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ARTICLE INFO ABSTRACT

Keywords: Specific minerals in ash are triggers for ash fusion during combustion. This study analyses, for the first time, the
Advanced ash fusion test link between individual minerals and the ash fusion of pseudo ash pellets using the Optimised Advanced Ash
Ash . . Fusion Test (OAAFT) and FactSage modelling. The study analysed 20 pseudo ash pellets whose composition
::::;;:hemlcal modelling spanned a wide range of fuels used in the power generation industry. Varying quantities of the 4 main minerals
Minerals were used to create the pseudo pellets; CaO (0-40%), FeoO3 (0-40%), MgO (0-25%), and Silica-Alumina ratio

(0.5:1-4:1). The OAAFT produced characteristic ash fusion curves for the pseudo pellets and individual minerals.
The study also gained insight into the link between mineral transformations and ash fusion by comparing these
profiles to the slag formation predictions in the FactSage modelling. Excellent alignment was obtained between
the OAAFT curves and FactSage data. The OAFFT curves can be described as individual fingerprints of the ash
fusion behaviour of the sample, which can be broken down into individual components. This data cannot be
obtained from the conventional ash fusion test. By combining OAAFT and FactSage data, power generators can
replicate slagging and fouling issues and identify the major components which are causing issues. The addition of
mineral additives can be tested to analyse how slagging and fouling issues can be tackled for specific fuels. This
will be of increasing importance as fuel blending and new complex fuels such as refuse derived fuels enter the
market.

1. Introduction pellet against temperature [19]. In addition to the traditional AFT pa-

rameters such as initial deformation temperature (IDT), the Optimised

Ash deposition in boilers can occur as slagging and/or fouling [1].
Slagging and sintering (partial slagging of the deposits) occurs in the
high-temperature radiant section of boilers, while fouling occurs on
convective heat-transfer surfaces at relatively low temperatures [2].
Slagging and fouling are key issues for the power industry and cause
significant problems with continuous, long-term boiler operation [3,4].
There are various methods to predict slagging and fouling, including
dilatometry/shrinkage tests [5-71, sinter strength tests [8,9], viscosity
measurements [10,11], a range of empirical indices [10,12-15], and the
ash fusion test (AFT), which is one of the most popular methods [9,11,
13,16,17]. The AFT was developed in the formative years of the power
industry to predict clinker (large lumps of ash) forming characteristics in
stoker furnaces [18]. It has recently been revised using modern image
analysis techniques to plot the curve of the relative height of the ash
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Advanced Ash Fusion Test (OAAFT) can quantify the extent of shrinkage
and swelling during the test via the outputted characteristic curve for
any given ash pellet based on image analysis [19,20]. Pang et al. [19]
developed the advanced ash fusion test (AAFT). The AAFT uses auto-
mated image analysis to plot a curve of relative height of the pellet
against temperature. The OAAFT took this work further to create a
standardised test that is clearly repeatable whilst giving the best rep-
resentation of the first point of melting [20]. The AAFT and OAFFT are
the first innovations of the traditional AFT since its inception in the early
1900s [18].

Coal and biomass ash is generally made up of 4 major elements and
accounts for over 90% of mineral matter in bituminous coal and wood
pellets [21]. Other inclusions occur at lower average concentrations but
can spike sporadically in some coals. These major minerals include
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Al03, SiOy, Ca0, and Fe,0O3 with lesser common minerals being MgO,
K50, Nay0, and SO. These oxides can be classes as acidic oxides (SiOa,
Al,03 and TiO») and basic oxides (ex. FeoO3, CaO, MgO, K20 and Nay0)
based on their roles on the ash fusibility [22]. The ratio of these main
mineral inclusions plays a pivotal role in determining melting charac-
teristics [23]. The effect of individual minerals on ash fusion tempera-
tures has been shown [11,24-27] but has not been investigated for the
characteristic curve obtained from the OAAFT [19,20].

Empirical investigations of the main mineral components and their
impact on ash fusion temperatures have been previously investigated
[24-27]. The Silica-Alumina (S/A) ratio is an important parameter that
affects the flow properties of coal ash slag [28]. Two key studies by Liu
et al. [27] and Song et al. [26] have analysed the impact of varying
mineral component ratios on the S/A ratio for 34 and 33 pseudo ashes,
respectively. Both sets of ashes were composed of the four major ele-
ments Al;03, SiO,, CaO, and Fe;O3, however, Liu added K5O, whilst
Song added MgO. Each study found that higher Fe;O3 content resulted
in lower AFT temperatures. The studies directly contradict each other
with Liu finding that increasing the Silica-Alumina (S/A) ratio reduced
ash fusion temperatures by 200 °C and Song finding the opposite [26,
27]. The CaO content displayed a local minimum of AFT temperatures in
both studies at 30% (Liu) and 35% (Song) weight but increase either side
of this point. The latter minimum for Liu can be attributed to the reduced

