuel conversion phenomena and

veri�ed with more pilot-scale reactor campaigns. Besides predicting ash slag deposit

behaviour, it would also be useful for the optimisation of fuel blending strategies with 24

respect to e.g., additive size and manner of blending. This information would also be

pertinent towards improving other forms of woody biomass suspension �ring.

The ecological sustainability of PEFG of woody biomass is contingent upon the 27

eventual recycling of inorganic elements in the ash slag back to the forest, among other

factors. This becomes all the more critical if whole tree harvesting and forest residues

are used. Investigations must be carried out to study the possibilities of using additives 30

that can be introduced as fuel blending or injected upon the reactor wall such that they

can contribute towards ameliorating slag �ow behaviour and formation of biologically-

available nutrients; e.g., phosphate additives. 33
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6.2 Slag melting and �ow behaviour

The experimental and estimated results show that bark, a relatively high Ca content

woody biomass, can produce a �owing slag at approximately 1200 °C when blended

with a siliceous peat. The estimated �owing temperature of the reactor slag from bark3

was approximately 1400 °C, which should be achievable near the reactor wall. If this

proves to be true, and there is desire to eliminate any need for fuel blending — especially

with a resource that is not regarded as renewable; e.g., peat — a practical engineering6

task should be to devise reactor designs that can maintain such temperatures through-

out while simultaneously allowing su�ciently long residence times for maximal fuel

conversion and cold-gas e�ciency.9

In regards to the prediction of melt and solid phase formations, potentially im-

proved databases are commercially-available. Fig. 6.1 shows that the CaO – K2O – SiO2

liquidus surface predicted by a solution database from GTT Technologies [240] com-12

pares more favourably with the experimental diagram than Fig. 3.6(b), especially near-

ing towards the SiO2-rich side of the K2O – SiO2 binary.

The rheological properties of Ca- and K-rich siliceous slags should be investigated15

experimentally. Signi�cant uncertainties remain in the modelling of viscosity of multi-

component molten systems and the propensity of solids to precipitate (kinetics of crys-

tallisation) or penetrate into a molten slag can cause very abrupt increases in viscosity.18

The particle shapes and sizes can have profound and complex in�uences upon their �ow

behaviour during PEFG. In this regard, the use of X-ray tomography can give detailed

information about the distribution and morphology of particles in a 3D basis, which21

would enable more accurate and detailed models to be developed [241].

6.3 Ash/refractory interactions

The ash that impacts and adheres to the wall is dependent on the ash fractionation

process. Given the uncertainty of what the slag composition can be, it would be prudent24

to test potential refractories across a range of compositions, where important variations

include the Si/Ca ratio and the amount of K.

The testing of refractories could conceivably be carried with a drop tube furnace,27

whereby refractory pieces held at an angle such that ash slag can be deposited con-

tinuously and would be allowed to �ow to mimic the actual process. Slag could then

also be collected at the outlet of the furnace and analysed for dissolution of refractory30

components, in addition to analysing the exposed refractories themselves. An impor-

tant aspect to study is the attack by gaseous alkali, especially K. This, along with high

alkali content slags, is a signi�cant di�erence that distinguishes woody biomass PEFG33

from coal PEFG and other industries, e.g., steelmaking. Based on the information from

the literature and the experimental campaign, the guidelines below are research that

should be undertaken in order to ful�l each critical aspect that are integral for resilient36
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(a) Experimental by Morey et al. [218,219]
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Figure 6.1: Liquidus of CaO–K2O–SiO2 system
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refractories:

• Minimisation of direct dissolution
Previous research and preliminary experience with the atmospheric PSR have3

shown that spinel-based grains have the potential to resist both acidic and basic

slags. Studies should be conducted to evaluate their interactions with woody

biomass-derived slags. Other candidate materials are hibonite, zirconia, and sili-6

con carbide. Their attack by gaseous alkali should also be investigated.

• Formation of a robust protective layer
Research should study the potential to form phases (e.g., Ca,K-aluminates) that9

restrict slag components — via either in�ltration or di�usion — from causing

problems deeper in the refractory. Spallation propensities of these protective

layers must also be investigated.12

• Minimisation of slag in�ltration
Research should study the usage of additives within the matrix that can capture

�uxing components (e.g., Ca, K, Mg that are abundant within woody biomass)15

away from slags to increase viscosities of in�ltrating slags. P-based compounds

could potentially accomplish this by forming minor immiscible molten or benign

solid phases.18
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APPENDIX

A1 Uncertainty of ash deposit temperature

At the measurement tip of the thermocouples in the PSR, the ash deposit and the alu-

mina shield covering the thermocouple junction are assumed to be continuum entities

that comprise a composite hemisphere (Fig. A.1). Assuming that internal convective

and radiative heat transfers within and between the two entities and the thermocou-

ple wires to be negligible, the heat rate through this composite hemisphere is equal to

the heat rate of the longitudinal conduction along the insulated alumina shield of the

thermocouple, i.e.:

q =

4��
ash
(T1 − T2)

(1/r2 − 1/r1)

=

4��A,tip(T2 − T3)

(1/r3 − 1/r2)

=

r
2

2
��

A,tube
(TA,tip − T0)

l

r1 = outer radius of ash deposit

r2, r3 = outer and inner radius of alumina thermocouple shield

l = length of thermocouple

T1 = ash deposit surface temperature

T2 = alumina thermocouple shield surface temperature

T3 = temperature measured by thermocouple junction

T0 = thermocouple ambient side temperature

TA,tip = mean temperature of alumina shield at tip

= T2 +

T2 − T3

1/r3 −
1/r2 (

1

r2

−

ln(r2/r3)

r2 − r3
)

T
A,tube

= mean temperature of alumina shield between tip and ambient side

�
ash

= e�ective thermal conductivity of ash deposit

�A,tip, �A,tube
= thermal conductivity of alumina at TA,tip and T

A,tube

The conductivity of alumina is assumed to be given by �A = 80.7e
−0.002T

, where T is

the temperature in K. Based on the speci�cations of thermocouples used in the PSR

and a slag thickness of 5 mm, Fig. A.2 shows that the average temperature of an ash
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Figure A.1: Schematic of PSR thermocouple
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Figure A.2: Estimated average temperature of ash deposits based on thermocouple readings (TC)
under varying ash deposit thermal conductivities

deposit temperature possessing low thermal conductivity (e.g., high porosity) can be up

to approximately 50 °C above the thermocouple reading. The e�ective thermal conduc-

tivities of slags can varying substantially depending on the degree of sintering/melting

and temperature, but are expected to be in the range shown [111,242]. The estimated

magnitude of discrepancy between the average ash deposit temperature and the mea-

sured temperature does not vary much, but thinner ash deposits will obviously reduce

this.

A2 Uncertainties of ash fractionations

The uncertainty in enrichment/diminishment of each ash-forming element (M) with

respect to Si in the reactor slags compared to the fuels is calculated based on the propa-

gation of uncertainties that were reported by the external laboratories (ALS Global and

Euro�ns) who carried out the analyses:

Uncertainty in enrichment/diminishment of element M against Si =

M
RS/Si

RS

M
fuel/Si

fuel

√

(

ΔMRS

MRS
)

2

+
(

ΔSiRS

SiRS
)

2

+
(

ΔM
fuel

M
fuel

)

2

+
(

ΔSi
fuel

Si
fuel

)

2

MRS = concentration of element M in reactor slag

ΔMRS = uncertainty in concentration of element M in reactor slag

SiRS = concentration of Si in reactor slag

ΔSiRS = uncertainty in concentration of Si in reactor slag

M
fuel

= concentration of element M in fuel

ΔM
fuel

= uncertainty in concentration of element M in fuel
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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
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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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†Energy Technology Centre, Box 726, SE-941 28, Pitea,̊ Sweden
‡Lulea ̊ University of Technology, Energy Engineering, Division of Energy Science, SE-971 87, Lulea,̊ Sweden

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
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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: The potential slag formation behavior during pressurized entrained-flow gasification (PEFG) of woody biomass
has been studied from a thermodynamic perspective with respect to compositional, temperature, and pressure variations. An ash
transformation scheme was proposed on the basis of the melt formation potential that arises when gaseous K species are present
with Si and Ca. Databases and models in FactSage 6.4 were used to carry out thermochemical equilibrium calculations within
ChemSheet. It was found that increasing pressure and increasing Si content expanded the range of operating conditions that are
conducive of melt formation, while increasing temperature and increasing Ca content diminished the range. The results from the
calculations compared qualitatively well to experimental results and provide further information needed in the development of
PEFG reactors for woody biomass.

1. INTRODUCTION

Pressurized entrained-flow gasification (PEFG) of woody
biomass is currently being studied as a potentially sustainable
and economically viable process to produce fuels and other vital
chemicals.1,2 An important aspect during fuel conversion is the
transformation of ash-forming elements. The formation of
molten ash material can lead to deposition of slag upon the
reactor wall during the gasification process.3 Continuous
extraction of such ash slag from the reactor is necessary to
prevent outlet blockages and to sustain steady production of
syngas. One possibility would be to form a steadily flowing slag,
consisting of mostly molten ash, to be tapped at the bottom of
the reactor as in the entrained-flow gasification process for
coal.4 It has, however, been observed from laboratory-scale
PEFG experiments of woody biomass that ash deposits consist
mainly of CaO-rich particles that exhibit only minor signs of
molten slag.5 The high melting point of pure wood ash was
attributed to this observation. In contrast, ash deposits from a
pilot-scale PEFG reactor firing three woody biomasses with
different levels of Si-based soil contaminants showed significant
interaction of Ca, Si, and K in high-viscosity slags with differing
degrees of sintering.6 Such high-viscosity slag deposits may
accumulate and cause reactor outlet blockages.7 Hence, slag
formation, intended or otherwise, arising from the formation of
molten ash material is crucial to the PEFG process. It forms
part of the knowledge regarding ash transformations that is
necessary for the development of woody biomass PEFG into a
feasible syngas production pathway.
In light of this, the objective of this study was to evaluate,

from a thermodynamic perspective, conditions during PEFG of
woody biomass that may favor melt formation. This was carried
out with the aim of providing a guideline and basis for
comparison for future experimental work. A sequential ash
transformation scheme is presented on the basis of the most
abundant inorganic elements in woody biomass, Ca and K, as
well as Si, which can be high depending upon the tree species/

part and the level of soil contaminants.8 The chemical
associations of these elements within the fuel as well as the
significant degree of fuel particle fragmentation during high-
temperature pulverized firing imply the likelihood of volatiliza-
tion and dispersion of smaller ash particles (fractionation). This
scenario constitutes a potential for melt formation. This
analysis differs from the analysis presented by Coda et al.,5

where instead all fuel ash elements were input into a single set
of calculations to assess the potential amount of melt formation.
The use of multiphase equilibria based on minimization of

Gibbs energy has proven useful for analyzing and prediction of
ash-related interactions during combustion and gasification
processes.9 Thermodynamic databases and models have been
developed that are suitable for coal-based ash-forming elements
to predict their extent of molten material formation under
different O2 partial pressures, compositions, and temperatures
relevant to PEFG.10 Similar databases and models have also
been used to predict stable multiphase inorganic products
during thermal processes associated with black liquor11,12 and
other biomass.13,14

The results of the analysis are compared qualitatively to
deposits collected from the aforementioned PEFG experi-
ments,5,6 and some practical implications and further develop-
ments required are discussed.

2. MATERIALS AND METHODS
2.1. Ash Transformation Scheme. Two sets of calculations were

carried out based on sequential events that are expected to occur
during PEFG of woody biomass, depicted in Figure 1. In the primary
ash transformation process, as the fuel particle is converted (left panel
of Figure 1), significant amounts of K are expected to be volatilized,
mainly as K(g) or KOH(g).

15 Simultaneously, the suspension-firing
regime combined with a relatively high degree of fuel particle
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fragmentation is likely to disperse ash particles rich in CaO and/or
Si.16,17 This subsequently creates a thermochemical potential for the
reaction between the particles with the gaseous K species (right panel
of Figure 1), which may lead to the formation of melt or other
condensed phases as a result of secondary ash transformations.18,19

The following sections 2.2 and 2.3 detail the two calculation sets.
Global equilibrium conditions in the reactor are assumed

throughout this study. Although this is a simplification, it provides
useful information regarding the potentiality of phases to form as well
as their trends under specific operational conditions and ash
compositions.
2.2. Concentrations of Gaseous K Species. Estimations of the

gaseous K species concentrations were necessary to begin evaluation of
the thermodynamic potential for melt formation according to the
proposed ash transformation scheme (left panel of Figure 1). The
conditions for these atmospheres were calculated for temperatures of
900−1800 °C and pressures of 1−80 bar to cover the plausible range
of global PEFG reactor conditions. The oxidant was pure O2 at an
oxidant/fuel ratio (λ) of 0.35. The fuel compositions were based
approximately on two woody biomasses,8 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 for the deduction of the partial
pressures of gaseous K species at the different conditions that may be
conducive of melt formation with Ca and Si, which is addressed in
section 2.3.
Elements S and Cl that can affect the concentrations of gaseous K

species have been omitted. S is stabilized predominantly as H2S(g) in
reducing atmospheres at equilibrium, and while KCl is stable up to
high temperatures, Cl is generally significantly lower than K in woody
biomass and would, therefore, only slightly reduce the concentrations
of K(g) and KOH(g).

8,15

2.3. Interaction of the Gasification Atmosphere with Ca and
Si. The resultant partial pressures of K(g), KOH(g), and CO2(g) at the
corresponding temperatures and total pressures stated from the
previous calculations (section 2.2) were set as inputs in calculations
with the introduction of Ca and/or Si. This effectively dictated the
condensed products of Ca, K, and Si under the global equilibrium
gasification atmospheres and conditions, as depicted in the right panel
of Figure 1. 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 was saturated within the predicted condensed phases at
the corresponding atmospheres and conditions. In practice, this
represents the composition on the very surface of the Ca and/or Si
particle. Hence, along with the potential for melt formation at the
specified conditions and atmospheres, these calculations also indicate
the likely trend in changes of those surface melt compositions. In
addition to calculations involving Ca and Si individually, Si/Ca molar
ratios of 1:2, 1:1, and 2:1 were studied to predict the melt formation

behavior of ash particles varying in composition from Ca-rich to Si-
rich, which may be consequent from, e.g., adhesive contact between
ash particles.

Essentially, this part of the study concerned the addition of K to
compositions along the SiO2−CaO system as dictated by the
gasification atmosphere at the specified conditions. The corrosion of
silica glass furnaces by gaseous alkali was studied in a similar manner
by Allendorf and Spear.20

2.4. Thermochemical Equilibrium Calculation Software and
Databases. Thermochemical equilibrium calculations were carried
out in ChemSheet21 using thermodynamic databases and models from
the Equilib module of FactSage22 6.4: 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 and
MELTA) assumes that they are not miscible. The gas phase was
treated as a perfect mixture.

3. RESULTS AND DISCUSSION
3.1. Concentrations of Gaseous K Species. The main

gaseous K species predicted to be present are K(g) and KOH(g),
which collectively comprise >99 mol % of all gaseous species
containing K. On the basis of the wood composition, their
concentrations vary between approximately 0 and 100 ppm, as
shown in Figure 2a. At high pressures and low temperatures
enclosed by the dashed line, the concentration of gaseous K
species is relatively low, because of stabilization of a KOH−
K2CO3 salt melt. This is interpreted as a result of equilibrium
chemical condensation reactions under the gasification
atmosphere, such as

+ +
↑ ↓

2KOH CO (g) K CO H O
P T

(g) 2 2 3(l) 2 (g) (1)

With increasing temperature, the salt melt is no longer stable
and K is predicted to be mainly KOH(g). With further
temperature increases, the concentration of gaseous K shifts
from KOH(g) to K(g), while increasing pressure stabilizes more
KOH(g). On the basis of the changes in composition, this may
be represented by the overall equilibrium

+ +
↑ ↓

2K 2H O 2KOH H
P T

(g) 2 (g) (g) 2(g) (2)

that is consequential from the increase in H2O(g) because of
methanation of the syngas:

+ +
↑ ↓

CO 3H H O CH
P T

(g) 2(g) 2 (g) 4(g) (3)

Figure 1. Schematic depiction of sequential ash transformation events
analyzed thermodynamically.

Table 1. Woody Biomass Compositions Used To Estimate Gasification Atmospheres at Different Conditionsa

C (%, ds) H (%, ds) N (%, ds) O (%, ds) H2O (wt %) K (g/kg, ds)

wood 52 6 0.5 41.5 7.5 0.3
bark/twigs 52 6 0.5 41.5 7.5 3.5

ads = dry substance.

Table 2. FactSage Databases Used in TECs (in Order of
Precedence for Duplicate Compounds)

database full name and chemical compounds

FToxid SLAGA (oxide melt: SiO2, K2O, and CaO)
FTsalt LCSO (K+, Ca2+/CO3

2− melt)
SCSO (K+, Ca2+/CO3

2− solid solution)
FTpulp MELTA (K+/CO3

2−, OH− salt melt)
FACTPS pure stoichiometric gas and solid phases
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The equivalent plots based on the bark composition (Figure
2b) share the same trends. However, the concentrations of the
gaseous K species are approximately 10 times higher (0−1000
ppm), which also results in broadening of the stability range of
the KOH−K2CO3 salt melt.
The conditions and corresponding gasification atmospheres

based on both fuels were used for the subsequent calculations
to study their interactions with Ca and/or Si (described in
section 2.3). These results are presented in the following
section 3.2.
3.2. Interactions of the Gasification Atmosphere with

Ca and Si. Under the conditions and corresponding
gasification atmospheres of the wood composition, the left
panel of Figure 3a shows that, when only Ca is present, a
carbonate melt can form with K at low temperatures and
elevated pressures. This salt melt stability region is slightly

increased in comparison to the scenario with no Ca and may be
represented as an equilibrium condensation reaction, such as

+ + −

· +
↑ ↓

−

x x

x

2 KOH CO (1 )CaO

K Ca CO H O
P T

x x

(g) 2(g) (s)

2 (1 ) 3(l) 2 (g) (4)

The fraction of CaCO3 is predicted to be very low in the salt
mixture compared to the fraction of K2CO3. Because woody
biomass usually contains significantly more Ca than K, this
means that, in practice, such salt melts are likely to be
undersaturated in K and could contain CaO(s). With increasing
temperature, gaseous K species would be non-reactive with Ca
because the latter is preferentially stabilized as CaO(s) against
the atmosphere.
The right panel of Figure 3a shows that the scenario is

significantly different when only Si is present; an oxide melt can

Figure 2. Gaseous K species concentrations after primary ash transformation inside the reactor based on (a) wood and (b) bark compositions.
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form across a broad range of conditions and atmospheres, in an
equilibrium, such as

+ ⇋ · +x x2 KOH SiO (K O) SiO H Ox(g) 2(s) 2 2(l) 2 (g) (5)

The absence of the KOH−K2CO3 salt melt indicates that the
oxide melt is more stable. The composition of the oxide melt is
sensitive toward variations in the temperature, particularly at
low pressures. The fraction of K2O in the oxide melt correlates
with the concentration of KOH(g). At pressures of <6 bar and
temperatures of approximately 1400−1700 °C, Si and gaseous
K may also be non-reactive, with the former stabilized as SiO2(s)
polymorphs, tridymite or cristobalite. This correlates with the
low KOH(g) concentration at those conditions. K2SiO3(s) is also
stable at low temperatures up to medium pressures. The
equivalent calculation results based on the bark composition are
shown in Figure 3b. The stability regions for both melts are

broadened in comparison to those of the wood composition.
The salt melt is similarly dominated by K2CO3, while the share
of K2O in the oxide melt is generally greater than that for the
wood composition. In addition, polymorphs of SiO2(s) are no
longer stable at low pressures.
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. The
following figures (Figures 4−6) 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. At low temperatures and high
pressures for both wood and bark compositions, all of the
studied Si/Ca molar ratios show a K2O-rich carbonate melt co-
existing with a SiO2-rich oxide melt. Ca is mainly within the
carbonate salt melt phase within this region; i.e., the oxide melt
is mainly low in Ca, especially at the lowest temperatures. The

Figure 3. Predicted regions of stability for salt melt and oxide melt when Ca and Si, respectively, are individually present under gasification
atmospheres with gaseous K species. Annotations indicate the molar distribution of total Ca and total Si within each respective phase. White regions
indicate the absence of melt.
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stability regions of the salt melts again show broader
temperature stability for the bark composition. Si is mainly
totally within the oxide melt phase, but at low temperatures up
to medium pressures, K2SiO3(s) is stabilized over the oxide melt.
The scenarios with molar Si/Ca = 1:2 are shown in panels a

and b of Figure 4 for the wood and bark compositions,
respectively. They show similarities to their respective scenarios
with only Ca (right panel of Figure 3). At higher temperatures
beyond the stabilization of the salt and oxide melts, Ca and Si
form a single crystalline phase, Ca2SiO4(s), which is non-reactive
with the gaseous K species of 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 panels a

and b of Figure 5 for the wood and bark compositions,
respectively. In comparison to the previous scenarios, it is clear
that more oxide melt stabilization occurs. For the wood
composition, stabilization of Ca3Si2O7(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 CaSiO3(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 along with the increase in the KOH(g)
concentration. At higher temperatures, K2O is depleted in the
oxide melt phase that consists mainly of equal molar amounts
of SiO2 and CaO. For the bark composition, the stabilization of
oxide melt occurs across a broader range of conditions.