Table 1
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step size of added weight. The K,O displayed no significant change in
Lui’s study, whilst Song found that increasing MgO generated an
S-shaped curve, initially decreasing ash fusion temperatures, then
increasing, before finally greatly reducing ash fusion temperatures. Niu
et al. [24] carried out a study for synthetic biomass ashes, whilst not
directly comparable to coal ashes due to the different composition,
found an increase in base-to-acid (B/A) ratio reduces the IDT if the ratio
is more than 0.7. A further study by Yan [28] focused only on the S/A
ratio under inert conditions and found similar results to Liu, but also
linked shrinkage to slag formation rate.

The five-component relationship of Al-Si-Ca-Fe-O has been used in
the F*A*C*T computing package (predecessor of the FactSage software
package) to predict the phase equilibria of coal ash slags [29]. Contin-
uous improvement in predictive modelling of mineral transformation
during heating of ash is being made using modelling software FactSage
[30-35]. Furthermore, there have been successful attempts to validate
Factsage models using pseudo ash samples [26,36,37]. However, the
impact of individual components on the OAAFT curve, and its com-
parison to FactSage modelling has not been investigated.

The novel combination of the OAAFT and FactSage modelling offers
an opportunity to better understand the link between triggers for ash
melting and mineral transformations and in turn, can be used to enhance
fuel selection and estimate additive blending predicting slagging and

Pseudo pellet literature samples database - Major oxide compositions of a range of coals and their ash fusion temperatures [4,27].

Ash Samples Content of oxides

AFT temperatures (°C)

SiO, Al,O3 S/A Fe,03 CaO MgO IDT FT
Chinese Coals Shanxi Datong 56.6 25.4 2.2 6.5 3.7 1.4 1239 1352
Heilongjiang Jixi 64.1 27.2 2.4 2.9 0.9 0.5 >1450 >1450
Shandong Xinwen 52.9 31.9 1.7 4.9 2.7 1.2 >1450 >1450
Anhui Huainan 50.8 36 1.4 6.1 1.9 0.6 >1450 >1450
Neimenggu lijiata 41.7 23.0 1.8 7.1 13.1 2.1 1141 1177
Liaoning Fuxin 52.7 33.5 1.6 5.9 1.8 1.1 >1450 >1450
Shanxi Huating 39.7 18.2 2.2 17.1 17.5 0.9 1160 1300
Shandong Zaozhuang 34.9 16.5 2.1 8.0 37.1 2.0 1180 1230
Shandong yanzhou 23.0 34.0 0.7 221 17.3 1.7 1155 1225
Shanxi gujiao 24.2 27.1 0.9 25.2 18 0.7 1220 1280
Imported Bituminous Coals Sofia Bulgaria 32.0 11.3 2.8 10.6 27.7 2.8 1100 1225
Montana US 44.5 20.3 2.2 1.6 15.7 3.5 1125 1205
Miike Japan 47.7 20.8 2.3 10.2 9.7 1.5 1165 1320
New Hope Australia 62.5 30.0 2.1 2.6 0.9 0.4 >1450 >1450
Mafty Russia 60.6 21.9 2.8 5.1 5.0 1.9 1170 1360
Coal Mountain Canada 39.9 27.3 1.5 2.5 22.1 3.2 1200 1450
Donbass Ukraine 53.8 20.4 2.6 15.1 2.8 1.3 1150 1370
RUS 55.6 24.5 2.3 7.2 3.2 0.9 1290 1460
Colombian 61.8 21.1 2.9 6.6 2.2 2.1 1250 1410
South African 43.7 34 1.3 3.0 7.2 2.2 1390 1500
US high Sulfur 43.5 22.6 1.9 21.2 4.0 0.8 1070 1300
Indonesian 25.6 7.5 3.4 11.2 14.3 4.8 1080 1140
Polish 46.8 21.8 2.1 9.6 5.8 3.5 1182 1350
New Hope Australia 62.5 30.0 2.1 2.6 0.9 0.4 >1450 >1450
Mafty Russia 60.6 21.9 2.8 5.1 5.0 1.9 1170 1360
Coal Mountain Canada 39.9 27.3 1.5 2.5 22.1 3.2 1200 1450
Donbass Ukraine 53.8 20.4 2.6 15.1 2.8 1.3 1150 1370
Russian 55.6 24.5 2.3 7.2 3.2 0.9 1290 1460
Colombian 61.8 21.1 2.9 6.6 2.2 2.1 1250 1410
South African 43.7 34.0 1.3 3.0 7.2 2.2 1390 1500
US high Sulfur 43.5 22.6 1.9 21.2 4.03 0.84 1070 1300
Indonesian 25.6 7.5 3.4 11.2 14.3 4.8 1080 1140
Polish 46.8 21.8 2.1 9.6 5.8 3.5 1182 1350
UK Bituminous Coals L = Low Si 31.4 17.6 1.8 23.2 12.5 0.6 1040 1110
Low Si 36.8 23.9 1.5 11.2 12.0 2.5 1240 1320
Low Si 34.3 23.8 1.4 26.3 3.3 0.7 1060 1220
High Si 47.8 26.8 1.8 16.6 1.3 1.1 *
High Si 47.0 25.5 1.8 14.1 6.4 3.0 * *
Brown Coals Greek 31.07 12.85 2.4 7.69 38.92 4.45 1238 1280
German 1.3 1.5 0.9 18.6 35.8 16.3 1310 1350
Polish 55.0 24.1 2.3 9.3 3.4 1.5 1250 1480