Ca3Si2O7(s) and CaSiO3(s) are restricted to stabilization at low
pressures of <3 bar and approximately 1200−1500 °C. This
implies that higher concentrations of gaseous K species,
specifically KOH(g), likely lead to greater amounts of melt
formation.
The scenarios with molar Si/Ca = 2:1 are shown in panels a

and b of Figure 6 for the wood and bark compositions,
respectively. For the wood composition, an oxide melt is stable
almost over the entire range of conditions, although Ca3Si2O7(s)
and CaSiO3(s) remain in equilibrium with the oxide melt up to
approximately 1400 °C. Beyond this temperature, both Ca and
Si form part of a K2O-depleted oxide melt. A small region of
liquid immiscibility is predicted for the oxide melt, with one
rich in CaO and SiO2 (SLAGA 1) and the other rich in K2O
and SiO2 (SLAGA 2). For the bark composition, almost all Ca
and Si are within the oxide melt at temperatures of >1050 °C;
Ca3Si2O7(s) and CaSiO3(s) are in equilibrium with the oxide
melt only at 1 bar between approximately 1200 and 1400 °C. A
similar but much broader liquid miscibility gap is also predicted.
The oxide melt composition varies from K2O-rich at low
temperatures to SiO2-rich at high temperatures, with the
fraction of CaO in the oxide melt generally increasing with the
temperature. As with the previous scenarios, the fraction of
K2O in the oxide melt generally decreases with increasing
temperature and also with decreasing gaseous KOH(g)
concentrations.

3.3. Implications and Outlook. The results collectively
indicate that, unless PEFG of woody biomass is carried out

Figure 4. Regions of stability for oxide melt with molar Si/Ca = 1:2. Shading refers to the fractions of (left) K2O, (center) SiO2, and (right) CaO in
the oxide melt. White regions indicate the absence of melt.
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under relatively high pressures at low temperatures, gaseous K
species with Ca-rich ash particles will not exhibit melt
formation or interactions. This is consistent with the CaO-
rich and low molten material deposits collected by Coda et al.5

from entrained-flow reactor experiments with wood and wood
mixtures (1450 °C and 1 and 10 bar). In contrast, Si can react
across a broad range of conditions to form an oxide melt. This
also implies that Si is a prerequisite for initiation of melt
formation during PEFG of woody biomass at higher temper-
atures. Moreover, the higher the Si/Ca ratio, the greater the
amount of melt that is formed. This was observed in the
experiments of Ma et al.6 (1000−1200 °C and 2 bar), where
the amount of melt formation increased with the level of Si
contaminants in the different fuels. The incorporation of Ca
leading to crystallization of high-temperature-melting Ca−
silicate phases, e.g., CaSiO3(s) and Ca2SiO4(s), also seemed to be
apparent in the pilot-scale campaign firing bark, where the
relatively high Ca content of the fuel limited melt formation to
around contaminant soil particles.6 Xuan et al.23 also recently
reported that CaO addition to synthetic coal ash above a
certain level resulted in an elevated crystallization temperature
and formation of Ca2SiO4(s) crystalline material.
From a practical perspective, it is desirable to operate at high

temperatures to ensure a high-purity syngas with minimal tar
and CH4(g). Therefore, it is most likely that some molten
material will be produced from amounts of Si that are always
contained in or carried with the woody biomass fuel. Because
Ca is more abundant than Si in most pure woody biomasses,

Ca-rich deposits with large amounts of crystallized material may
be abundant as a result of adhesion and secondary trans-
formations. 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
SiO2-based additives, such as quartz and kaolinite, as suggested
by Coda et al.5 This has the advantage of condensing amounts
of gaseous K species that may otherwise prove problematic for
downstream equipment, e.g., corrosion of syngas cooler
surfaces. Alternatively, if the concentration of gaseous K species
leaving the reactor is not problematic, e.g., via passage through
a quench, operation in a predominately 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. This may be possible for stem
wood fuels that are relatively low in K with a high Ca/Si ratio.
In either mode of operation, practical knowledge about the
fractionation and reactivity of the ash-forming matter is
required to enable long-term feasible operation. This is
necessary, for example, in a refractory-lined reactor, to develop
measures of avoiding or minimizing corrosion and spallation of
the refractory by ash materials, such as gaseous K and slags.24,25

The calculations in this study 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 K2O−CaO−SiO2 system remains in need of experimenta-
tion and critical evaluation.9,26 For this reason, other relevant
but less abundant elements, e.g., Mg and Al, have not been

Figure 5. Regions of stability for oxide melt with molar Si/Ca = 1:1. Shading refers to the fractions of (left) K2O, (center) SiO2, and (right) CaO in
the oxide melt. White regions indicate the absence of melt.
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included. The degree of miscibility between salt melts and
oxide melts, i.e., as CO2(g), dissolved within an oxide melt, also
requires further experimental data, and the conditions at which
these melts are stabilized may well vary accordingly.27 Hence,
the presented results shall be used as qualitative guidelines.
Furthermore, only the global conditions in the reactor have
been studied. Factors that may impact the eventual
composition of the ash matter, e.g., the transition of fuel
particles from very reducing atmospheres (initial devolatiliza-
tion) to oxidizing atmospheres (volatiles and char combustion)
to reducing conditions (char gasification), have not been taken
into account. When more reliable and pertinent data regarding
the fuel conversion during the PEFG process becomes
available, e.g., rates of K release and kinetics of melt formation,
it may be possible to incorporate such information in the form
of additional constraints to the thermodynamic analysis to
further sharpen its predictive capability of ash behavior.28

4. CONCLUSION

On the basis of the assumed ash transformation scheme of the
woody biomass fuels at the global PEFG reactor conditions and
the thermodynamic databases and solution models that were
used, the results show that the presence of CaO-rich particles
are not conducive of melt formation unless temperatures are
relatively low with high pressures. More specifically, (1) under a
gasification atmosphere with extensive K volatilization, melt
formation with Ca particles (e.g., for pure stem wood fuels) is

restricted to K2CO3−CaCO3 salt melts at low temperatures
(<1250 °C) and high pressures (>4 bar). At higher temper-
atures, the carbonate salt melt is unstable and CaO(s) particles
are predicted to be inert against gaseous K species. (2) In
contrast, the presence of Si particles is predicted to facilitate
melt formation across a broad range of conditions (1−80 bar
and 900−1800 °C). However, high-temperature SiO2(s)

polymorphs are predicted to be stable under atmospheres
with low KOH(g) concentrations (<100 ppm) for certain
conditions (approximately <6 bar and 1400−1700 °C). (3)
The conditions for melt formation are broadened with greater
gaseous K concentrations and increasing Si/Ca ratio. A SiO2-
rich oxide melt phase is most dominant at high temperatures,
but an increase in Ca stabilizes high-temperature-melting Ca−
silicate crystalline phases. (4) A salt melt and an oxide melt may
co-exist, assuming their immiscibility, at low temperatures and
elevated pressures when Si and Ca are co-present. Ca is
predicted to be preferentially partitioned into the K2CO3-rich
salt melt. (5) The fraction of K2O in the oxide melt generally
decreases with increasing temperature but increases with
increasing pressure, most significantly at low pressures. (6)
The results from the thermodynamic analysis are in qualitative
agreement with ash deposits collected from PEFG experiments
of Coda et al.5 and Ma et al.6

Figure 6. Regions of stability for oxide melt with molar Si/Ca = 2:1. Shading refers to the fractions of (left) K2O, (center) SiO2, and (right) CaO in
the oxide melt (SLAG#1). White regions indicate the absence of melt.
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ABSTRACT: Pressurized entrained-flow gasification (PEFG) of bark and a bark/peat mixture (BPM) was carried out in a pilot-
scale reactor (600 kWth, 7 bar(a)) with the objective of studying ash transformations and behaviors. The bark fuel produced a
sintered but nonflowing reactor slag, while the BPM fuel produced a flowing reactor slag. Si was enriched within these slags
compared to their original fuel ash compositions, especially in the bark campaign, which indicated extensive ash matter
fractionation. Thermodynamically, the Si contents largely accounted for the differences in the predicted solidus/liquidus
temperatures and melt formations of the reactor slags. Suspension flow viscosity estimations were in qualitative agreement with
observations and highlighted potential difficulties in controlling slag flow. Quench solids from the bark campaign were mainly
composed of heterogeneous particles resembling reactor fly ash particles, while those from the BPM campaign were flowing slags
with likely chemical interactions with the wall refractory. Quench effluents and raw syngas particles were dominated by elevated
levels of K that, along with other chemical aspects, indicated KOH(g) and/or K(g) were likely formed during PEFG. Overall, the
results provide information toward development of woody biomass PEFG and indicate that detailed understanding of the ash
matter fractionation behavior is essential.

1. INTRODUCTION

The fuel ash behavior during pressurized entrained-flow
gasification (PEFG) has a major influence upon reactor
operations1 and can cause adverse outcomes such as refractory
corrosion/spallation and outlet blockages.2−4 In the develop-
ment of PEFG using renewable biomass fuels, it is therefore
essential to attain knowledge of the ash transformations and
behaviors that can occur. Coda et al.5 studied the slagging
behavior of wood fuels in a bench-scale PEFG reactor (2 g/h)
and observed a sparsity of molten formations. It was found that
the Ca-rich ash-forming matter of the wood fuels did not
generate slags with significant flowability under typical PEFG
operation temperatures of 1300−1500 °C. This is in contrast to
PEFG of coals, where largely molten flowing ash slags containing
high amounts of Si are formed and can be extracted
continuously.6,7 A pilot-scale study firing woody biomass found
that soil contaminants influenced the composition and formation
of deposits inside the reactor.8 Embedded quartz and feldspar
particles were prevalent within the deposits, and Si had
significant interactions with the major ash-forming elements of
woody biomass, Ca and K. Thermochemical calculations also
indicated that the potential to form molten slag is increased with
increasing Si content, while Ca and K alone are unlikely to form
melts unless at elevated pressures ≳ 10 bar and relatively low
temperatures ≲ 1100 °C.5,8,9 The formation of incidental melts
with the relatively low amounts of Si in pure woody biomass
implies that ash material can potentially accumulate inside the
reactor and cause eventual blockages at the reactor outlet. The

use of Si-based additives to induce consistent flowing slagging
behavior in biomass fuels has therefore been suggested.5,10 An
economically attractive alternative would be the mixing of fuels
to yield ash compositions that combine to produce desired ash
behaviors.11,12 In light of this, the main objective of this study was
to observe the slagging behavior of woody biomass with and
without mixing with a Si-rich peat fuel. Because a change in ash
composition also alters aspects of ash transformations and
behaviors, another objective was to contribute further knowledge
toward elucidation of the ash transformations that occur during
PEFG of woody biomass. A pilot-scale reactor was used for this
purpose, which highlighted further research required and also
generated practical information of relevance toward large-scale
development.

2. METHOD
2.1. Fuels. Two gasification campaigns were carried out firing bark

and a bark/peat mixture (BPM). Bark fuel from spruce and pine was
obtained from Glommerstras̈k, Sweden, while peat was obtained from
Norrheden, Sweden. Both fuels were hammer-milled to pass a sieve size
of 1.25 mm. The d50 and d90 of the powdered bark were approximately
225 and 580 μm, respectively, while for peat they were 65 and 175 μm,
respectively. The mixing ratio of the BPM fuel, 85 wt % bark/(15 wt %
peat), was chosen based on the difference in molar Ca:Si from 4.1 (bark)
to 1.3 (BPM) that was thermodynamically predicted to significantly
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change melt formation behavior.9 The BPM was blended in batches
(∼24 kg) with a Soroto 120L-30 paddle mixer. A Thermo Scientific
Niton XL3t XRF analyzer was used to check that the mixture remained
unsegregated after pneumatic transportation into silos above the reactor.
Random increments (∼5 g) were collected during hammer-milling and
mixing to accumulate composite samples (∼20−25 increments) for
analyses. The major elemental compositions of the fuels used in the
campaigns are shown in Table 1. Each value is based on the mean of the

two composite samples accompanied by two standard deviations of
repeated analyses as stated by the analyzing laboratories. Note that the
values for the BPM fuel are from analyses, not calculated, in order to give
the final composition of the blend that was actually used.
2.2. Reactor and Operating Conditions. The pilot-scale PEFG

reactor was located at the SP Energy Technology Centre (SP ETC) in
Pitea,̊ Sweden.13 Figure 1 shows a schematic of the reactor with relevant
accessory equipment. Powdered fuels from the silos were fed from the
central top-mounted burner, and enriched O2 was the oxidant (5−20%
N2 was injected as the fuel line inertion agent). The raw hot syngas was
quenched with water sprays and passed through a bubbling quench. The
composition of the quenched raw syngas was monitored with micro-gas-
chromatography (Varian 490 GC with molecular sieve 5A and PoraPlot
U columns). Three alumina-shielded (o.d. (outer diameter), 10 mm) S-
type thermocouples (TC-2, -3, and -4) were positioned equidistant from
each other around the circumference of the reactor in the middle; the
average of these measurements is defined here as the process
temperature. A thermocouple was also located toward the bottom
(TC-5) of the reactor. The thermocouples protruded approximately 2−
3 cm into the reactor from the refractory wall. The hot face of the reactor
was lined with a prefired high Al2O3 castable refractory (Vibron 160H,
Gouda Vuurvast). For each fuel campaign, the reactor was initially run in
a combustion regime (120 kWth; oxidant-to-fuel ratio λ ≈ 1.25) for 2−3

h in order to calibrate the fuel feeding under the pressurized conditions
of 7 bar(a).14 After this procedure, the reactor was purged with N2 to
render it inert before beginning the gasification campaigns. The
gasification set point was at approximately 600 kWth (≈120−130 kg/h)
with λ = 0.4, corresponding to a relative oxygen content (ROC15) of
0.54. These conditions were chosen on the basis of previous campaigns
with stem wood powder that showed optimality with respect to syngas
composition and cold gas efficiency.14 The operations at the gasification
set point were approximately 3.5−4.5 h in duration.

2.3. Ash Sampling Procedure and Analyses. 2.3.1. Reactor Slag
Probe. A slag probe cast from the same Vibron 160H refractory as the
reactor wall lining was inserted into the reactor as show in Figure 2.

Previous campaigns had indicated that this material was susceptible to
interactions with fuel ashes.4 For this reason, a 2 cm × 2 cm × 0.5 cm
thick zirconia (ZrO2) plate fully stabilized with 8 mol % yttria (Y2O3;
Technox 802 (8Y-FSZ), CoorsTek, Crewe, U.K.) was attached at the
probe tip with a ceramic adhesive (Cerambond Ultra-Temp 516,
Aremco Products Inc., Valley Cottage, NY, USA). The probe tip was
shaped such that slag flowing down the wall could be kept separated

Table 1. Major Elemental Compositions of Bark, Peat, and
BPM Fuel Mixture

units bark BPM peat

Ca wt % d.s.g 51.2 ± 2.6 51.1 ± 2.6 53.2 ± 2.6
Ha wt % d.s. 5.7 ± 0.6 5.6 ± 0.6 5.4 ± 0.5
Na wt % d.s. 0.3 ± 0.03 0.7 ± 0.07 2.6 ± 0.26
Ob wt % d.s. 40.9 ± 3.2 39.8 ± 3.2 32.3 ± 3.5
moisture wt % 9.0 ± 4.9 8.0 ± 2.6 11.2 ± 9.5
ashc wt % d.s. 1.8 ± 0.2 2.8 ± 0.3 6.3 ± 0.7
Nad mg/kg d.s. 66 ± 20 134 ± 42 383 ± 117
Mge mg/kg d.s. 685 ± 103 745 ± 112 830 ± 125
Ale mg/kg d.s. 630 ± 126 1100 ± 220 3350 ± 670
Sif mg/kg d.s. 750 ± 150 2650 ± 530 13000 ± 2600
Pe mg/kg d.s. 590 ± 89 650 ± 98 590 ± 89
Se mg/kg d.s. 245 ± 13 520 ± 52 2500 ± 125
Cle mg/kg d.s. 109 ± 17 120 ± 18 180 ± 27
Ke mg/kg d.s. 2100 ± 630 1950 ± 585 585 ± 88
Cae mg/kg d.s. 4500 ± 675 4950 ± 743 5150 ± 773
Tie mg/kg d.s. 6.2 ± 1.9d 22 ± 5 95 ± 19
Mne mg/kg d.s. 295 ± 45 285 ± 43 105 ± 16
Fee mg/kg d.s. 215 ± 43 1800 ± 360 11000 ± 2200
Zne mg/kg d.s. 54.5 ± 9 45 ± 7 37 ± 11

aAnalyzed by Eurofins Environment Sweden AB: EN 15104:2011/EN
15407:2011. bAnalyzed by Eurofins Environment Sweden AB: EN
14918:2010 annex E/EN 15400:2011 annex E/ASTM-D (by balance).
cAnalyzed by Eurofins Environment Sweden AB: EN 14775:2009/EN
15403:2011/SS 187171:1984 mod. dAnalyzed by ALS Scandinavian
AB: ashing at 550 °C followed by fusion with LiBO2 and dissolution in
HNO3 and analyzed according to SS EN ISO 17294-1,2 (mod.) with
EPA method 200.8 (mod.) and SS EN ISO 11885 (mod.) with EPA
method 200.7 (mod.). eAnalyzed by Eurofins Environment Sweden
AB: NMKL 161 1998 mod./ICP-AES. fAnalyzed by Eurofins
Environment Sweden AB: EN 14385/ICP-AES. gd.s. = dried sample.