*Not available.
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fouling propensities of fuels. This paper looks, for the first time, at the
individual mineral impact on the AFT temperatures and the OAAFT
curve. The purpose of this investigation is to reaffirm the impact of in-
dividual components on ash fusion temperatures and identify any
impact of individual components on the OAAFT curve.

2. Materials and methods
2.1. Ash database

A database (Table 1) was populated using published data on UK
bituminous coals and brown coals from the EU [4], Chinese coals and a
range of international coals [27]. These coal compositions were collated
and used to generate and ‘average’ coal ash consisting of only SiO,,
Aly03, Fex03, CaO, and MgO. This study aimed to create baseline pro-
files in the OAAFT for the most common mineral components found in
coals and compare them to their FactSage profiles. Further studies will
explore the impact of minerals such as K;O and Na,O which also in-
fluence ash fusion temperatures [22].

2.2. Synthetic ash samples

The average ash values based on the database (Table 1) were used as
a basis to examine the impact of the individual ash compositions with
the aim of creating baseline profiles of the main minerals found in coals.
Silica-Alumina (S/A) ratio (0.5:1-4:1), and weight percentages of CaO
(0-40%), Fey0O3 (0-40%) and MgO (0-25%) were investigated. The
extremes in variations of individual components were based on previous
studies [26,27] and within the range of values for the coals listed in
Table 1. The chemical compositions of SiO3, Al;03, CaO, FepO3, and
MgO for the 20 pseudo ash samples are given in Table 2. The Al,O3
(Aluminum oxide, <10 pm avg. part), SiOz (Quartz, Sand, White
quartz), Fe;03 (Iron(III) oxide, particle size <5 pm, > 99% trace metal
basis), CaO (Calcium Oxide, Reagent Grade) and MgO (Magnesium
Oxide, —325 Mesh, > 99% trace metal basis) were sourced from Sigma
Aldrich. All components were weighed out and added to its respective
sample. Each sample was then milled using a pestle and mortar and then
ashed at 815 °C using the British standard for coal ashing [38]. All
samples were analysed using X-ray fluorescence (XRF) to verify the
composition had not changed during this process, as described in Sec-
tion 2.3. The pseudo pellets were made in a Specac 5 mm pellet press and
pressed in an Instron Universal testing system 3360 based on the OAAFT

Table 2
Mixing ratios of minerals of the 20 of the pseudo pellets. The percentage of
mineral of interest is highlighted in bold.

Composition/wt% (XRF)

SiO, Al,03 Ratio Fey03 CaO MgO
CaO 54 28 1.9 18 0 0
48 25 2.0 16 11 0
43 22 2.0 14 20 0
37 20 1.9 12 31 0
33 16 2.0 11 41 0
Fe203 56 29 1.9 0 15 0
51 26 2.0 10 13 0
45 23 2.0 20 12 0
39 20 2.0 31 11 0
33 17 2.0 41 9 0
MgO 47 24 2.0 16 13 0
47 24 1.9 16 13 5
47 24 2.0 16 13 11
47 25 1.9 16 12 18
47 24 2.0 16 13 25
S/A 25 48 0.5 16 12 0
36 36 1.0 15 13 0
48 25 1.9 16 12 0
54 18 3.0 16 12 0
57 15 3.9 16 12 0
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method detailed by Daley et al. [20]. 0.1 g of sample sieve to <75 pm
was compressed into a 5 mm pellet at 7500 PSI.