Figure 1. Schematic of PEFG reactor and locations of ash sampling.

Figure 2. Schematic of reactor slag probe tip.
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from fuel ash slag collected upon the FSZ plate (Figure 2). A new probe
with a new plate was used for each campaign. The probes were inserted
before reactor heat-up and were retrieved and stored in a desiccator after
reactor cool-down. Ash deposits upon the slag probe were set in epoxy
and polished with SiC papers for cross-sectional examination with a
Philips XL30 environmental scanning electron microscope (ESEM)
equipped with backscattered electron (BSE) detector for atomic
number contrast imaging and elemental composition analysis with an
EDAX energy dispersive spectrometer (EDS) at an acceleration voltage
of 20 keV. Five to 20 spot and/or area analyses were used to distinguish
features and assess their spatial distributions; analyses of finer features
(e.g., dendrites) were generally fewer due to difficulty in finding
locations with minimal interaction volume effects. The compositions are
presented on a C- and O-free basis with their standard deviations.
Powder X-ray diffraction (XRD) analyses were performed on a Bruker
AXS d8 Advance with Cu Kα radiation and a VÅNTEC-1 detector.
Bruker software was used with the ICDD PDF2 databank for phase
identifications. In order to make peaks from crystalline phases clearly
visible, backgrounds were removed such that glassy parts of the samples
may be heavily suppressed. The original XRD patterns are available as
Supporting Information. Overall compositions of samples of these
deposits were obtained by fusion with LiBO2 followed by dissolution in
nitric acid for quantification with inductively coupled plasma with sector
field mass spectroscopy (ICP-SFMS; ALS Global, Lulea,̊ Sweden).
2.3.2. Quench Solids. Solid residues remaining in the quench after

the campaigns were retrieved the next day. They were also analyzed with
SEM-EDS, XRD, and ICP-SFMS as aforementioned.
2.3.3. Quench Effluent. Sampling of quench effluent during

gasification involved actuation of a valve to redirect the effluent to a
manually controlled outlet where samples could be drawn.16 Effluent
was flushed through this line for approximately 3 min before being
collected by acid-washed, 125 mL polyethylene bottles that were
repeatedly filled and rinsed five times with the effluent before a sample
was taken. Samples of the feedwater near to the inlet of the sprays were
also collected in a similar manner for comparison. The samples were
syringe filtered (0.45 μm) before analyses (EPA methods (modified
(mod.)) 200.7 (ICP-AES) and 200.8 (ICP-SFMS), CSN EN ISO
10304-1, CSN EN ISO 10304-2, and CSN ISO 15681-1) (ALS Global).
2.3.4. Particles in Raw Syngas. Particles in the raw syngas were

sampled after the pressure release valve with a 13-stage (30 nm to 10
μm) low pressure impactor (LPI; Dekati Oy). Details of the raw syngas
particulate collection system are available elsewhere.17 During each 10
min sampling period, 1 L/min of raw syngas was diluted with 9 L/min of
N2 (dilution ratio 1:10) before entering the LPI. Nongreased aluminum
foil substrates were used for particle collection that were weighed before
and after each campaign with an analytical balance (±1 μg). The
particles were also analyzed with the SEM-EDS instrument afore-
mentioned.
2.4. Thermochemical Equilibrium Calculations and Slag

Viscosity Estimations. Thermochemical equilibrium calculations
(TECs) were used to estimate phase assemblages of the reactor probe
deposits and quench solids at the gasification conditions (Na, Mg, Al, Si,
P, K, Ca, Mn, Fe + C, H, O, and Ar). The Equilib module of FactSage 7
was used with the FactPS database for gas and stoichiometric solid
phases and the FToxid database for molten and solid solutions. The
databases selected are listed in Table 2. Estimations of the viscosities of
the predicted molten oxide phases were obtained with the Viscosity
module of FactSage 7. The phase assemblage and molten viscosity
estimations were thereafter applied to the rheology algorithm described
by Mader et al.18 to estimate slag viscosities, i.e., solid suspension flow.
The volume fraction of solids in the slag was estimated based on molten
oxide densities from Lange and Carmichael19 and the Slag Atlas20 and
solid solution densities based on weighted sums of their respective
constituents represented as endmembers using data from FactSage 7 or
Mindat.21 The quench effluents were analyzed using PHREEQC with
the Lawrence Livermore National Laboratory (LLNL) database.

3. RESULTS AND DISCUSSION
3.1. Reactor Temperatures and Raw Syngas Composi-

tions. The near-wall temperatures as measured by the
thermocouples inside the reactor during the bark campaign are
shown in Figure 3a. The temperature dropped during the
transition from combustion to gasification but increased as the
load was gradually increased to approximately 600 kWth. The
bottom thermocouple (TC-5) measured an average temperature
of 1200 °C, which was on average 112 °C below that of the
process temperature. The major components of the raw syngas
after the quench are shown within the interval marked on Figure
3b. The CO:CO2 and H2:CO ratios remained at approximately
2.88 and 0.63, respectively, throughout this regime. The CH4
content was generally below 1 vol % after the 600 kWth set point
was reached. Three particle samples from the raw syngas and
quench effluent samples were taken during periods when
operations were deemed to be relatively stable and are marked
accordingly on both plots. The corresponding temperature and
gas composition measurements for the BPM campaign are
shown in Figure 4a,b, respectively. The bottom thermocouple
(TC-5) measured an average temperature of 1240 °C, which was
on average 63 °C below that of the process temperature. The
CO:CO2 and H2:CO ratios remained at approximately 3.22 and
0.58, respectively, throughout the gasification set point regime,
and the CH4 content was generally below 1.2 vol %. A major
temperature drop occurred prior to the start of gasification when
the reactor was shutdown to remove some slag that was
beginning to block the reactor outlet. This also occurred toward
the end of the campaign as indicated.

3.2. Reactor Slags. The macroscopic appearances of the
reactor slags (RSs) differed significantly between the bark and
BPM campaigns. The RS from the bark campaign was light-
colored, very porous, and rough in texture (Figure 5a), while the
RS from the BPMwas dark-colored andmuchmore consolidated
with a smooth curved surface remnant from a flowingmolten slag
(Figure 5b). The collected RSs were not quenched, implying that
they were not necessarily representative of their microscopic
state during PEFG. Nonetheless, SEM-EDS and XRD analyses of
these samples provide useful information for discussion
alongside TEC results presented later.
In the bark RS, three main phases could be identified. These

are marked in the cross-sectional backscattered electron (BSE)
image of Figure 6a, and their semiquantitative compositions of

Table 2. FactSage Databases Used in TECs (in Order of
Precedence for Duplicate Compounds)

database full name and solution species

FToxid SLAGA (oxide melt: Na2O, K2O, Al2O3, SiO2, CaO, FexOy, MgO,
MnxOy, P2O5)

FToxid SPINA (spinel: (Al,Fe2+,Fe3+,Mg)[Al,Fe2+,Fe3+,Mg,vacancy]2O4)
FToxid Mel_A (melilite: Ca2[Mg,Fe2+,Fe3+,Al,Zn]{Al,Fe3+,Si}2O7)
FToxid MeO_A (monoxide: Fe2+O,CaO,MgO,Mn2+O + dilute

Al,Fe3+,Ti4+,Zn)
FToxid bC2SA (α′-CaSi2O4: CaSi2O4 + dilute Mg2SiO4, Fe2SiO4,

Mn2SiO4)
FToxid OlivA (olivine: (Ca,Fe,Mg,Mn,Zn)[Ca,Fe,Mg,Mn,Zn]SiO4)
FToxid KASH (kalsilite: KAlSiO4 + excess SiO2, Na, Ca)
FToxid KA_H (K-aluminate: KAlO2 + excess KAlSiO4)
FToxid Neph (nepheline: NaAlSiO4−KAlSiO4 solid solution + excess

SiO2, Ca)
FToxid NCA2 (Na2CaAl4O8: Na2(Na2,Ca)Al4O8)
FToxid C2SP (Ca−Si−P-oxide: α′-Ca2SiO4−Ca3P2O8)
FACTPS pure stoichiometric gas and solid phases
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major inorganic elements are given in Figure 6b. Point A marks a
possible partially molten or poorly crystallized α-Ca2SiO4 that
dominated the RS. Points B and C mark melilite

((Ca,Na)2(Mg,Al,Fe)(Si,Al)2O7) and spinel (MgAl2O4), respec-
tively, that were distributed within the slag structure. These
phases were identified from the first XRD diffractogram of Figure
8.
For the BPM RS, SEM-EDS (Figure 7b) and XRD (Figure 8,

second diffractogram) analyses identified six major phases, some
of which are marked in the cross-sectional BSE image of Figure
7a. Point A marks a dominant melilite phase that was
interspersed with possible melts that remained after cooling
(point B), while points C and D mark bladed crystals of kalsilite
(KAlSiO4) and dendrites of Fe-rich olivine ((Fe,Ca,Mg)2SiO4),
respectively. Spinel and α-Ca2SiO4 were also identified from
XRD. The slag was comparatively consolidated and absent of
large pores.

Figure 3. Bark campaign measurements.

Figure 4. BPM campaign measurements.

Figure 5. Top views of reactor slags.
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In both RSs, isolated fragments of Zr-rich particles from the
deposition plates could be found (e.g., Figure 6a, white spots near
point B). However, tazheranite (ZrO2) was the sole Zr-
containing phase detected, which indicates that Zr likely did
not have significant chemical interactions with the ash materials.
The overall inorganic compositions of the RSs (Zr-free basis)
from ICP-SFMS analyses are compared with their original fuels
in Figure 9. For both RSs the enrichment of Si was most
apparent. On a basis referenced to the share of Si, the major ash-
forming elements exhibit mainly diminishments compared to
their original fuels as shown in Table 3. This trend was apparent
also from previous woody biomass PEFG campaigns8 and
suggests a relationship between the chemical composition of ash
matter (e.g., Si content) and their tendency to be deposited. The
diminishments of Na and K can be attributed to volatilization,
and their comparatively lower diminishments in the BPM RS can
be attributed to capture by Si.9,22 The depletion of S, Cl, and Zn

in both RSs indicate they were likely mostly volatilized in the
reactor, which is thermodynamically consistent.23

3.3. Quench Solids. The quench solids (QSs) from the bark
campaign consisted of coarse loose granules generally <2 mm in
size, some of which were char. The distribution of major
inorganic elements of these solids overall are compared with the
fuel and RS in Figure 9a. It shows similarity to the RS, with
prominent enrichments in Al, Si, and Ca, and diminishment in K,
S, and Cl. The heterogeneous character of the individual particles
are apparent from Figure 10a. Compositions of the particles were
generally rich in Ca, but variations in levels of Mg, Al, Si, P, and K
(up to approximately 50 mol %, C- and O-free basis) could be
found. When higher levels of P, Si, and K were present, the
residue had molten appearances including spherical forms < 100
μm (Figure 10a, top) as well as larger irregular aggregate forms
(Figure 10a, bottom left). These particles indicate that they likely
entered the quench as fly ash with limited or no contact with the
reactor wall. QSs comprising mostly Ca (approximately 60−80

Figure 6. Morphology and inorganic compositions of components in
bark campaign reactor slag on a C- and O-free basis.

Figure 7. Morphology and inorganic compositions of components in
BPM campaign reactor slag on a C- and O-free basis.
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mol %) had more angular and granular structures that were also
often found upon the aforementioned molten particles. The
main crystalline phases identified were hydroxyapatite
(Ca5(PO4)2OH2) and calcite (CaCO3(s)). The latter would
have been formed or preserved in the quench from the
decomposition of calcium oxalate (CaC2O4(s)) that was
abundant in the bark fuel used:24−26

⎯ →⎯⎯⎯⎯⎯⎯ + ↑

⎯ →⎯⎯⎯⎯⎯⎯ + ↑

≈ °

≈ °

CaC O (s) CaCO (s) CO(g)

CaO(s) CO (g)

2 4
450 C

3
900 C

2 (1)

Hexagonal plates of calcium−aluminate (molar Ca:Al ≈ 3:1)
could also be found frequently attached to the aforementioned
ash materials (Figure 10a, top left) or as isolated flakes. These
flakes had appearances typical of such compounds under liquid
hydration.27 The formation of calcium−aluminate species due to
biomass combustion has not been widely reported. However, the
relatively high contents of Al in pine bark, either as Al(OH)3 or
organically bound,24 combined with suspension firing may give
opportunity for Al to react in isolation with other species, e.g., Ca,
thus, circumventing transformation into more commonly found
aluminosilicates.28,29

The QSs from the BPM campaign could be distinguished
between small smooth granules approximately 4 mm in size with
rounded forms and large pieces > 2 cm with smooth droplet
forms (Figure 10b). The forms of both QSs suggest that they
were largely molten and flowed upon the reactor wall prior to
entering the quench. The distribution of major inorganic
elements comprising these solids overall are compared with
those in the fuel in Figure 9b. The small solid residues are similar
in composition to the BPM fuel except for enrichment in Al and
diminishment in K. The large solid residues show a much higher
enrichment in Al and diminishment in Si also. The Al
enrichments in both QSs indicate likely interaction between
the fuel ashfrom current and previous campaigns firing mainly
stem wood8,14,30and the mullite-based refractory used as the
hot face lining of the reactor, similar to those reported

Figure 8. Normalized and background-subtracted XRD patterns of
reactor slags and quench solids. Original patterns are given as
Supporting Information.

Figure 9. Distribution of major inorganic elements in reactor slags and quench solids on a C-, O-, Yt-, and Zr-free basis.

Table 3. Changes of Major Elemental Shares in RSs
Compared to Fuels, Referenced to the Share of Si (mol %)a

element Na Mg Al P K Ca Mn Fe

bark RS −57 −45 +5 −81 −89 −42 −45 −14
BPM RS −11 −14 −19 −27 −46 −21 −31 −31

aS, Cl, and Zn were below the detection limits of the analysis.
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previously.4 Crystalline phases melilite and spinel could be
identified in both small and large QSs. Figure 10b shows spinel
crystals (dark equant patches) and abundant melilite crystals
(light bladed) that were embedded within a melt, which were
common features throughout the small QS. The large QS also
had a similar microscopic structure. However, α-Ca2SiO4 and
hydroxyapatite were also separately identified in the small and
large QSs, respectively, reflecting their difference in chemical
compositions resultant from differing interactions with the wall
refractory and/or residual ash material.
3.4. Thermochemical Equilibrium Calculations and

Viscosity Estimations. Figure 11a shows the amounts of
oxide melt that were thermodynamically predicted by FactSage
for each RS and QS composition. An oxide melt generally occurs
at lower temperatures for the ash materials from the BPM
campaign. Furthermore, with reference to the temperature
measurements of TC-5 (Figures 3a and 4a), the BPM RS was

likely to have been completely molten during gasification, while
only about one-third of the mass of the bark RS was molten. For
the bark RS, the major crystalline phases predicted between the
solidus and liquidus temperatures were α′-Ca2SiO4 and spinel,
and at lower temperatures, merwinite (Ca3MgSi2O8) and
melilite. For the BPM RS, the predicted crystalline phases were
mainly solid solutions of melilite, olivine, and kalsilite/nepheline,
while spinel and melilite solid solutions were predicted for the
BPM QS. Normalization on the basis of Ca shows that the BPM
RS was essentially mainly the addition of Si, and smaller amounts
of K and Fe, to the bark RS. Further TECs (Figure 11b) show
that normalized additions of K and/or Fe to the bark slag increase
the amount of melt but do not influence the solidus or liquidus
temperatures significantly until an addition of Si also. This
behavior is similar even when adding larger amounts of K and/or
Fe, where K tends to be stable within gaseous species, while Fe is
predicted to be proportionately distributed within solid solution

Figure 10. BSE images of quench solids.

Figure 11. TECs of reactor slags and BPM quench solids.
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and molten phases. The criticality of Si in facilitating the
formation of a flowing RS during the BPM campaign is therefore
apparent.
Given the qualitative agreements of the TECs with the XRD

analyses, the solid and molten compositions from the TECs were
also used to estimate slag viscosities (i.e., oxide melts with solid
suspensions) during PEFG. Note that minor amounts of P2O5
and Mn2O3 (<4 mol % combined) were neglected due to their
absence in the FactSage molten oxide viscosity model. Assuming
representative prolate aspect ratios (length:orthogonal width = 1,
5, and 10) for the solid particles and neglecting their size
distributions, the rheology algorithm outlined by Mader et al.18

suggests that, with decreasing temperature, the slag viscosities
would diverge sharply from the fully molten viscosities as shown
in Figure 12. Initially, viscosity increases only within the

Newtonian regime (solid lines). Further decreases in temper-
ature induces non-Newtonian behavior (dotted lines), i.e.,
viscosity with shear strain rate dependency (shear thinning).
Here, the average wall shear strain rate for a 1-D flowing slag film
5mm thick upon a vertical wall was assumed. Note that this gives
characteristic Reynolds numbers < 20, indicating laminar flow
with negligible surface rippling.31 The ends of the dotted lines at
low temperatures mark plastic flow behavior of the slags, i.e., not
free-flowing under gravitational pull upon a vertical wall. This
divergence from Newtonian to non-Newtonian behavior begins
at higher temperatures with increasing particle aspect ratios.
The behavior of RSs from the campaigns are in qualitative

agreement with the estimated viscosity curves: the BPM
campaign likely reached the necessary temperature for flow to
occur as opposed to the bark campaign. In fact, it suggests that a
temperature of approximately 1300−1350 °C would be needed
to produce a flowing slag for the bark RS, whereas approximately
1150 °C would already be adequate for the BPM RS. The flow of
small QSs from the BPM campaign is also in agreement with the
relatively low viscosities predicted in Figure 12. It suggests,
however, that the observed flow of the large QS from the BPM
campaign would likely require higher temperatures (≳1250 °C)
than that reached during gasification. Notwithstanding the
uncertainties associated with the viscosity and rheology models

used, it is possible that the large slags originated from the fuel
feeder calibration process that was carried out prior to the
gasification campaign, where much higher temperatures (∼1500
°C) were reached and blockage of the reactor occurred (Figure
4). Repeated viscosity estimates for the large BPM QS under
oxidizing conditions showed insignificant differences and
supports this possibility.

3.5. Quench Effluents. The quench effluent (QE) flows in
both campaigns were maintained at 22.5 ± 0.2 L/min when the
gasification set point was reached, while the quench pool
temperature fluctuated between 60 and 90 °C. The concen-
trations of the major ash-forming elements within the three inlet
waters and the three QEs collected from each respective
campaign were similar; their means and standard deviations
based on the three samples are shown in Figure 13. K was the

most elevated inorganic element in the QEs compared to the
inlet water. The comparative reduction in K in the BPM QE
compared to the bark QE was approximately 25% less than that
due to fuel blending dilution alone. This indicates that the BPM
fuel influenced the partitioning of K, which was likely reflected by
the higher shares of K found in the RS and QS from the BPM
campaign. To a much lesser extent, Ca, Cl, Na, and Mg were also
elevated in the effluents, and some of these elements had
significant shares partitioned into the effluent (Table 4).

Thermodynamically, Na, Cl, and K can be volatilized in the
reactor (e.g., as gaseous Na, K, NaOH, KOH, NaCl, KCl, and
HCl),23 all of which are highly soluble if condensed within the
quench. The lower outflows of Na and K in the effluent for the
BPM campaign indicates that their retention in largely insoluble
phases, e.g., slag, was higher compared to the bark campaign.
This would reduce the amount of alkali available to form the
gaseous chlorides and instead induce greater amounts of HCl(g).
The proportionally higher outflow of Cl for the BPM campaign
would then imply that the quench capture efficiency of HCl is
higher than that of alkali chlorides. Also, the excess of K against
possible inorganic counteranions, e.g., Cl− and SO4

2−, indicates
that K(g) or KOH(g) likely formed inside the reactor, which is in
agreement with reported TEC results.9,23

Figure 12. Estimated slag viscosities.

Figure 13. Concentrations of major inorganic elements in inlet water
sprays and quench effluents (after filtration).

Table 4. Major Fractions of Ash-Forming Elements
Outflowing within Effluent

element unitsa bark BPM

Na % of input from fuel 29 ± 14 14 ± 7
Cl % of input from fuel 54 ± 20 95 ± 30
K % of input from fuel 54 ± 21 39 ± 15

aUncertainties based on fuel compositions and ±25 kg/h fuel feeding.
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Although elevated levels of Ca were also found in the effluents,
comparatively they did not represent a significant share of the
input Ca. This may be due to the formation of largely low
solubility calcium−silicates inside the reactor, as well as the
precipitation of calcite in the quench from the influx of CaO(s)
originating from the decomposition of Ca-containing com-
pounds described earlier. Figure 14 shows the calcite saturation

curve for the effluent from the bark campaign as calculated with
PHREEQC (LLNL database). Based on the postcampaign
measured pH values of 8.5−8.8 and the Ca contents, it shows
that the sample equilibrated toward the atmospheric CO2
conditions (∼10−3.39 bar). This was likely due to degassing
during sampling as well as the delay in analyzing samples. During
gasification, where p(CO2) ≈ 1 bar and induces a reduction in
pH, the solubility of Ca is higher, even at elevated quench
temperatures (∼75 °C). This implies that calcite precipitation
would have occurred upon the conclusion of the campaigns;
thus, contributing to calcite in the QSs. The corresponding
curves for the BPM campaign QE are similar and are omitted to
avoid cluttering. The increase of QE pH from both campaigns
over the inlet water pH of 7.9 also indicates that basic
compounds were added, such as via the influx of CaO and
condensed K species resulting from the PEFG process:

+ → ++ −CaO(s) H O(l) Ca (aq) 2OH (aq)2
2

(2)

+ → + ++ −2K(s) 2H O(l) 2K (aq) 2OH (aq) H (g)2 2
(3)

⎯ →⎯⎯ ++ −KOH(s) K (aq) OH (aq)
H O2

(4)

3.6. Raw Syngas Particles. Figure 15a shows the means and
standard deviations of the three particle distributions collected
from each campaign. Both produced similar particle size
distributions consisting of a single fine particle mode centered
between 0.2 and 0.4 μm. These fine particles likely originated
from either the nucleation and condensation of volatilized
species in the reactor that were subsequently entrained through
the quench with the syngas, or as dried species originally
dissolved in quench water aerosols entrained with the raw syngas.
Coarser particles were likely to have been captured within the
quench. Stages 4, 6, and 8 from each campaign were analyzed
with SEM-EDS area analyses. The inorganic compositions of the
stages for each respective campaign were similar, and their means
and standard deviations are plotted in Figure 15b. K dominated
the inorganic composition in both campaigns. Like the QEs, the
excess of K against possible inorganic counter anions indicates
that K(g) or KOH(g) likely formed inside the reactor.
Unfortunately, XRD analyses of the particles did not produce
reliable phase information due to scarcity of particles. The
particles contained no more than 7% of the input K from either
campaign, which when combined with the K in the QEs, suggests
that approximately 55−60% and 40−45% of K from the bark and
BPM campaigns, respectively, volatilized within the reactor.
These values are comparatively low compared to other release
data,32,33 but, aside from the RSs andQSs, gaseous K species may
also have been retained by ash residues that remained upon the
reactor wall from previous campaigns or the wall refractory itself.
The detection of Zn in fine particles is consistent with TECs

that predict stabilization of Zn(g) during gasification.23 Wiinikka
et al.17 also found likely metallic Zn(s) particles within soot
particles from sub-micrometer particles that were collected from
the same reactor when firing another bark-based fuel. With
regard to the detection of Mg, Si, Ca, and Fe, their nucleation/
condensation from volatilized species generated under locally
high temperature reducing conditions has been observed during

Figure 14. Calculated concentrations of total dissolved Ca species in
equilibrium with calcite for bark campaign effluent.

Figure 15.Distribution of particles in raw syngas according to equivalent aerodynamic diameter and their major inorganic composition on a C-, O-, and
Al-free basis.
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coal combustion experiments,34 and the volatilization of alkaline
earth metals has been observed from high heating rates of
biomass pyrolysis at up to 1000 °C.35,36

4. IMPLICATIONS AND OUTLOOK
Qualitative aspects of ash transformations can be discussed here
on the basis of the results presented. The lack of flowability of the
bark RS and the presence of molten particles in the bark QS
suggest that the latter were fly ash particles with little or no
contact with the wall of the reactor; i.e., ashmatter either adhered
and remained inside the reactor (becoming RS) or were
transported rapidly to the quench (becoming QS). Based on
this premise, the heterogeneity of the QS indicates that ash
matter fractionated into fly ash particles that were mainly solid
(Ca-rich) or molten (Si-, P-, K-rich) during fuel conversion
inside the reactor. Such speciation and fractionation behavior of
ash matter from biomass suspension firing has been previously
reported.37 The different fates of ash matter can be attributed, at
least to some extent, by the influence of molten formations that
can facilitate adhesion of other ash matter and/or deposition
upon the reactor wall. Given the thermodynamic criticality of Si
to facilitate melt formation (Figure 11b) and therefore
deposition, the enrichment of Si in the RS becomes consequent.
Largely solid particles, such as the possible formations of CaO(s)
and calcium−aluminates in the reactor, would then either
interact within the Si-rich deposit (eventually becoming melilite
and/or α-Ca2SiO4) or enter the quench water as fly ash
(becoming calcite and hexagonal plates of hydrated calcium−
aluminate).
The addition of the Si-rich peat to the bark fuel likely increased

the amount of molten particles formed, which effectively
increased the proportion of largely solid ash particles that
could become deposited. This concurs with the reduction in
diminishment of most of the major elements compared to Si in
the BPMRS compared to the bark RS shown in Table 3. It can be
compared to PEFG of coal, where reactor slag compositions
more similar to their Si-dominated fuel ash have been reported.7

Given that the mode-of-occurrence of the ash-forming elements
of pure woody biomass tend to be comparatively isolated and less
prone to significant melt formation, it is of interest to establish to
what extent the coalesce and char fragmentation pathways that
govern coarse ash formation in pulverized coal processes can be
applied.38 In other words, the detailed properties of intrinsic ash
transformations of woody biomass during PEFG (i.e., initial
particle shapes, sizes, and compositions) and the transport
mechanisms by which molten particles can interact with largely
solid particles are topics of interest for further study. Such insight
is practically necessary in order to maximize fuel additive/
blending efficacy as well as to accurately predict ash deposition
and subsequent slag rheology under different operating
conditions, i.e., overall ash behavior.
From a practical perspective, the slag viscosity estimations

indicate that the BPM fuel produces a suitable flowing RS (8−25
Pa·s) within a very narrow and low temperature range (∼1140−
1170 °C). Slight temperature fluctuations below this range are
estimated to sharply increase viscosity of the slag to the point of
freezing. Whether the slag viscosity would indeed exhibit such
behavior during operation requires knowledge about the kinetics
of crystallization and other rheology properties, since the
residence time of a flowing slag inside of a reactor is limited.39

Temperature fluctuations above this range are also predicted to
be problematic because low viscosity slags may require
excessively high ash loads to maintain an adequately thick layer

to prevent thermal or chemical damage to refractories.40 It is also
interesting to note that a temperature of approximately 1400 °C
is estimated to produce a low viscosity slag (∼0.3 Pa·s) for the
bark RS. In principle, this implies that PEFG of a similar bark
fueli.e., with relatively low Si contentcan potentially be
operated in a manner similar to a black liquor gasifier, where salt
melts with similarly low viscosities are generated.41,42 However,
in addition to resisting such high temperature reducing
conditions, refractories would also need to resist against
interaction between fuel ash and reactor wall material that can
lead to erratic slag behavior caused by the compositional changes.
This is demonstrated by the significant differences in predicted
viscosity between the QSs and RS from the BPM campaign
(Figure 12). Compositional variations of the slag at different
locations of the reactor due to ash fractionation described
previously also leads to a similar difficulty.
The partitioning of inorganics into the QE stream may be

exploited to recover ash elements, in particular K. Precautions
should also be taken to avoid scaling build-up in piping due to the
precipitation of calcite due to the abundance of Ca in woody
biomass fuels. For these reasons, online monitoring of the
quench water and development of a transient model would be
useful. Lastly, though the QE likely captured the majority of K
released, the syngas particle load remained high. This implies
risks of catalyst poisoning, deactivation, and coking during
chemical syntheses if cleaning is not carried out beforehand.43

5. CONCLUSION

Pressurized entrained-flow gasification (PEFG) of bark and a
bark/peat fuel mixture (BPM) was carried out in a pilot-scale
reactor, and ash materials (reactor slags, quench solids, quench
effluents, and syngas particles) were collected for chemical
analysis with the objective of studying ash transformations and
behaviors. Formation of molten particles was proposed as an
important influence on ash fractionation and also upon
subsequent slagging behavior. Practical implications and research
topics in the interest of developing PEFG for woody biomass
were also highlighted. The following conclusions are drawn from
this work:
(1) The bark fuel produced a sintered but nonflowing reactor

slag, while the BPM fuel produced a flowing reactor slag. Both
slags showed enrichment in Si compared to all other major ash-
forming elements, especially for the bark campaign. This
indicates that ash fractionation occurred extensively.
(2) Results from thermochemical equilibrium calculations

suggest that the BPM reactor slag was essentially mainly the
addition of Si from the peat fuel to the bark reactor slag, which
effectively lowered the solidus and liquidus temperatures and
increased the amount of melt. The BPM reactor slag also
contained a higher share of K.
(3) Viscosity estimations of the reactor slags taking into

account solid particle suspensions were in qualitative agreement
with their observed flow behavior. The estimations also
highlighted the potential difficulties in controlling slag flow due
to, e.g., temperature fluctuations, ash fractionation behavior, and
ash−refractory interactions.
(4) Quench solids from the bark campaign comprised mainly

calcite and molten materials high in P, Si, and K, all likely
originating as reactor fly ash. Their heterogeneity also indicates
that ash fractionation occurred extensively during PEFG.
Quench solids from the BPM campaign comprised flowing
slags with varying degrees of Al enrichment, likely due to ash
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interactions with the prefired high alumina castable reactor wall
material as well as remnant ash materials.
(5) The raw syngas particles after the quench consisted of

single fine modes in both campaigns, with K dominating the
inorganic composition. K also dominated the quench effluent. In
both these ash fractions, the deficits in counter anions, combined
with thermodynamic considerations, imply that K(g) and
KOH(g) were likely formed inside the reactor
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(9) Ma, C.; Backman, R.; Öhman, M. Thermochemical equilibrium
study of slag formation during pressurized entrained-flow gasification of
woody biomass. Energy Fuels 2015, 29, 4399−4406.
(10) Leiser, S.; Cieplik, M.; Smit, R. Slagging behavior of straw and
corn stover and the fate of potassium under entrained-flow gasification
conditions. Energy Fuels 2013, 27, 318−326.
(11) Patterson, J. H.; Hurst, H. J. Ash and slag qualities of Australian
bituminous coals for use in slagging gasifiers. Fuel 2000, 79, 1671−1678.

(12) Guo, Q.; Zhou, Z.; Wang, F.; Yu, G. Slag properties of blending
coal in an industrial OMB coal water slurry entrained-flow gasifier.
Energy Convers. Manage. 2014, 86, 683−688.
(13) Weiland, F.; Hedman, H.; Marklund, M.; Wiinikka, H.; Öhrman,
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 10 

ABSTRACT  11 

Refractory probes were exposed for up to 27 hours in an atmospheric, oxygen blown, entrained flow 12 

gasifier fueled with a powder mixture of bark and peat. The temperature at the probes position was 13 

measured to 1220±19°C during the exposure. The exposed materials were two fused-cast periclase-spinel 14 

bricks, an isopressed zircon mullite brick, an andalusite-based castable, a corundum castable, a silicon 15 

carbide low-cement castable, and a hibonite castable. Slag infiltration depth and microstructure was 16 

investigated with scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS). 17 

Crystalline phases were identified with powder X-ray diffraction. A siliceous slag with approximately 10 18 

at% alkali and 20 at% alkaline earth metals (oxygen-free basis) was deposited upon the refractories. 19 

Increased levels of Al were seen in the slag upon all the probes, compared to slag that was collected on a 20 

pure graphite probe. The fused-cast materials were least affected but dissolution and slag penetration 21 

could be observed. Slag penetrated deep into the zircon mullite brick and grains at the material surface 22 

were disintegrated via migration into the slag. The silicon carbide castable showed no signs of slag 23 

penetration from a depth of about 1.5 mm while the matrix closer to the surface was infiltrated. The 24 

andalusite-based castable was infiltrated deeply by slag but the interior was only partly filled. Slag had 25 

penetrated deep into the corundum and hibonite castables. Anorthite was found in all castables except for 26 

the hibonite castable and fused cast bricks. Stepwise thermodynamic equilibrium calculations were carried 27 

out to in order to support explanations for the varying degrees of degradation of each refractory. Based on 28 

the presented results, some suggestions for refractory materials of interest for further investigation in the 29 

interest of developing slagging woody biomass-based gasifiers are put forth. 30 

  31 

Keywords: Gasification, oxygen blown, biomass, entrained flow, slag, refractory. 32 
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1. Introduction 33 

Biomass gasification can become a part of future energy systems for the production of sustainable 34 

transportation fuels, chemicals and power. Among gasification technologies, the entrained flow 35 

technology currently under development for biomass produces the highest quality syngas, i.e. tar free 36 

syngas mainly composed of CO and H2, [1], [2], [3]. Furthermore, most industrial coal gasification plants 37 

developed after 1950 are of the entrained flow type [1]. Entrained flow gasifiers are generally operated in 38 

slagging mode, meaning that the operating temperature is above the ash melting point of the feedstock. At 39 

this temperature, tars are destructed and fuel conversion is almost complete. The high operating 40 

temperature comes however with the penalty of relatively high oxygen consumption. Nevertheless, 41 

different types of reactor walls have been developed for coal gasifiers to protect the reactor shell from the 42 

harsh conditions of the reaction zone. The refractory wall is the simplest, most efficient and lowest-cost 43 

design [1]. Here, a hot face refractory material, which can withstand the temperature and chemical 44 

conditions inside the gasifier, is installed together with one or more insulating layers (back-up layers) 45 

inside the reactor. High quality chromium oxide and/or zirconium oxide based refractories are employed 46 

in coal gasifiers because of their chemical resistance to the coal ash. Another type of wall is the water-47 

cooled membrane wall, which during operation is covered by a layer of solid slag over which the liquid 48 

slag will flow. This type of wall has the advantage that it is extremely durable. Almost no corrosion will 49 

occur because the membrane wall only comes in contact with solidified slag. Drawbacks are, however, 50 

high investment cost and higher heat loss (2-4 %) compared to refractory walls (1%) [1] which significant 51 

reduces the gasification efficiency.  52 

Slagging gasification systems employing refractory walls report refractory lifetimes of only 6-18 months 53 

[1] and extensive research has been performed to address material issues in slagging coal gasifiers. The 54 

mechanisms for refractory degradation are related to slag-refractory interactions and include chemical 55 

dissolution, chemical and structural spalling [4], [5], [6], [7], [8], [9]. The development of refractories for 56 

coal gasifiers continues to be active, and indicates that the development of refractories for entrained flow 57 

gasification of woody biomass must be considered as part of the overall development process. This is 58 

heightened by the fact that woody biomass is generally enriched in elements such as Ca, Si, K and Mg 59 

whereas coal typically has higher contents of Al-, Fe-, Si- and Ti-bearing minerals [10]. Since the ash-60 

forming matter in biomass and coal differ considerably, which thereby also changes the melting and 61 

wetting characteristics of the slags [11], refractory materials developed for coal slags are not necessarily 62 

resistant to the likely more alkaline woody biomass slags (e.g. [12] and references therein). There is a lack 63 

of studies concerning the degradation of refractories caused by interaction from ash derived from biomass, 64 

though previous experiences from a pilot-scale reactor lined with mullite-based refractory indicated 65 

detrimental interactions with woody biomass ash that led to fluxing of the refractory and blockage of the 66 

reactor outlet [13]. 67 

Additional knowledge is therefore needed towards understanding biomass slag-refractory interactions and 68 

to develop resilient refractory materials for slags with origins from biomass. The present study focused on 69 

evaluating the degradation of seven different refractory materials after they were exposed to gasification 70 

of a woody biomass and peat mixture in a pilot gasifier. The purpose of these exposures was to investigate 71 

the degradation of the refractory materials and to identify those that should be pursued in the development 72 

of a refractory for woody biomass-based gasifiers. The refractories were chosen from commercially 73 

available materials, ranging from cheap castables to expensive fused cast materials, and were selected 74 
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based on the project group’s previous experiences from gasification of black liquor and stem wood 75 

biomass.  76 

2. Experimental 77 

2.1 The gasifier 78 

An atmospheric entrained flow pilot gasifier was used for the experiments, see Figure 1. The gasifier has 79 

an inner diameter of 50 cm and a height of approximately 3.9 m. It was previously described in [14], and 80 

therefore only a brief overview is given herein. Pulverized fuel was pneumatically transported from a fuel 81 

hopper to the burner mounted on top of the gasifier. The fuel feeding rate was controlled by the rotational 82 

speed of fuel dosing screws. Fuel entered the gasifier together with transport air through an Ø 50 mm 83 

central exit of the burner. Oxygen (O2) was controlled by a mass flow controller and injected through four 84 

Ø 3.5 mm inlets concentrically positioned and evenly distributed 90° apart outside of the fuel exit. The 85 

four O2-inlets are directed so that the attack angle was 45° towards the central axis. This created a jet 86 

flame in the central part of the gasifier. Insulating refractory lining protect the outer steel shell from the 87 

hot gasification environment. The refractory hot-face being exposed to the gasification environment was 88 

Gouda Vibron 160H (90 mm thick). Temperature monitoring was performed by thermocouples at eight 89 

different levels along the reactor, separated approximately 40 cm in height according to Figure 1. Eight 90 

thermocouples were positioned in the gas phase (T1-T8) and eight in the refractory (T9-T16), with the tip 91 

approximately 20 mm from the hot face wall. Gas phase thermocouples were protected by ceramic 92 

encapsulation and were of type-S (T1-T4) and type-K (T5-T8). Refractory thermocouples were all of type-93 

K 94 

.  95 

Figure 1 Schematic overview and picture of the gasifier with probes positions clearly marked.  96 
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Syngas was continuously sampled from the bottom part of the gasifier as indicated in Figure 1. The 97 

resulting syngas composition was monitored by a Micro-GC (Varian 490 GC) with molecular sieve 5A 98 

and PoraPlot U columns followed by TCD (thermal conductivity detector) detectors for detection of H2, 99 

N2, O2, CO, CO2, CH4, C2H2, C2H4 and C2H6.  100 

2.2 Fuel and experimental conditions 101 

The feedstock was prepared by mixing a bark fuel from Glommersträsk, Sweden, with peat from 102 

Norrheden, Sweden. This fuel mixture was chosen based on a previous study that showed that bark fuel 103 

alone would not form a flowing slag at typical wall temperatures of 1200 – 1250 °C [15]. Estimations 104 

indicated a flowing slag could be formed under the mixing proportion of 70 wt% bark and 30 wt% peat. 105 

The fuel mixture was milled in a hammer mill with sieve size of 1.25 mm directly after blending. The 106 

individual fuel compositions are shown in Table 1 together with the calculated composition of the fuel 107 

mixture. The pulverized fuel mixture was collected in big-bags, where it was stored awaiting the 108 

gasification experiments. Fuel powder was pneumatically transported from the big-bags to the receiving 109 

fuel hopper. This experimental campaign included 42 hours of gasifier operation. Refueling of the hopper 110 

was repeated every 12 hours. During these periods, the gasification process was paused by introducing a 111 

small purge flow of N2 through the gasifier while fuel and O2 feeding was stopped.  112 

Table 1 Major elemental composition of the fuel mixture used in the gasification experiments. 113 

Element Unit Bark Peat Mixture
∞
 

C
†
 wt% d.s.