2.3. Fused tablet X-ray fluorescence (XRF)

To obtain elemental data of high enough accuracy for the FactSage
analysis, fused tablet XRF was carried out. The ash samples were first
ignited at 900 °C to drive off any volatiles, the loss in wt. % is recorded in
the table as loss on ignition (LOI). Once ignited, the samples were mixed
with a fluxing agent at a ratio of 10:1 (fluxing agent to sample) to reduce
the impact of the crystal effects by fused tablets in comparison to powder
XRF. The mixture was then heated in a platinum pot with an oxygenated
flame. The molten mixture was poured into a mould and air cooled. The
fused tablets were analysed using a PANalytical Axios-Advanced XRF
spectrometer.

2.4. Ash fusion temperatures and test curves

The OAAFT profiles were obtained using the Carbolite Gero Ash
Fusibility Test Furnace - CAF G5. Samples were placed on Carbolite 25
mm X 25 mm recrystalised alumina (RCA) ceramic tiles and loaded in
the furnace. The furnace temperature was increased from 25 °C to
1600 °C at a rate of 7 'C/min under oxidising condition (air flowrate of 4
1/min at 27.5 kPa (4 psi)). Images were taken every 1 °C on an integrated
HD 1.3 Mb camera with 1280 by 1024 pixel image size. Each sample was
performed twice, with the average displayed on the OAAFT plot. Con-
ventional ash fusion tests use hand pressed cones which result in poor
repeatability and a delay the response of the IDT [20]. To counter this,
the OAAFT was developed a standardised test using pre-milled ash
pressed in mechanical press to ensure a repeatable test whilst also giving
the best representation of the first point of melting. Details of the
development of the OAAFT can be found in a previous study by the
authors [20].

MATLAB (version R2017b) was used to analyse each image in a
process adapted from work by Pang et a. 1 [19]. The images are cropped
automatically based on the starting location of the sample. The pellet
was then automatically tracked during the experiment using a combi-
nation of edge detection and thresholding techniques. Five thresholding
techniques were used in total including Canny [39], Otsu [40], Prewitt
[41], Bradley Adaptive Thresholding [42], and Log methods [39]. These
techniques were chosen based on the different image histograms ob-
tained at different points in the test. Canny [39] and Otsu [40] were both
suited to the early test back-lit range of images (0-500 °C). Prewitt was
used in the transition where the back light turns off and the radiative
light begins (500-800 °C). Finally, the Bradley [42] and log methods
[39] were better suited to the end test images (800-1600 °C). These
techniques are used to create a pellet outline. This outline was then used
to capture the height and centroid parameter of the pellet. The centroid
was used to track the location of the sample and the height was
compared to the initial height of the pellet to plot relative height.

2.5. Slagging and fouling indicators

Based on the contained oxides of the ashes, the base-to-acid ratio (B/
A) can be calculated (Eq. (1)) [43]. B/A has displayed the tendency of
oxides to act as oxygen donator/network modifier (base) or as an oxygen
acceptor/network former (acid) similar to the chemical definition of
bases and acids from Brgnsted [44]:

§ _ CaO + MgO + K,0 + Na,O + Fe, 05
SiO, + ALLO3 + TiO, + P,0s

@

A

This equation can be reduced for the 5 elements in the pseudo pellets:

5/

The B/A ratio gives an indication of the potential melting-point of

CaO + MgO + Fe,0;
Si0, + AL O;

(2)
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coal ash on combustion particularly in the secondary superheater and
economiser tubes [45]. Such fouling deposits impede gas flows and
dramatically reduce efficiency and are related according to the equation.
The B/A ratio is known to influence fusion behaviour [44,46]. Acidic ash
systems are mainly dominated by the high melting temperatures of
aluminosilicates and clearly basic ashes are defined by the high melting
temperatures of CaO and MgO [47,48]. Ashes with intermediate B/A
values (B/A~0.7-1.0) have typically produced the lowest ash fusion
temperatures [46]. The slagging tendency of the ash increases with
increasing B/A ratio. The ash is expected to have low slagging inclina-
tion when B/A < 0.5, medium for 0.5 < B/A < 1, high for 1 < B/A <
1.75 and severe for B/A above 1.75, based on mass fraction of each oxide
in the ash (wt%) [49]. The iron/calcium (I/C) ratio (eq. (3)) takes into
account the ferric oxide (FexOs3) portion of iron [50]. Normally, lower
1/C ratios tend to lower the ash-softening temperature.