*
 51.2 ± 2.6 53.2 ± 2.6 51.8 ± 2.0 

H
†
 wt% d.s. 5.7 ± 0.6 5.4 ± 0.5 5.6 ± 0.4 

N
†
 wt% d.s. 0.3 ± 0.03 2.6 ± 0.26 1.0 ± 0.1 

O
‡
 wt% d.s. 40.9 ± 3.2 32.3 ± 3.5 38.3 ± 2.5 

Moisture wt% 10.5 ± 6.3 11.2 ± 9.5 10.7 ± 5.2 

Ash
#
 wt% d.s. 1.8 ± 0.2 6.3 ± 0.7 3.2 ± 0.3 

Lower heating value
¤
 MJ/kg d.s. 19.11 20.16 19.42 

Na
**

 mg/kg d.s. 66 ± 20 383 ± 117 161 ± 38 

Mg
$
 mg/kg d.s. 685 ± 103 830 ± 125 729 ± 81 

Al
$
 mg/kg d.s. 630 ± 126 3350 ± 670 1446 ± 219 

Si
¶
 mg/kg d.s. 750 ± 150 13000 ± 2600 4425 ± 787 

P
$
 mg/kg d.s. 590 ± 89 590 ± 89 590 ± 68 

S
$
 mg/kg d.s. 245 ± 13 2500 ± 125 922 ± 39 

Cl
$
 mg/kg d.s. 109 ± 17 180 ± 27 130 ± 14 

K
$
 mg/kg d.s. 2100 ± 630 585 ± 88 1646 ± 442 

Ca
$
 mg/kg d.s. 4500 ± 675 5150 ± 773 4695 ± 526 

Ti
$
 mg/kg d.s. 6.2 ± 1.9

**
 95 ± 19 33 ± 6 

Mn
$
 mg/kg d.s. 295 ± 45 105 ± 16 238 ± 32 

Fe
$
 mg/kg d.s. 215 ± 43 11000 ± 2200 3451 ± 661 

Zn
$
 mg/kg d.s. 54.5 ± 9 37 ± 11 49 ± 7 

Two composite samples each of bark and peat were analyzed by Eurofins Environment Sweden AB according to: 
†
EN 15104:2001/EN 15407:2011 

‡
EN 14918:2010 annex E/EN 15400:2011 annex E/ASTM-D (by balance) 

#NMKL 161 1998 mod./ICP-AES 
¤
SS-EN 14918/15400 ISO 1928 

¶
EN 14385/ICP-AES 

∞
Calculated based on the proportions of separate fuels. Uncertainty estimated by Taylor series method. 

*d.s. = dried sample 
**Analysed by ALS Scandinavian AB: Ashing at 550 °C followed by fusion with LiBO2 and dissolution in HNO3 and analyzed 
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according to SS EN ISO 17294-1, 2 (mod.) with EPA-method 200.8 (mod.) and SS EN ISO 11885 (mod.) with EPA-method 200.7 

(mod.) 
$
Analyzed by Eurofins Environment Sweden AB: NMKL 161 1998 mod./ICP-AES. 

 114 

Prior to campaign startup, the gasifier was preheated over night with a ~100 kW oil burner firing 115 

conventional diesel fuel. Additional heating was accomplished by combusting the pulverized fuel mixture 116 

until the refractory temperature in the gasifier reached close to 1200 °C. Once this temperature was 117 

reached, the probes holding the refractory samples were installed in the gasifier directly followed by 118 

reduction in the O2 feeding rate in order to switch the operation to gasification. Fuel powder was fed to the 119 

gasifier using constant mass flow of transportation air corresponding to 220 ± 10 NL/min (average ± 120 

standard deviation). Fuel feeding rate was 25 ± 3 kg/h, whereas the O2 feeding rate (174 ± 8 NL/min) was 121 

used to maintain the process temperature of approximately 1100 – 1140 °C on the refractory 122 

thermocouples that were positioned closest to the sample probes, i.e. T12 in Figure 1. Thus, the gasifier 123 

was operated at an oxygen stoichiometric ratio, λ, of 0.47 ± 0.02 during the gasification experiment. The 124 

resulting process temperatures and syngas composition are found in Table 2 and Table 3, respectively. 125 

Table 2 Measured process temperatures by the thermocouples (average ± standard deviation). 126 

Gas temperatures (°C) Refractory temperatures (°C) 

T1 1246 ± 27 T9 643 ± 35 

T2 1276 ± 19 T10 968 ± 20 

T3 1268 ± 20 T11 1005 ± 16 

T4 1219 ± 20 T12 1088 ± 29 

Probe T1   927 ± 43 

Probe T2   1077 ± 81 

T5 1170 ± 18 T13 1125 ± 22 

T6 1114 ± 20 T14 1095 ± 22 

T7 1087 ± 20 T15 1055 ± 21 

T8 1045 ± 22 T16 933 ± 16 

 127 

Table 3 Resulting dry syngas composition during gasification (average ± standard deviation). 128 

Gas species Concentration in dry syngas (mol-%) 

H2 13.6 ± 1.9 

N2 35.6 ± 4.0 

CH4 0.2 ± 0.1 

CO 23.7 ± 4.0 

CO2 23.6 ± 3.3 

C2H2 < 0.01 

C2H4 < 0.01 

C2H6 < 0.01 

 129 

2.3 Exposure of refractories 130 

Eight different materials, that are commercially available and used in different refractory applications, 131 

were chosen for this study. Material specifications can be found in Table 4.  132 
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Table 4 Material specifications for the tested refractories according to the manufacturers. 133 

Refractory material Composition 

(wt-%) 

Description according to material specification 

High alumina with Ca 

aluminates (HA+CA) 

Al2O3 94 % 

CaO 4.5 % 

SiO2 0.1 % 

Fe2O3 0.05 % 

Tabular corundum-based castable, resistant against 

abrasion, dust erosion or impact at high temperatures. 

Andalusite (ADL) 

Al2O3 62 % 

SiO2 33 % 

CaO 1.4 % 

TiO2 1.4 % 

Fe2O3 1.1 % 

Andalusite-based, strong castable with high shock 

resistance. 

High alumina spinel 

fused casted (HASPf1) 

Al2O3 64 % 

MgO 35 % 

Other 1% 

Void free fused-cast refractory (spinel >90 %; periclase 

<10 %) 

High alumina spinel 

fused casted (HASPf2) 

Al2O3 53.6 % 

MgO 44.9 % 

Other 1 % 

Magnesia rich fused cast refractory.  

Silicon carbide low 

cement (SCLC) 

SiC 60 % 

Al2O3 30 % 

SiO2 5 % 

Fe2O3 0.2 % 

Low cement castable base on silicon carbide with good 

thermal conductivity and high abrasion, oxidation and 

thermal shock resistance. 

Hibonite (HB) 

Al2O3 90.6 % 

CaO 8.5 % 

SiO2 0.8 % 

Fe2O3 0.1 % 

Hibonite-based castable for high-alkali refractory 

applications. 

Isopressing zirconia 

with mullite (ZR+ML) 

Al2O3 66 % 

ZrO2 20 % 

SiO2 12 % 

Acidic (mullite-based) refractory with low thermal 

expansion coefficient, resistant to slags in glass, chemical 

and metallurgic industries. 

 134 

Refractory samples were cut as cuboids with dimensions 13x13x110 mm. Each sample was fitted with 135 

boiler cement into a rectangular Al2O3 tube (20x20 mm outer dimensions and 3 mm wall thickness) that 136 

were mounted at the probe tip, see Figure 2. The purpose of the rectangular tube was to reduce the 137 

conductive cooling effect from the probe itself. Eight water-cooled sample probes were used 138 

simultaneously during the experiment. Figure 3 is a photo taken from the top of the gasifier showing the 139 

probes installed inside the reactor during gasification. The locations of the probes were chosen as 140 

approximately representative of the average conditions inside the gasification zone. Two of the probes 141 

were equipped with type-S thermocouples for temperature measurement at the rear end of the cuboid 142 

sample (Figure 2). Average temperatures measured by these thermocouples are also shown in Table 2. 143 

Probe temperatures were generally lower, and showed grater variation than surrounding refractory 144 

thermocouples. This was most probably an effect of the water cooling of the probes.  145 
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 146 

Figure 2 Water cooled sample probe with mounted refractory sample (top probe). Thermocouple (type-S) position is 147 
shown in the picture (bottom probe). 148 

 149 

Figure 3 Photo taken from the top of the gasifier showing the refractory samples installed in the reactor. Note that the 150 
graphite sample was removed before this photo was taken, therefore the empty position in the top of the image. 151 

This investigation included two sample pieces of each refractory material. The first sample piece of each 152 

refractory material was exposed to slagging gasification for 6 hours, whereas the second round of samples, 153 

except graphite and top piece of HB-sample, were installed in the gasifier for 27 hours. This second round 154 

included approximately 2.5 hours of paused operation during hopper refueling and approximately 1 hour 155 

in combustion mode during heat-up after refueling. The second graphite probe was heavily affected and 156 

therefore removed in conjunction with refueling already after 7 hours of exposure. Once a graphite sample 157 

was removed from the hot reactor, it was allowed to cool down in a nitrogen purged sample holder in 158 

order to avoid further combustion in the surrounding air. The top piece of the second HB-sample broke 159 

and fell down into the boiler part of the plant after being exposed under gasification conditions for 11 160 

hours and 45 minutes. All other samples were removed from the gasifier after 27 hours and allowed to 161 

cool down to room temperature in the surrounding atmosphere.  162 
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2.4 Analyses of exposed refractories 163 

A cross section taken 1 cm from the outer edge, perpendicular to the probes length was prepared for all 164 

probes except one that had bent which was prepared parallel to its length instead. The cuts were made with 165 

a diamond blade lubricated with mineral oil. The samples were polished with SiC paper without lubricants 166 

to avoid the risk of dissolution or hydration. For the fused cast material it was necessary to study some 167 

finer details so the SiC paper polishing was complemented by ion milling. It was done with ionized argon 168 

accelerated at 8 kV for 8 hours and then at 2 kV for 6 hours at a beam angle of 4°. Morphology and 169 

elemental composition of the refractory cross sections was investigated in a Zeiss EVO LS15 scanning 170 

electron microscope (SEM) with LaB6 electron source and equipped with an Oxford Instruments xmax-80 171 

detector for energy dispersive x-ray spectroscopy (EDS). Imaging was done with back scattered electrons 172 

(BSE) for atomic number contrast. Because of the fine microstructure and the intimately mixing of slag 173 

and matrix it is hard to isolate intruded slag when performing elemental analysis in SEM. The interaction 174 

volume with the incoming electrons risks detection of X-rays from both pure slag and remaining 175 

refractory components. Intruded slag could however be detected by small changes in composition in the 176 

matrix and changes in microstructure. Samples from the affected area and slag on the probes was 177 

pulverized and investigated with powder X-ray diffraction (XRD) to identify crystalline compounds. The 178 

XRD analyses was done in 2θ mode on a Bruker AXS d8-advance equipped with a Våntec detector, using 179 

Cu K-α radiation and a Ni-filter on the detector side.  180 

2.5 Thermochemical equilibrium and viscosity calculations 181 

FactSage 7.1 and Chemsheet were used to perform thermochemical equilibrium and viscosity calculation 182 

in order to aid interpretation of the experimental results. The pure phase and solution databases selected 183 

were FactPS and FToxid (SLAGA, MeO_A, cPyrA, oPyr, pPyrA, LcPy, WOLLA, aC2SA, Mel_A, 184 

OlivA, Cord, CAFS, CAF6, CAF3, CAF2, CAF1, C2AF, C3AF, CORU, Carn, Neph, NASh, NCA2, 185 

C3A1, ZrOc, ZrOt, AlSp, KASH, KA_H, C3Pa, C3Pb, M3Pa, CMPc, M2Pa). The bulk and identifiable 186 

crystalline compositions of each refractory were studied with calculated phase assemblages from 100 % 187 

refractory material to 100 % slag composition based from upon the graphite probe.  The matrix 188 

composition of each refractory was also studied with a step-wise calculation method described by 189 

Reinmöller et al. [16] with estimations of the infiltrating slag melt viscosity with the FactSage Viscosity 190 

module. Initially, a TEC of 100 g of the original slag composition and 100 g refractory matrix was carried 191 

out. The resulting molten slag composition was then normalized to 100 g, and together with 120 g of 192 

refractory, the equilibrium was then calculated again. This procedure was repeated with the amount of 193 

refractory matrix increasing by 20 g increments until a final molten slag to refractory matrix ratio of at 194 

least 3.8 g/g (i.e. 15 calculations). 195 

3. Results and discussions 196 

3.1 Compositions and morphology 197 

Slag on top of the probes was analyzed with SEM-EDS. Compared to the ash composition the average 198 

slag had increased Al and Si concentrations while Ca and Fe were lower. The slag composition on all 199 

probes except graphite had only small variations in composition between them. The slag on the graphite 200 

probe had higher Si concentration and lower Al concentration than slag on the other probes. Since the only 201 

possible contamination in considerable amounts from the graphite probe is carbon, this composition is 202 

viewed as closest to what is formed solely from the fuel ash in the reactor. The enrichment of Al in the 203 

slag on other probes, and Mg in the case of spinel probes indicates refractory dissolution. 204 
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Table 5 Normalized inorganic elemental composition of fuel ash and average slag composition on all probes, slag on 205 
graphite probe, average of slag on HASPf1/2 refractories on a carbon and oxygen free basis in at.-%. 206 

 Na Mg Al Si P K Ca Fe 

Fuel ash composition
a 

1.4 6.1 11.0 32.3 3.9 8.6 24.0 12.7 

Slag average
b 

1.9 6.1 16.3 43.0 2.8 7.6 17.5 4.9 

Slag on graphite probe
c 

2.4 4.6 9.9 54.8 1.9 6.9 13.4 5.6 

Slag on spinel material
b 

1.9 9.5 15.8 39.5 3.0 7.4 18.1 4.9 
a Calculated from major element composition 
b Obtained from EDS-analyses 
c 

Obtained from ICP-analyses, taken as the true slag composition 

 207 

High alumina with Ca aluminates (HA+CA): After 6 hours of exposure the sample showed infiltration 208 

almost all the way through. The affected matrix contains about 2 at.-% K and is recognizable from its 209 

brighter shade in BSE images and on its lost porosity. A small area of unaffected matrix was left at about 210 

7.5 mm depth. Gehlenite, leucite, and spinel could be found in addition to the original phases corundum 211 

and diaoyudaoite. After 27 hours the sample had been bent and completely infiltrated by slag. Corundum 212 

was the only original phase left while anorthite, gehlenite and spinel had been formed (Table 6). The BSE 213 

image in Figure 8 shows infiltrated slag as a bright network between grains, covering almost the entire 214 

material. The sample exposed for 27 hours was oriented with the left side in the figure towards the reactor 215 

center, a large crack going from the upside and down into the material is visible on the probes outer edge 216 

filled with slag, denoted by a red arrow. 217 

Andalusite (ADL): Slag infiltration is visible as loss of porosity and up to 2 at.-% K in the refractory 218 

matrix. After 6, and 27 hours of exposure the matrix was severely affected to depths of about 0.7 and 3 219 

mm, respectively but partial intrusion could be observed through the whole samples. In addition to the 220 

original phases (andalusite, corundum and mullite), the new phases anorthite and leucite could be detected 221 

(Table 6). In Figure 4 the interface between slag and refractory is displayed where slag has infiltrated the 222 

matrix and crystals (likely leucite) has formed on the surface. The matrix had a similar appearance further 223 

into the material but with more porosity preserved. An overview of the material exposed for 27 hours is 224 

displayed in Figure 8. 225 

 226 

Figure 4 SEM image of interface between slag and ADL refractory after 6 hours of exposure. 227 
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High alumina spinel fused casted (HASPf1): For 6 and 27 hours, slag had penetrated the material to a 228 

depth of about 40 µm. slag was found in some larger cavities connected to the surface. After exposure, the 229 

crystalline phase leucite could be found in addition to the original phases (periclase and spinel). In Figure 230 

8 an overview image is displayed, no slag intrusion is visible on this scale. Slag intrusion via pores was 231 

not as extensive in this material as in the other fused cast material. 232 

High alumina spinel fused casted (HASPf2): In addition to infiltration via large pores (displayed in Figure 233 

8 and indicated by a red arrow), the dense parts of the fused cast spinel was infiltrated to a depth of about 234 

30 µm. In Figure 5 a BSE image with elemental maps for Mg, Al, and Si quantified on a carbon and 235 

oxygen free basis is shown. In the BSE image, slag is the brightest, periclase the darkest and spinel 236 

intermediate shade of gray. Slag infiltration in what seems to be MgO positions was observed to a depth of 237 

about 40 µm after 6 hours of exposure. Leucite was found after 6 hours of exposure and after 27 hours, the 238 

solid solution augite was detected (Table 6). After 27 hours it could be observed how some spinel grains 239 

had been completely surrounded by slag. The shape, size and orientation of the slag areas just beneath the 240 

surface of the fused cast spinel-periclase displayed are similar to the periclase areas within the material. 241 

Periclase that is not completely embedded in spinel has been dissolved and slag has taken its place in the 242 

material. After 27 hours, in addition to the dissolved periclase, it could be observed how spinel grains 243 

were completely surrounded by slag. 244 

 245 

Figure 5 Interface between slag and fused cast spinel (HASPf2). Back scattered electron image and concentration maps for 246 
Mg, Al, and Si on carbon and oxygen free basis, EDS data was collected at 10 kV acceleration voltage. The horizontal field 247 
of view is 115 µm. Periclase grains are embedded in a spinel matrix. The slag is visible as a brighter shade and it has 248 
penetrated the refractory to a depth of about 40 µm in what appears to be former MgO positions in the refractory. 249 

Silicon carbide low cement (SCLC): After 6 hours of exposure the slag had penetrated about 0.9 mm into 250 

the matrix, and 1.4 mm after 27 hours, large grains did not appear to have been attacked by slag. A sharp 251 
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transition could be observed between infiltrated and unaffected matrix, displayed in Figure 6. Anorthite 252 

had been formed after exposure. 253 

 254 

Figure 6 SEM image of the exposed SCLC refractory after 6 hours. Slag and refractory interface with infiltrated matrix. 255 
In the lower part the matrix is unaffected by slag.  256 

Hibonite (HB): After 6 hours of exposure slag had penetrated about 2.1 mm into the refractory. No new 257 

crystalline phases could be detected with XRD in this sample. After 12 hours the slag had penetrated 258 

about 7 mm into the material. The intruded slag is visible as bright areas between grains in Figure 8 and 259 

unaffected areas below is darker. Spinel could be detected in addition to the original phases (hibonite and 260 

corundum). 261 

Isopressing zirconia with mullite (ZR+ML): Slag penetration was visible as filled voids between the 262 

zircon grains and was observed 2.5 mm, and about 3.5 mm into the material for probes exposed 6 hours 263 

and 27 hours, respectively. Dislodged grains could be seen at the edges of the material, more pronounced 264 

for the material that had been exposed for 27 hours. Grains at the edge of the material was also observed 265 

to being disintegrated into smaller, more Zr rich grains. No new phases could be detected with XRD. An 266 

overview of the exposed materials is displayed in Figure 8 and a detailed image of the material surface is 267 

displayed in Figure 7. The slag has a darker shade than the refractory parts in these images because the 268 

refractory has a higher average elemental composition. Two small peaks of what seems to be mullite could 269 

be seen in the XRD pattern for the unexposed material. These peaks were weakened in the exposed 270 

material and no phase could be assigned with certainty. These findings indicate that the binding mullite 271 

phase is being dissolved by the slag with loosening of grains on the surface as a result. 272 
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 273 

Figure 7 Surface of the zircon mullite refractory with dislodged and dissociating grains in the slag. 274 

 275 

Figure 8 SEM overview images made with back scattered electrons at 20 kV electron acceleration voltage. The slag 276 
appears brighter due to its heavier average elemental composition except for ZR+ML where the slag is atomically 277 
relatively lighter. The sample images have been oriented as in the reactor. Red bars denote slag infiltration depth, and 278 
approximate limit for severe slag infiltration in the ADL material. The red arrow indicate a large crack in the HA+CA 279 
material and a pore filled with slag in the HASPf2 material. 280 

Anorthite was the most common new phase and was found in all materials containing corundum, mullite 281 

or andalusite in considerable concentrations. In the HA+CA brick, mainly composed of corundum but also 282 
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some calcium aluminates, formation of gehlenite was also observed. Gehlenite is an endmember of the 283 

solid soultions in the melilite group, where åkermanite (Ca2Mg[Si2O7]) is another endmember. See Table 284 

6 for identified phases in exposed materials and reference materials. The XRD patterns produced from 285 

these phases are very similar and many possible constituent elements are available in the melt, so it is 286 

likely that the formed phase identified as gehlenite does not have a strict stoichiometry. Formation of new 287 

phases may cause failure of the refractory lining in several ways. Two types of failure caused by volume 288 

expansion are spalling and expansion of the lining. The latter may exert pressure on materials behind it 289 

with compressed insulation materials and possibly also damaging the containment vessel [17] [18] [19] 290 

[20]. Leucite was only found in the spinel samples but does not seem to have formed inside the 291 

refractories. Long, needle-like crystals can be seen in the slag on these samples, 10-20 µm wide and up to 292 

1000 µm long. EDS-analyses on these crystals show approximately the correct proportions between Al, Si 293 

and K for being leucite, but also a large concentration of Ca. It is possible that these formed upon cooling 294 

of the probes and not during operation, which is supported by TECs. 295 
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Table 6 Identified crystalline phases in refractories and phases predicted by TECs 296 

Refractory Unexposed material 6 h 27 h TEC phase assemblage (minor 

phases in {brackets}) 

High alumina 
with Ca 

aluminates 

(HA+CA) 

CaAl2O4 

Al2O3 (corundum) 

NaAl11O17 (diaoyudaoite) 
CaAl4O7 (grossite) 

 

Al2O3 (corundum) 

NaAl11O17 (diaoyudaoite) 

Ca2Al2SiO7 (gehlenite) 
MgAl2O4 (spinel) 

 

CaAl2Si2O8 (anorthite) 
Al2O3 (corundum) 

Ca2Al2SiO7 (gehlenite) 

MgAl2O4 (spinel) 

CaAl2Si2O8 (anorthite) 

Ca,Mg-Aluminate 
Corundum 

CaAl12O19 (hibonite) 

{Spinel} 
{Leucite} 

Andalusite 

(ADL) 

Al2SiO5 (andalusite) 
Al2O3 (corundum) 

Al6Si2O13 (mullite) 

Al2SiO5 (andalusite) 
CaAl2Si2O8 (anorthite) 

Al2O3 (corundum) 

Al2SiO5 (andalusite) 
CaAl2SiO8 (anorthite) 

Al2O3 (corundum) 

CaAl2Si2O8 (anorthite) 

Mullite 

{Cordierite} 
{Tridymite} 

High alumina 

spinel fused 
casted (HASPf1) 

MgO (periclase) 

MgAl2O4 (spinel) 

KAlSi2O6 (leucite) 

MgO (periclase) 
MgAl2O4 (spinel) 

KAlSi2O6 (leucite) 

MgO (periclase) 
MgAl2O4 (spinel) 

Sapphirine (Mg4Al10Si2O23) 
Spinel  

Monoxide 

Olivine 

High alumina 

spinel fused 

casted (HASPf2) 
 

MgO (periclase) 

MgAl2O4 (spinel) 

KAlSi2O6 (leucite) 
MgO (periclase) 

MgAl2O4 (spinel) 

(Ca, Na)(Mg, Fe, Al, 
Ti)(Si, Al)2O6 (augite, 

solid solution) 

KAlSi2O6 (leucite) 
MgO (periclase) 

MgAl2O4 (spinel) 

Sapphirine (Mg4Al10Si2O23) 

Spinel  

Monoxide 
Olivine 

Silicon carbide 

low cement 
(SCLC) 

Al2O3 (corundum) 

SiO2 (quartz, cristobalite) 
SiC (different types) 

CaAl2Si2O8 (anorthite) 

Al2O3 (corundum) 
SiC 

CaAl2Si2O8 (anorthite) 
Al2O3 (corundum) 

SiO2 (quartz) 

SiC 

CaAl2Si2O8 (anorthite) 

Cordierite 
Mullite 

Tridymite 

Hibonite (HB)* 
Al2O3 (corundum) 
CaAl12O19 (hibonite) 

Al2O3 (corundum) 
CaAl12O19 (hibonite) 

*Al2O3 (corundum) 

*CaAl12O19 (hibonite) 

*MgAl2O4 (spinel) 

CaAl2Si2O8 (anorthite) 

Corundum 

Hibonite 
Ca,Mg-Aluminate 

{Spinel} 

{Leucite} 

Isopressing 

Zirconia with 

mullite (ZR+ML) 

Al6Si2O13 (mullite) 

ZrSiO4 (zircon) 

ZrO2 (zirconia) 

ZrSiO4 (zircon) 
ZrO2 (zirconia) 

ZrSiO4 (zircon) 
ZrO2 (zirconia) 

CaAl2Si2O8 (anorthite) 

Corundum 

ZrSiO4 (zircon) 
ZrO2 (zirconia) 

Mullite 

{Sapphirine} 

Graphite Brick 

(C) 
 

C (graphite) 

SiO2 (Cristobalite, quartz) 
 

 

* The sample broke and fell down the gasifier after approximately 12 hours.  

3.2 Thermodynamic equilibrium calculations  297 

The slag composition from the graphite probe was assumed to be the true composition of the ash slag, due 298 

to the lack of inorganic elements that could be dissolved by the slag. A temperature of 1220 °C was used 299 

in all calculations based on the shielded thermocouple TC-4 that was located at approximately the same 300 

level as the exposed material probes. A gasification atmosphere corresponding to the measured gas 301 

composition was also fixed. Under these conditions, the slag is predicted to be completely molten within a 302 

two-phase melt. Phase assemblages were generated based on the bulk compositions of each refractory 303 

material and the slag. The major (and minor) phases predicted are listed in Table 6. They are mostly in 304 

agreement with the phases identified from XRD but differences are expected given the heterogeneous 305 

make-up of the refractories, phase formation kinetics and transport limitations. For example, the lack of 306 

anorthite formation in the HB-brick indicates that factors besides thermodynamics have an influence over 307 

the slag refractory interactions. Leucite was also not predicted for slag interactions with MgO nor spinel. 308 
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Instead olivine and sapphirine, respectively, were the main phases predicted. Phase assemblages were also 309 

generated to evaluate the stability of the 12 crystalline phases identified in the pristine refractories. 310 

Anorthite was predicted to be formed as a major crystalline phase from slag interactions with CaAl2O4, 311 

corundum, diaoyudaoite, grossite, andalusite, mullite, hibonite and, to a much lesser extent, spinel. This is 312 

in agreement with the anorthite phase found from the HA+CA, ADL and SCLC refractories. A solid 313 

solution of melilite was also predicted to form from slag interactions with CaAl2O4 and grossite, which 314 

was identified in the HA+CA-brick. The formation of these phases, in particular melilite and anorthite 315 

may cause degradation, e.g., grain cracking, due to changes in density upon their formation (Table 7). 316 

ZrSiO4 was predicted to be stable against the slag, while ZrO2 would lead to the formation of ZrSiO4. 317 

Table 7. Density of minerals identified in pristine and exposed refractories 318 

Mineral Density [g/cm3] 

Andalusite 3.13 - 3.21 

Anorthite 2.74 - 2.76 

CaAl2O4 2.94 

Corundum 3.98 - 4.1 

Grossite 2.88 

Hibonite 3.83 - 3.85 

Leucite 2.45 - 2.5 
Melilite 2.9 - 3.0 

Mullite 3.11 - 3.26 

Periclase 3.55 - 3.57 

Quartz 2.65 - 2.66 

Spinel 3.6 - 4.1 

Zircon 4.6 - 4.7 

Zirconia 5.6 - 6 

 319 

Given that the matrix of refractories often interact more extensively with the slag and facilitate 320 

penetration, TECs and viscosity estimations were carried out using the matrix compositions. These were 321 

based on the step-wise calculation method described in Section 2.5. The phases predicted are 322 

demonstrated for the HA+CA and HASPf2 matrices in Figure 9. 323 

       324 

Figure 9 Phase distribution for slag/refractory matrix interaction (left) HA+CA and (right) HASPf2.  325 



16 

 

Estimations of the molten slag viscosities for each calculation were carried out with the Viscosity module 326 

in FactSage 7 and are shown Figure 10. 327 

 328 

Figure 10 Viscosity estimation of melts penetrating refractories. 329 

The ADL, SCLC and ZR+ML matrices produce very viscous melts with increasing refractory matrix, 330 

suggesting that slag penetration would be limited. On the other hand, the HB matrix interacts with the slag 331 

to become more fluid with increasing matrix share in equilibrium with anorthite, corundum and hibonite. 332 

The fluidity of the melt and the formation of anorthite are possible reasons as to why this refractory probe 333 

did not last as long as the others. The HA+CA matrix also forms a very fluid melt, in equilibrium with 334 

mainly hibonite, in addition to smaller amounts of anorthite and melilite. 335 

Although the HASPf1 and HASPf2 refractories result in very low viscosity melts, they become 336 

compatible with spinel and MgO with increasing amounts of refractory. This suggests that they will flow 337 

and fill voids, but will not dissolve components of the refractory extensively, which was observed 338 

experimentally.   339 

3.3 Implications and outlook 340 

Pure bark ash is basic with CaO/SiO2 ≈ 4.4 but the high Si content in the peat alters the ratio for the total 341 

mixture to 0.75, and the ash slag a ratio of 0.4 which gives it more acidic properties that is more often seen 342 

with coal than with biomass. However, it does contain approximately 10 at.% alkali metals that 343 

distinguishes it from typical slags from other industries; e.g., steelmaking or coal gasification. 344 

When ash slag comes in contact with the material probes, refractory components dissolve and change the 345 

slag composition. Depending on the dissolved components, the slag viscosity, and therefore the continued 346 

rate of infiltration, may increase or decrease. In the case of silicon carbide and andalusite castables where 347 

Si is abundant, the viscosity of intruded slag increases as more refractory components are incorporated 348 

and practically comes to a halt. Protection of silicon carbide grains is likely, as the oxygen activity in the 349 

gasifier is high enough to oxidize the carbide such that a layer of protective oxide is formed [21]. Removal 350 

or fluxing of this layer would lead to increased wear of the grain. When the castables are mainly 351 

composed of corundum or hibonite, the viscosity of the slag does not increase and therefore the infiltration 352 

is deeper in these materials. The bending of the corundum castable (HA+CA) could be explained by 353 

matrix dissolution that has gone so far that the bulk material loses its rigidity and bends under gravity. The 354 

large cracks in the upper part, filled with slag, speak for this explanation. An alternative scenario that 355 
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could bend the material would be if a large portion of new crystalline phases is formed on top of the 356 

material while the bottom expands less, with a downward bend as effect.  357 

As the binding phase in the zircon brick (ZR+ML) is being dissolved the slag viscosity is initially 358 

increased but as more original slag is incorporated in this mixture the viscosity is approaching that of 359 

unaltered slag. When the binder phase is replaced with slag the zircon grains becomes mobile. Some 360 

grains are seen in the slag after 6 hours of exposure and the effect is more distinct after 27 hours. This 361 

effect should be seen for all materials where the matrix is being dissolved by intruded slag. Higher Si 362 

content and larger grains should delay the effect because more slag is required to reach viscosities where 363 

grains start to move and the liquid zone must stretch deeper into the material to completely surround large 364 

grains. The small grains at the surface shows higher concentration of Zr than the large grains but also 365 

some Si, Ca, and other elements found in the slag. This observed disintegration is in contradiction with the 366 

TEC predictions. Pure zircon dissociates into oxides at 1673±10°C [22] but in the presence of impurities it 367 

has been observed at far lower temperatures [22] [23] [24]. 368 

Despite the relatively low porosities of the HASPf1 and HASPf2 refractories, envelopment of spinel 369 

grains means that even these dense materials may be at risk to be disassembled after long exposure times 370 

in a similar way as the other materials. Nonetheless, though slag infiltrates and to some extent dissolves it, 371 

this material seems to be the least affected among the tested materials. 372 

The formation of anorthite was predicted from TECs and also observed in Al-silicates and the corundum 373 

material. Zhang et al [25] found anorthite after exposing alumina to a model slag rich in Ca, Si, and Fe at 374 

a temperature of 1600°C. Ptáček et al [26] studied formation of gehlenite, Al-Si spinel, and anorthite from 375 

heating kaolinite and calcite. Upon heating of this mixture gehlenite was formed at temperatures above 376 

950°C and anorthite at 1256°C. Schaafhausen et al [27] found gehlenite after exposing mullite to woodash 377 

(mainly Ca and K, with ~8% Si, and <2% Al) at 950°C and 800°C. During formation of these phases, 378 

besides that more mass in form of CaO is added to the system, the density of the products are lower than 379 

the ones in the original refractory which means that the volume will increase. Formation of hibonite was 380 

not seen in this study even though it was predicted by TECs for some materials. Other researchers have 381 

observed hibonite formation from corundum in contact with Ca- rich slag [16] [25] [28] and [29] also 382 

from letting natural dolomite decompose and react with corundum [30]. These experiments were however 383 

done with temperatures above 1500°C as compared to about 1220°C in this study. This indicates that 384 

hibonite-based refractories should be investigated further. 385 

The severity of the mentioned destructive effects (swelling, spalling, dissolution and dislodging of grains) 386 

taking place in refractories should be ranked and assessed when choosing a material. Even though one 387 

refractory might not be thermodynamically stable, it may be resilient enough to have an acceptable time of 388 

service.  389 

4. Conclusions 390 

All tested materials showed signs of degradation after 6 and 27 hours exposure but fused cast spinel 391 

seemed least affected in terms of slag intrusion and formation of new phases. A siliceous slag with 392 

approximately 10 at% alkali and 20 at% alkaline earth metals (oxygen-free basis) was deposited upon the 393 

refractories. The slag on refractory probes all had higher Al concentrations than ash slag collected on a 394 

graphite probe, which meant that Al was dissolved from all materials. Mainly periclase but also spinel was 395 

dissolved from the fused cast spinel. Castables with high Si content showed less intrusion than those with 396 



18 

 

low Si content. This is attributed to the altered slag composition followed by changes in viscosity. The 397 

zircon-mullite brick showed signs of failure by dissolution of the binding mullite phase which led to 398 

removal of zircon grains from the material surface. These grains also dissociated which was in 399 

contradiction with TECs. Anorthite was formed in the corundum castable, mullite castable, and silicon 400 

carbide castable. Stepwise TECs with viscosity estimations to mimic the change in slag flow were in 401 

qualitative agreement with the degree of infiltration and degradation observed for each refractory. The 402 

results indicate that the corrosion severity can be largely dictated by the resistance that the matrix possess 403 

against slag infiltration and that SiC-, hibonite-, zirconia- and spinel-based refractories are of interest for 404 

further investigation as potential containment refractories for woody biomass-based gasifiers.  405 
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Abstract

Pressurised entrained-flow gasification (PEFG) of woody biomass is being

developed with the aim of producing high purity syngas to sustainably synthe- 3

sise vital chemicals for industrial, transport, and agricultural purposes. The

refractory materials used in the containment structures of PEFG reactors can

be corroded due to interaction with ash-forming matter. Refractory corrosion 6

relating to coal PEFG reactors have been surveyed with the objective of provid-

ing recommendations of research activities for the development of refractory

materials for woody biomass PEFG reactors. Chemical reaction/dissolution, 9

spallation, and slag infiltration are mechanisms associated with the degrada-

tion of common high-chromia refractories used in coal PEFG reactors. The

microstructures and chemical compositions of refractories play vital roles in 12

mitigating corrosion behaviour. Prospects of alternate material compositions

and optimised microstructural properties for refractories exist. In regards to

PEFG of woody biomass, an important aspect to study is the attack of refrac- 15

tories by gaseous alkali, in particular K. This, along with high alkali content

slags, is a significant difference that distinguishes woody biomass PEFG from

coal PEFG. Some materials of interest and guidelines for the development of 18

resilient refractories are given.

1 Introduction

Refractory materials used for the hot face of containment vessels of pressurised en- 21

trained-flow gasification (PEFG) reactors are exposed to high temperatures (up to

1600 °C), reducing atmospheres (p(O2) ≈ 10−8 bar) and contact with potentially

harmful ash-forming matter. The ash-induced corrosion of refractories in coal gasi- 24

fiers has been widely reported and is regarded as the main contributor underpinning

their degradation. Lengthy downtimes at gasification plants can be incurred due to

unforeseen refractory failures [1–3]. Replacement of refractory material, commonly 27

chromia (Cr2O3)-based, is expensive and poses environmental problems [3,4]. Despite

operating measures — e.g., temperature control, to prolong refractory lifetimes — they
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typically last only 2–3 years, sometimes much shorter [3,5]. For these reasons, refrac-

tory issues have been highlighted as a major hindrance against wider deployment of

coal PEFG [3]. There is much interest to develop refractories that have longer lifetime3

and/or consisting of cheaper and less environmentally harmful materials. As such, a

significant amount of research has been devoted towards elucidating the chemical and

physical mechanisms of refractory degradation.6

PEFG of woody biomass is currently being developed as a potentially sustainable

and renewable process to produce biofuels [6]. As with coal gasification, it is essential to

consider the development of refractories as an integral part of the overall development of9

this biomass-based technology. In the interest of this, and, although ash compositions

generally differ significantly between woody biomass and coal [7,8], it is nonetheless

instructive to be acquainted with the knowledge that has been gained from the studies12

of refractory degradation in coal gasification. This can provide useful insight into the

underlying principles that should be considered when developing refractory materials

for woody biomass PEFG. Moreover, there exist possibilities to gasify woody biomass15

with other fuels in order to achieve slag compositions and behaviours close to coal ash

[9].

The objectives of this literature overview are: (1) to highlight the mechanisms18

that can cause refractory corrosion during PEFG, and; (2) to recommend research

activities that should be undertaken in the development of refractories suitable for

woody biomass PEFG.21

The major research groups relevant to the objectives were identified and thereafter,

articles of interest cited in their publications as well as articles citing their works were

examined. The publication year of articles was not limited, but those deemed most24

relevant and assessable were mainly published after 2000. Therefore, it is by no means

exhaustive. A number of handbooks and textbooks were also consulted.

The following section describes the basic constitution of refractories and introduces27

the most fundamental characteristics. The third section describes chemical and physi-

cal aspects that can occur during corrosion of refractories, as well as thermochemical

aspects. Where possible, focus is placed on literature that studies these with respect30

to coal PEFG reactors. The fourth section provides recommendations of research ac-

tivities in the interest of developing resilient refractories for PEFG of woody biomass.

2 Constitution and characteristics of refractories33

The high temperatures encountered during PEFG requires the use of oxide-based re-

fractory materials for the containment hot face. Refractories consist of heterogeneous

components, both chemically and physically. The selection of chemical composition for36

the refractory in gasifiers is based foremost on the reactivity that they may have with

the ash-forming matter. This is facilitated by the concept of acidic and basic oxides

that is based on the ionic potential of cations and their attraction to O–2 anions [10].39

Common oxides can be ordered, loosely, from basic to acidic as follows: K2O–Na2O–

CaO–MgO–FeO–Al2O3–Cr2O3–Fe2O3–ZrO2–TiO2–SiO2–P2O5. Under this principle,
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there is a driving force for interactions to occur between acidic oxides and basic oxides;

i.e., formation of new phases and/or changes in the distribution of phases. Such inter-

actions are often, but not always, undesirable because it can degrade the refractory. 3

Hence, a guideline of refractory design from a compositional perspective with respect

to coal ash slags, which are mostly SiO2-rich and acidic but can also be basic, is to use

neutral refractory materials. For this reason, coal gasifier refractory materials consist 6

mainly of Cr2O3, ZrO2, Al2O3, and/or MgO [3]. As a first estimation to classify

slags and predict their chemical behaviour, the base-to-acid mass ratio of Eq. (2.1) is

ubiquitously used [10]: 9

Base

Acid
=
B

A
=

K2O + Na2O + CaO + MgO + FeO

SiO2 + Al2O3 + Fe2O3 + P2O5 + TiO2
[wt%/wt%] (2.1)

In terms of physical make-up, refractories can generally be thought of as composing

of multi-compositional and multi-sized grains (from 1 to 104 µm) that are bonded to

one another [11]. The grains are classified either as aggregates or matrix components. 12

Aggregates are typically large grains of refractory material that are relatively homo-

geneous in composition individually and can be macroscopic or microscopic crystals.

Aggregates are sometimes referred to as grains in the literature. Their structure is 15

important because defects such as grain boundaries and cracks can affect the rate and

severity of their degradation. Matrix components bind the aggregates to one another.

This can be the interfaces of aggregates that are sintered directly to one another, or it 18

can also often be of another sintered material with a more heterogeneous composition.

Cements, which are refractory materials that form pastes and harden with water, can

also be used to form the matrix. Voids, or porosities, are small gaps between or within 21

aggregates and matrices. Open, or apparent, porosities are voids accessible from the

surface of the refractory, such that an external fluid can readily penetrate. Closed

porosities refer to internal voids within the refractory that are not readily accessible 24

by an external fluid. Voids can be connected to form networked channels called pores,

whose widths can vary from on the order of tenths-of-µm to mm [12]. The distribution

and morphology of aggregates, pores, and matrix determine the overall microstructure 27

of the refractory material that, along with the chemical compositions, determine the

Aggregates

Porous
matrix

Large
pores

100 μm

Cracks

Figure 2.1: Cross-sectional SEM image of an alumina-based castable refractory
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occurrence and severity of corrosion. Fig. 2.1 shows a scanning electron microscopy

(SEM) image of the cross-section of an alumina-based castable refractory with the main

constituents exemplified.3

3 Mechanisms of refractory corrosion

The corrosion of refractories during coal PEFG can be attributed to three main mech-

anisms: chemical reaction/dissolution, spallation, and slag infiltration. Although they6

can occur independently, they often occur simultaneously such that they reinforce the

occurrence of each other to inflict severe corrosion.

3.1 Dissolution and chemical reaction9

Dissolution of refractory occurs due to contact with slag melt that is undersaturated

with respect to particular chemical components that can be extricated from the refrac-

tory. The rate of dissolution of a chemical constituent from a refractory into a slag melt12

can be characterised by the Berthoud extension of the Noyes-Nernst equation [13]:

JD =
K

1 +K (δ/D)
(Cs − Cm) (3.1)

JD = rate of dissolution [kg/m2.s]

K = surface reaction rate [mol/m2.s]

δ = boundary layer thickness [m]

D = diffusion rate of component in slag melt [m2/s]

Cs = constituent saturation concentration in slag melt [kg/m3]

Cm = constituent concentration in slag melt [kg/m3]

With respective to minimising dissolution (i.e., JD → 0), Cs−Cm, K, and D/δ should

be minimised. Cs−Cm is the main quantity that can be most readily controlled because15

Cs can be obtained readily from phase diagrams or thermodynamic calculations while

Cm can be measured accurately and conveniently ex-situ [14,15].

The occurrence of dissolution can proceed in a direct (congruent, homogeneous) or18

indirect (congruent, homogeneous) manner. Direct dissolution is the incorporation of

the refractory constituent into the slag melt without the formation of new phases. This

can be represented by circumstances where very high surface reaction rates dominate21

over the boundary layer diffusion rates; i.e., K � D/δ in Eq. (3.1), such that the

dissolution rate is controlled by diffusion mass transport in the slag. In a gasifier

where slag is intended to flow down the reactor wall, continuous direct dissolution of24

the refractory implies that it will be fluxed away catastrophically. Indirect dissolution

can be described as the formation of new solid phases due to reaction between slag melt

and refractory constituents. This can be represented in the case where dissolution is27

surface reaction-controlled; i.e., K � D/δ. The reaction rate is effectively subdued

because refractory components must traverse through the solid layer via molecular
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diffusion in order to further react with the slag melt [11]. The formation of new solid

phases at the slag and refractory interface can hinder or prevent further dissolution,

and is a factor to be considered when designing refractories. The potential occurrence 3

of either forms of dissolution can be evaluated using phase diagrams or thermochemical

calculations (TECs) [15].

These corrosion mechanisms are illustrated in studies of refractory corrosion re- 6

lating to coal PEFG. High chromia refractories are common in such reactors because

the solubility of Cr2O3 is very low in coal ash slag melts (which is usually dominated

by SiO2, Al2O3, FeO, CaO) such that direct dissolution is very low [3]. However, 9

Cr2O3 can react with coal ash slag components to form crystalline phases at the in-

terface; i.e., indirect dissolution. Kaneko et al.[16] reported that a protective layer

of chromite (FeCr2O3) was formed from the interaction of a 90 wt% Cr2O3/10 wt% 12

Al2O3 refractory with a synthetic slag that had a composition representative of typical

of USA coal. After a sessile drop exposure time of 5 hr under reducing atmospheres at

up to 1450 °C, this refractory showed more resilience against corrosion than alumina 15

and alumina-silica refractories, both of which exhibited extensive slag dissolution and

infiltration. Fig. 3.1(a) shows slag dissolution of the alumina refractory matrix that

led to extensive infiltration. The matrix is generally dissolved more rapidly because it 18

comprises small grains with higher surface area and compositional heterogeneities, by

design or as impurities, in fulfilling its role to sinter and bond to the aggregates [11].

In contrast, Fig. 3.1(b) shows how the protective layer formed upon the high-chromia 21

sealed the underlying materials from the slag. Kaneko et al.[17] further proposed that

the protective FeCr2O3 layer was formed via diffusion of Fe2+ and Cr2+ ions across the

initial reaction layer at the slag/refractory interface, as per the mechanism by Wagner 24

[18]. Hence, growth of the layer is both outwards into the slag region and inwards

into the refractory (Fig. 3.2(a)). The growth inwards was reasoned to be more rapid

because the overall reaction produces three times more FeCr2O3 at the FeCr2O3/Cr2O3 27

interface based on the charge-balancing constraints that apply to the reactions fronts

and in the FeCr2O3 layer. Bennett and Kwong [3] also found a FeCr2O3 layer formed

upon the surface of a high-chromia refractory used in a commercial PEFG reactor that 30

was operated for 2000+ hr. In addition, a possible FeAl2O3 layer was also formed

(a) (b)

Figure 3.1: Direct (a) and indirect (b) dissolution of alumina and high-chromia refractories,
respectively. Source: Kaneko et al.[16]
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(a) (b)

Figure 3.2: Indirect dissolution of high-chromia refractory. Source: adapted from Kaneko et
al.[17] (a) and Bennett and Kwong [3] (b)

upon the FeCr2O3 layer (Fig. 3.2(b)), through it was not known whether the Al was

derived from the refractory or the slag. Not all interfacial solid phases formed are

necessarily protective of the underlying refractory. Formations of irregular and jagged3

layers of Fe(Cr, V, Al)2O4 were found for experiments with petcoke/coal mixture fuel

ashes that consisted of around 2–3 mol% V [17]. This was hypothesised to be vulnerable

to spallation caused by the flow of slag under real gasification circumstances, which6

would allow further corrosion.

3.2 Chemical and structural spallation

Although the formation of solid layers may prevent slag infiltration and hinders the in-9

terfacial diffusion of refractory and slag constituents, they can cause interfacial stresses

with the original Cr2O3/Al2O3 solid solution phase due to their unequal densities.

This can lead to chemical spallation in which surface fragments become dislodged from12

the hot face and subsequently expose the underlying pristine refractory for repeated

corrosion. The formation of new phases deeper within the refractory can also cause

structural spallation, where more significant amounts of refractory material are de-15

tached [3,11,19]. A possible difference of 6.5 % in the thermal expansion between

the hot face and cold back of a high-chromia refractory from a commercial gasifier

— attributable to slag infiltration — was reported, which would likely contribute to18

cracking and spallation [3]. Such degradation is worsened by thermal cycling, which

can induce crack formation due to unequal coefficients of thermal expansion of different

adjoining phases. Bennett and Kwong [3] graphically summarised a sequence of events21

involving slag infiltration and dissolution leading to the eventual spallation of high

chromia-based refractories in commercial gasifiers (Fig. 3.3).

Porosity can exacerbate spallation via facilitating infiltration of slag. On the other24

hand, higher porosity can also reduce the risk of thermal cycling or thermal shock

damage by inhibition of crack propagation [20,21]. The formation of spallation phases

can also depend on the gaseous atmosphere. Biedenkopf et al.[22] found that, given a27

sufficiently low O2 partial pressure, the oxidation state of Fe could produce spallation-
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Figure 3.3: Sequence leading to spallation of high chromia-based refractories. Source: Ben-
nett and Kwong [3]

inducing spinel phases in reaction with a high-chromia refractory; otherwise, formation

of benign Fe2O3 would prevail. It should be noted that spallation can also occur

without chemical interactions; i.e., via mechanical impaction with a foreign object 3

and/or the presence of an overly steep thermal gradient through the refractory [11].

3.3 Slag infiltration

Infiltration refers to the physical transport of slag into the pores of a refractory via 6

capillary action. It is dependent upon a number of factors, in which horizontal infiltra-

tion can be characterised by a simplified version of the Washburn equation [11,23,24]:

9

JI =
rγ cos θ

4µl
(3.2)

JI = infiltration rate [m/s]

r = pore radius [m]

γ = slag melt/atmosphere interfacial surface tension/energy [J/m2]

θ = contact angle of slag melt upon smooth refractory material [°]
µ = slag melt viscosity [Pa.s]

l = infiltration depth [m]

Accordingly, the infiltration rate increases with pore size and high wetting behaviour

(high γ, low θ), and is reduced by high slag melt viscosity and deeper infiltration

depths. Because the matrix is more porous and made up of finer particles with rela- 12

tively greater surface area for slag-induced dissolution, preferential infiltration via the

matrix is often reported. Nakano et al.[25] studied synthetic coal ash slag corrosion of

90 wt % Cr2O3/10 wt% Al2O3 and 100 wt% Al2O3 refractories using sessile drop tests 15

at 1500 °C under reducing conditions. Under a short exposure time of 10 min, they

reported that the direct corrosion of aggregates was limited but slag infiltration into

the more porous matrices was extensive (Fig. 3.1(a)). In fact, alumina aggregates were 18

found to be loosened from the 100 wt% Al2O3 refractory due to relatively extensive

dissolution of the surrounding matrix into the slag melt. Slag infiltration into open

pore networks was also significant for both refractories. 21

Temperatures inside the refractory decrease with increasing depth away from the

hot face surface, which can induce changes in slag melt properties in addition to the

changes in composition caused by dissolution/chemical reaction. Kaneko et al.[24] 24

studied the effect of a temperature profile upon coal ash slag corrosion of a 99 wt%
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Al2O3 refractory with approximate thickness of 76 mm. The slag penetration depth

into the refractory with a steeper thermal gradient (3.6 °C/mm vs. 1 °C/mm) was

shallower (10.4 mm vs. 13.3 mm) after 1 hr exposures with surface temperature at3

1450 °C. This was attributed mainly to the increase in viscosity of the infiltrating slag

melt in the presence of a steep cooling gradient. In turn, this increase in viscosity was

attributed to have the dual effect of slowing the infiltrating flow and also decreasing the6

refractory dissolution rate such that the widening of pores that facilitate infiltration was

slowed. Despite these postulations, viscosity estimations based on measured chemical

compositions at specified depths did not appear to be conclusive; nonetheless, the effect9

of thermal gradient on infiltration behaviour was highlighted. The effect of refractory

composition in retarding slag infiltration was also reported by Kaneko et al.[16] from

their aforementioned experiments. They found that the infiltration of synthetic ash12

slag was lower for a 15 wt% SiO2/85 wt% Al2O3 refractory (12.7 mm) than a 99 wt%

alumina refractory (3.8 mm). This was despite the initial pore sizes being larger for

the alumina-silica refractory. Hence, it was concluded that the likely higher viscosity15

melt, resulting from the dissolution of SiO2 into the infiltrating slag, had a role in

slowing the infiltration. A change in slag melt composition alongside infiltration of a

refractory in a commercial gasifier is demonstrated in Fig. 3.2(b) [3]. Crystallisations of18

components in surface slag 1, due to cooling, are not present in slag 2, which infiltrated

the refractory. This was attributed to the extrication of FeO from the slag melt in the

formation of the surface FeCr2O3 layer, prior to infiltration of the subsequently Fe-21

deficient slag melt. However, the exact mechanism by which both slag infiltration and

protective layer formations can occur has yet to be verified [17].

Bie et al.[26] compared the infiltration of a coal gasifier slag (B/A = 0.47) into24

Al2O3 –SiC–C and Cr2O3 –Al2O3 –ZrO2 refractories in air and within a coke bed (pre-

sumably creating a reducing atmosphere) at 1550 °C for 3 hr. Their motivation was

to exploit the high stability of SiC grains and also the low slag wettability of graphitic27

surfaces to reduce infiltration. Compared to the Cr2O3 –Al2O3 –ZrO2 refractory, the

Al2O3 –SiC–C refractories exhibited less penetration with increasing graphite content

up to 7 wt%. In-situ formation of SiC was thought to have contributed towards the30

formation of pores (∼ 150 nm) that were approximately 10 times smaller. However,

under air atmosphere, the Al2O3 –SiC–C refractories exhibited decarburisation lay-

ers emanating from the outer surfaces, which implies cautiousness for use in gasifiers33

because oxidative conditions can be induced due to inherent process fluctuations.

3.4 Effect of microstructure

The microstructure of a pristine refractory can be affected both by the composition,36

phases, and sizes of grains that are selected for raw materials because of the location and

morphology of the phases that can be formed during sintering (Fig. 3.4). Such phases

can induce stresses that cause cracks and pores that possibly enhance corrosion by slag39

during usage, as well as affecting mechanical properties such as moduli of rupture and

creep resistance [28]. Sako et al.[29] reported on the importance of microstructure when

they compared four refractories essentially of identical chemical composition but with42
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Figure 3.4: Changes in microstructure of refractory during sintering. Source: Kiyota [27]

different amounts of pre-formed and in-situ spinel. The latter facilitated formation of

dense protective Ca-aluminate phases upon corundum aggregates and in the matrix,

which limited slag interaction. Conversely, the refractory containing only pre-formed 3

spinel resulted in formations of volume expansive Ca-aluminates in the matrix that

resulted in cracking and allowed greater infiltration of a CaO- and Fe2O3-rich steel-

making slag [30]. Braulio et al.[31] also compared the effects of microstructure upon 6

the basic slag (B/A = 1.3) corrosion of in-situ and pre-formed spinel-based refractories

at 1500 °C. While the latter had a comparable or smaller volumes of open porosities,

they were of larger pore sizes. This was suggested to be partly responsible for the 9

greater extent of infiltration of the refractory using pre-formed spinel that also led to

severe cracking. They emphasised the importance of matrix composition in controlling

phase formations that may induce such degradations. In this case, the formation of 12

Ca-aluminate phases from the interaction of the slag and the matrix hindered corrosion

in some specimens but caused varying degrees of spallation in others. The porosity of

the interfacial solid phases formed also determines their ability to hinder further slag 15

melt infiltration [32]. Thereafter, the distribution of pores plays an important role in

determining the rate and level of infiltration, which in turn can determine the corrosion

behaviour. Open pores enable slag to infiltrate readily, especially for pores that are 18

interconnected and not isolated [11]. Infiltration alone, without dissolution, can also

cause spallation because filling of pores — which would otherwise be available to buffer

the expansion of refractory constituents — can cause excessive stresses to build up. 21

3.5 Gaseous attack of refractories

The reducing atmosphere encountered during PEFG can cause direct corrosion of re-

fractory material. For example, under the high temperature and low O2 partial pressure 24

conditions, H2(g) can react with available SiO2(s) to form H2O(g) and SiO(g) that can

be transported away. The disintegration of CO into C and CO2 (Boudouard reaction)

can be catalysed by Fe2O3 between approximately 400–700 °C. Such temperatures can 27

prevail deeper in the refractory away from the hot face and the presence of Fe impurities

have caused structural bursting because of the formation of Fe-carbides [33].

Kennedy [34] reported the spallation of a mullite-based refractory in a under the 30

high temperature and low O2 partial pressure conditions fixed bed coal gasifier. Analy-

sis 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 mullite- 33

based refractories have also been documented from other high temperature furnaces
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and experiments [35,36]. Alkali can react with free silica to form molten alkali-silicate

phases that flux away the refractory and/or subsequently form lower density phases

can be conducive of spallation. Stjernberg [37] found that K could penetrate deeper3

than Na into such refractories used in rotary kilns. Substantial amounts of leucite

(KAlSi2O6), among other crystalline phases, were possibly formed during operation,

becoming spallation agents that degraded the refractory.6

Spear and Allendorf [38,39] studied the thermodynamic propensity of corrosive

products from the attack of NaOH(g) and KOH(g) attack against silica [38] and alu-

mina [39] refractories (Fig. 3.5(a)). They found that silica-based molten phases formed9

with the alkalis would generally increase with increasing temperature, which implies

exacerbated corrosion in agreement with practical experiences. For alumina, the forma-

tion of solid alkali-aluminate phases was predicted and such materials were suggested12

to be superior to silica with respect to minimising the risk of corrosion. Nilson et

al.[40] derived an analytic model to study the rate of corrosion of silica refractory due

to NaOH(g). They took into account the gas transport of NaOH(g), the chemical15

kinetics, and diffusion of Na2O in the liquid slag as well as the capillary suction of slag

into the refractory (Fig. 3.5(b)). They concluded that the concentration of NaOH(g)

and reaction rate at the liquid/silica grain interface are the rate-limiting factors, while18

liquid diffusion and capillary suction occurred relatively rapidly. In a similar manner,

Beerkens and Verheijen [41] analysed the scenario with the presence of CaO incorpo-

rated in the refractory. Their results, both from experiments and modelling, showed21

that the presence of 2–3 wt% CaO would increase the range of temperatures at which

the silica refractory would be susceptible to attack. In addition, increasing gas flow

velocity exacerbated the rate of corrosion due to enhanced gas diffusion.24

In 20 hr experiments exposing a 10 wt% Cr2O3/90 wt% Al2O3 refractory to gaseous

alkali, MAlO2 and MAl11O17 (M = Na, K) were found between 1027–1327 °C [42].

NaCrO2 was also reportedly detected but not KCrO2. The formation of MAlO2 was27

concluded to be conducive of spallation due to their significantly lower densities com-

pared to the original refractory constituents, and was expected to be formed at the

surface where concentrations of alkali are higher. The gaseous alkali attack of refrac-30

tories with higher chromia contents does not appear to be available in the literature,

likely reflecting the fact that refractory corrosion during coal PEFG is mainly attributed

(a) (b)

Figure 3.5: Schematic of refractory corrosion by alkali gas attack. Source: Allendorf and
Spear [38] (a) and Nilson et al.[40] (b)
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to condensed ash slags. However, Cr can also be volatilised under high temperature

oxidation conditions, which causes shrinkage that can lead to spallation [19,22].

3.6 Thermodynamic equilibria 3

Phase diagrams and thermochemical equilibrium calculations (TECs) can be useful

aids in designing resilient refractories [15,43–45]. High temperatures and long residence

times of ash slags that dwell upon refractories are factors that favour the interfacial 6

system in reaching a state close the equilibrium condition. Even so, Lee et al.[43] and

Poirer et al.[44] have summarised factors that should be judiciously considered when

using phase equilibrium to analyse refractory corrosion. These include: 9

• differences in the composition and physical properties of the matrices and aggre-

gates

• local equilibria effects due to diffusion and chemical kinetics 12

• changes in penetrating slag composition/flow behaviour due to reaction with

refractory components

• physical properties such as porosity and grain boundaries 15

• differences in local and global furnace atmospheres and temperatures

• formation of non-representative phases during sample cooling in order to accom-

modate for ex-situ analysis 18

A number of these can be studied in a straightforward by systematically varying pa-

rameters of interest, e.g., phase assemblages between slag and refractory compositions.

Fig. 3.6(a) shows an example where slag is assumed to dissolve some spinel and form 21

new crystalline phases at the slag-spinel interface. Such an interpretation, however,

assumes that the diffusion of components from both slag and spinel are equal. Diagrams

such as these can help to give qualitative insights and interpretation of results obtained 24

from experimental analyses, but mass transport and chemical kinetics are factors that

require proper consideration before quantitative interpretations can be made [44].

For the case of infiltrating slag, Reinmöller et al.[48] used stepwise TECs described 27

by Besmann [49] to mimic the change in molten slag composition as it infiltrated a
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Figure 3.7: Stepwise TECs used by Reinmöller et al.[48] to mimic slag infiltration and phases
formed during cooling

refractory. The first calculation involved equal mass amounts of refractory and ash

slag. The resulting predicted solids were then excluded in the second step of the cal-

culations, which only involved the predicted molten slag (MS) and the refractory (R)3

compositions on a mass ratio R:MS of 1.5:1. Similar calculations were used stepwise

but with an increasing R:MS ratio (2,3,4,5,6:1) to mimic the reduction in infiltration

of the molten slag with increasing depth (Fig. 3.7). The phase equilibria based on the6

compositions of the solids at each step were re-calculated at 800 °C to compare with

phases identified in experimental samples with SEM-EDS and XRD. This was assumed

to be the temperature below which solid transformations would no looker take place9

and would thereby be representative of the experimental samples as analysed at room

temperature. The phases identified were generally in agreement with those predicted.

The infiltration depth was identified as the limits of new formed phases or where only12

compositions pertaining to the pristine refractory were found. Using this method,

a roughly linear relationship between the infiltration depth and the R:MS ratio was

shown. Zhao et al.[50] extended this stepwise method to consider the different compo-15

sitions of the matrix, surface aggregates, and inner aggregates of an alumina-chromia

refractory under corrosion from two different slags. However, they kept the stepwise

R:MS ratio constant at 1:1. Their calculations indicated that a molten slag would18

eventually only infiltrate via the matrix and that the changes in slag melt viscosities

may influence the severity. Luz et al.[51] further considered the predicted phases of

corrosion between a basic slag and spinel-alumina refractories and calculated Gibbs21

energy changes to evaluate the likelihood of reaction pathways at each calculation

step.

In these papers [48,50,51], the stepwise R:MS ratios and the initial ash slag and24
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refractory proportions were chosen arbitrarily. Varying these values can cause differing

results, both qualitatively and quantitatively, which appears to diminish the robustness

of this method as it stands. Nonetheless, it is conceivable that detailed characterisation 3

of the refractory as well as slag properties (e.g., density, viscosity, interfacial surface

energies) may enable it to be applied in a more rigorous manner; e.g., implementation

into Eq. (3.2). 6

Gaseous attack of refractories can also be studied with TECs by fixing gas partial

pressures (fugacity) to determine their propensity to corrode refractory materials, as

demonstrated by Spear and Allendorf [38,39] for gaseous alkali attacks on silica and 9

alumina. Likewise, Fig. 3.6(b) shows the predominance diagram for the Si–C–O sys-

tem that indicates the stability limits of SiC as a function of temperature and O2

partial pressure. 12

3.7 Refractory corrosion testing

Usage of sessile drop or static cup tests to evaluate the corrosion behaviour of refrac-

tories has been common for most of the experiments cited here. A variation to this 15

are the experiments in Ref. [16,17,24] where a tube furnace was used to drop slag onto

the preheated refractories after the experimental temperature was reached. All these

tests, however, are limited by the fact that in PEFG, slag is intended to continually flow 18

down the refractory, which can affect the corrosion behaviour. To include this dynamic

aspect, a couple of test methods are commonly used [52]. Finger tests involve rotating

a length of refractory specimen in pool of slag, while in rotary tests, pieces of the 21

refractory are arranged into a rotating kiln upon which slag is placed. The latter tests

are intended to simulate slag flow over the refractory, but also suffer from difficulties;

e.g., possible non-representative changes in both slag melt composition and/or fluid 24

motions [17]. A possibly more representative method would be to use a drop tube

furnace similar to Ref. [16,17,24] but with refractory pieces held at an angle such that

slag can be deposited continuously and would be allowed to flow, similar to a drip test 27

[52]. Slag could then also be collected at the outlet of the furnace and analysed for

dissolution of refractory components.

4 Development of refractories for woody biomass PEFG 30

Given that woody biomass ash is mainly basic but from which the ensuing ash slag

can be shifted to acidic due to ash fractionation, soil contaminants, or fuel blending

[9,53], a reasonable starting point for developing resilient containment materials for 33

PEFG of woody biomass could be based on refractories used in the steelmaking (basic

slag dominated) and coal gasification (acidic slag dominated) industries. Table 4.1

compares some typical chemical compositions from these processes. One significant 36

difference between them besides their acidity/basicity is the high contents of K in the

bark/peat mixture. In terms of alkali content, the Na contents in soda glass melts are

substantially higher. 39
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Table 4.1: Major oxide species of some process slags

K2O Na2O MgO CaO SiO2 Al2O3 Fe2O3

Steelmaking slag[29] - - 4.9 34.2 7.5 1.7 43.6

Coal slag[54] 1.39 0.92 1.19 5.76 43.6 25.2 17.0

Soda glass[55] 0.2 15.9 3.1 4.7 74.4 1.7 -

Bark/peat mixture[9] 7.2 1.0 5.6 25.0 33.2 10.7 7.7

4.1 Chemical compositions

Braulio et al.[56] reviewed aspects of spinel-based refractories used in steelmaking ladles

that may hold basic or acidic slags dominated by CaO, Al2O3, and SiO2. Based on3

practical experience and experiments, the slag resistant and thermomechanical prop-

erties of spinel-based refractories have made it a common for steelmaking. Spinel-

based refractories have, in fact, also been considered for coal PEFG. Gehre et al.[57]6

studied the corrosion of six spinel-based refractories by an acidic (B/A = 0.52) coal

ash slag in 100 % CO(g) atmosphere at 1450 °C for 3 hr. With the aim of studying

the effect of microstructure on slag infiltration and corrosion, they cast refractories9

with variations in alumina/spinel contents as well as contents of cements containing

spinel and Ca-aluminate phases. The refractories with spinel cement were found to

have less open porosities but the effect on pore sizes could not be conclusively deter-12

mined. Nonetheless, the reduction in open pores was ascribed to be the most likely

contribution towards limiting slag infiltration and corrosion compared to those with

Ca-aluminate cement or no cement at all. Thus, the use of spinel/alumina refractories15

with spinel cement showed good potential as a containment refractory. However, Gehre

et al.[57] acknowledged that further tests, including in actual gasifiers, are needed be-

cause critical factors were neglected in the experiments; e.g., Fe was assumed have18

been reduced to metallic Fe, which is not likely under actual gasification atmospheres

that have significant O2 partial pressures. There are also prospects of controlling and

improving the microstructure of spinel-based refractories via addition of components21

like Y2O3 and TiO2, which can aid sintering and reduce porosity [58,59]. A couple

of fusion-cast spinel-based refractories also showed resistance towards penetration and

corrosion from pilot-scale entrained-flow gasification of a bark/peat mixture [46] at24

approximately 1200 °C for approximately 27 hr.

Alumina-zirconia-silica (AZS) refractories are commonly used in the side and bot-

tom hot faces of glass production furnaces, and have life times of 7–8 years [60]. Hilger27

et al.[61] studied samples of corroded commercial AZS refractories that initially com-

prised of corundum and baddeleyite (ZrO2) aggregates bonded by a vitreous SiO2 –rich

cement. After service, zirconia aggregates could be seen isolated and embedded within30

a silicate melt. In an experiment, they immersed specimens of these AZS refractories

in a glass melt that contained approximately 10 wt% K2O for 15 hr at 1200 °C. They

found that formations of leucite (KAlSi2O6), due to reaction of K with the vitreous33

phase, could lead to the eventual dissolution of alumina. Zirconia grains were relatively

resilient but signs of dissolution and formations of wadeite (K2ZrSi3O9) were reported.
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Figure 4.1: Disintegration of ZR+ML refractory surface zircon aggregates into ZrO2 and
silicate melt. Source: Carlborg et al.[46]

A similar observation was made for a zircon (ZrSiO4)-based refractory in the pilot-

scale entrained-flow gasification of bark/peat mixture by Carlborg et al.[46]. In that

instance, zirconia fragments could be found surrounding zircon aggregates that were 3

at the surface of the refractory (Fig. 4.1). It appears that the potential to use such

zirconia-based refractories in gasifiers is dependent on their ability to maintain integrity

under a flowing slag, as well as on the condition that the volatilisation of SiO2 under 6

the gasification conditions do not pose problems.

Gehre and Aneziris [62] casted alumina refractories with inclusions of coal ash,

under the principle of dampening the chemical potential (cf. Eq. (3.1)) for refractory 9

dissolution into the coal ash melt. They reported promising results of reduced infiltra-

tion of the same coal ash slag under exposure in a 100 % CO atmosphere at 1300 °C for

3 hr. This was also attributable to a reduction in the open porosity for the coal ash- 12

containing refractories. However, they also acknowledged that further tests in actual

gasifiers are needed.

A high degree of K volatilisation is expected during woody biomass PEFG [9], which 15

implies that alkali attack can be of significant concern. Similar to Gehre and Aneziris

[62], Brachhold et al.[63] reported on the promising potential of kalsilite (KAlSiO4)-

based refractory to resist corrosion by alkali compounds. However, their resistance 18

towards ash slags are not known yet. It is conceivable, though, that via appropri-

ate microstructural and compositional design, such high temperature phases could be

formed in-situ during operation to seal and protect the remaining refractory. 21

The resilience of sintered and recrystallised silicon carbide (SiC) against basic, weak

acidic, and acidic (B/A = 12.1, 0.61, 0.35) coal slag corrosion was studied by Hermann

et al.[64] under reducing conditions at 1000–1300 °C. Although SiC is thermodynami- 24

cally unstable at such temperatures unless p(O2) is less than 10−20 bar (cf. Fig. 3.6(b)),

a protective layer of SiO2 can potentially form on the surface of SiC grains and shield

it from further corrosion. They reported that while slag infiltration was extensive, the 27
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SiC aggregates and matrix bonds did not appears to suffer from significant dissolution

after 100 hr exposures.

The prospect of using high-chromia refractories that are common in coal PEFG3

reactors for their woody biomass counterparts appears unattractive. This is based on

the expensive cost [3] and the potential to form toxic Cr6+ species (e.g., Ca- and alkali-

chromates (CaCrO4, K2CrO4)) from the relatively high amounts of Ca and alkali in6

woody biomass if conditions become sufficiently oxidative [65,66].

4.2 Slag infiltration control

Kwong et al.[54] studied the effect that Al-phosphate (AlPO4) can have upon the wear9

rates (dissolution + spallation) upon high-chromia refractories. This was based on

the premise that this additive could induce favourable refractory bonding properties

while also possessing chemical reactivity towards components in the slag that would12

increase their viscosity and restrict their infiltration. They compared two commercial

high-chromia refractories against a high-chromia refractory containing Al-phosphate

additives and found less wear for the latter after a 5 hr rotary test at 1675 °C. Wear15

rates for the latter in a test panel installed in a commercial gasifier operated over a du-

ration of 237 days were also lower compared to conventional high-chromia refractories.

Analysis of these phosphate-containing refractories found infiltration of a two-phase18

molten slag (Fig. 4.2). Although no precise compositions are presented, they claim

that the phosphate had the effect of drawing slag fluxing agents such as CaO, MgO,

and FeO away from the bulk of the siliceous melt. This had the desired effect of21

increasing the viscosity of the bulk melt while also restricting slag components from

reactions with the Cr2O3 grains.

As mentioned in Section 2, P2O5 is a relatively very strong acidic oxide with which,24

in principle, basic oxides like CaO, MgO, and FeO can form stable phases in preference

over SiO2. The observed immiscibility of two phases is also in accordance with the

ternary CaO–P2O5 –SiO2 system towards the P2O5 –SiO2 binary [45]. Given the27

relatively high level of K and Ca that are expected to be present in slags derived from

PEFG of woody biomass, as well as the fluxing effect that they generally have upon

Figure 4.2: Capture of CaO, MgO and FeO by phosphate melt (1) that is immiscible with a
silica-rich melt (2). Source: Kwong et al.[54]
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siliceous melts [67], the prospect of drawing them into an immobile solid or liquid

phase as by Kwong et al.[54] seems promising. More knowledge is needed, however,

to predict the thermodynamic behaviour of CaO–K2O–P2O5 –SiO2 and higher order 3

systems [68]. Also, migration of P to the cold back of the refractory was observed by

Bennett et al.[69], who proposed a mechanism in which P2O3(g) was identified as the

transport species, which was formed due to the gasification conditions near the hot 6

face of the refractory.

4.3 Other remarks

The propensity of woody biomass ash to be fractionated means that ash slags of differ- 9

ent compositions are likely to be deposited upon different areas of the reactor wall [9].

In addition, variations in localised conditions need to be acknowledged. Such differences

can cause different forms of refractory degradations at different rates, which has already 12

been reported for coal PEFG reactors [3]. Strategic placement of different ceramics

adapted to different regions of a gasifier have also been proposed or are already in use

[3,70,71]. Finally, the mechanical and thermal properties of any potential refractory will 15

also need to be tested; e.g., cold/hot moduli of rupture, thermal expansion coefficient.

5 Conclusions and recommendations

The main mechanisms of refractory corrosion in coal PEFG reactors involve dissolu- 18

tion/chemical reaction, spallation, and slag infiltration. The generally acidic coal slags

can form protective layers upon high-chromia refractories via indirect dissolution that

hinder diffusion and slag infiltration. However, chemical spallation of these protective 21

layers can occur and allow further dissolution and slag infiltration. Structural spalla-

tion can occur when slag infiltrates deeper and inflicts differences in expansion due to

thermal gradients that cause cracks. The chemical composition and microstructure of 24

refractories determine their corrosion resistance against ash slags.

In regards to refractories for PEFG of woody biomass, an important aspect to study

is the attack by gaseous alkali, especially K. This, along with high alkali content slags, 27

is a significant difference that distinguishes woody biomass PEFG from coal PEFG.

Based on the information from the literature, the guidelines below are research that

should be undertaken in order to fulfil each critical aspect that are together integral 30

for resilient refractories:

• Minimisation of direct dissolution

Research and experience has shown that spinel-based grains have the potential to 33

resist both acidic and basic slags. Studies should be conducted to evaluate their

interactions with woody biomass-derived slags. Other candidate materials are

(but not limited to) zirconia, SiC, and Ca-aluminates. Their attack by gaseous 36

alkali should also be investigated.

• Formation of a robust protective layer

Research should study the potential to form phases (e.g., Ca,K-aluminates) that 39
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restrict slag components — via either infiltration or diffusion — from causing

problems deeper in the refractory. Chemical spallation propensities of these

protective layers must also be investigated.3

• Minimisation of slag infiltration

Research should study the usage of additives within the matrix that can capture

fluxing components (e.g., Ca, K, Mg that are abundant within woody biomass)6

away from slags to increase viscosities of infiltrating slags. P-based compounds

could potentially accomplish this by forming minor immiscible molten or benign

solid phases.9

Mechanical and thermal properties of refractories will need to be tested and optimised

alongside designs to mitigate corrosion risks.
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