1 _F€203

C  CaO

3)

The Slag viscosity index or Silica ratio (Sr) in Eq. (4) is used to
evaluate the slagging tendency inside the furnace [49]. High values
correspond to high viscosity and therefore low slagging. Low slagging
occurs when Sr is above 72, medium for 65 < Sr < 72 and high for values
below 65.

5 Si0,
~ \Si0, 4 CaO + MgO + Fe, 05

> -100 4

2.6. Thermochemical calculations

The fusion behaviour of the ashes is produced with aid of the ther-
mochemical software package FactSage™ applying the version 7.2 [51].
Herein, the chemical equilibrium is calculated by a minimization of the
Gibbs free energy. For this purpose, the databases of FToxid, FTmisc,
FTsalt, and FactPS are used in that specific order [48]. A selection of
solution phases has comprised A-Slag, A-Spinel, A-Monoxide, and
Mullite (each with the option of two immiscible phases) due to the
simple ash system. The composition of the ashes (Table 2) was used as
input data by the respective amounts in gram (in total about 100-125 g).
An air atmosphere of 2000 g (composed by the main species of 1511.24
g Nj, 462.98 g O,, and 25.78 g Ar) and a total pressure of 1 atm is
employed according to the ash fusion test [48]. In principle, different
ratios of the atmosphere to the solid ash species in a range from 10:1 to
500:1 have demonstrated a minor impact on the mineral phase
composition [46]. For reason of comparability, all calculations are
performed from 800 to 1600 °C with a step size of 20 °C. Such kind of
calculation is applied for comparison to experimental ash fusion
behaviour by various authors [52-55]. In the experiment several effects
occur, which cannot be reproduced by the thermochemical calculation
[46,48]: (1) For example, the formation of mineral phases are aggra-
vated by kinetic limitations, transport restrictions, and unknown re-
actions. (2) The thermochemical calculations suppose an ideal mixing of
all species, but in reality, particle-related effects, e.g. interfaces, limited
mass transport, and unreactive/marginally reactive species (like quartz
grains) may appear. (3) Aluminosilicates tend to form glassy solids,
which is not reflected by the FactSage™ calculation in comparable way.

[ | ] | [

|| ] |
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3. Results and discussions
3.1. Pseudo pellet individual mineral analysis

A pellet was formed of each of the individual minerals (MgO, CaO,
Al03, and Fe»03) and heated in the OAAFT oven. It was not possible to
make a pellet of SiO; due to SiO, being composed of spherical particles
which couldn’t be pressed into pellets. During the AFT test in the CAF
oven, the shape of each pellet was recorded and then subsequently
analysed. As illustrated in Fig. 1, a typical AFT test involves a pellet
going through shrinkage, deformation, hemisphere and flow stages,
which can be measured quantitatively via image analysis and related
back to the temperature at which these changes occurred [20]. The
“OAAFT Parameter” was used to assess the combined shrinkage, defor-
mation, and curvature of the pellets during the tests based on the image
analysis results. Equations (5)-(7) were used to calculate the percentage
shrinkage (S), initial deformation (ID), and curve shape (CS). The area
(A) of the pellet was defined as the area of the 2D cylinder and was
measured by tracking the centroid of the shape. The perimeter (P) is the
length of the continuous line forming the boundary of the closed pellet
shape. Eccentricity (E) is defined as the ratio between the distance be-
tween the foci of the ellipse (F) and its major axis length (I). The foci are
defined as square root (F = vVa? — b%/(a+b) with major radius a and
minor radius b) and has a value between 0 and 1. An ellipse whose ec-
centricity is 0 is a circle, while an ellipse whose eccentricity is 1 is a line
segment. The axial ratio is the ratio of the minimum and maximum
length (in pixels) of the mirror axis of the ellipse that has the same
normalised second central moment as the region. Aspect ratio (AR) is the
ratio of the height of the bounding box and the width of the bounding
box surrounding the cylinder. The data for the three variables were then
concentrated in an array in Matlab using the cat function to produce the
“OAAFT Parameter”.

§ = A¥*(4P)’

% S= SSLT (5)

ID =Ao*E*AR

% ID = IIDDTT” (6)
CS=A*AR

% CS = CC?: )

Where Sy, is initial shrinkage, St is shrinkage at time T, IDy, is initial
deformation, IDr is deformation at time T, CSr, is initial curve shape,
CSr is the curve shape at time T, and Ay is initial area. The resultant
individual mineral curves are shown in Fig. 2, with the average result
denoted by the solid line with a coloured error band above and below.
The following trends were noted per mineral:

[x
= =

Original

sample Shrinkage

Deformation

L 2r, | %r,

Hemisphere Flow

Fig. 1. AFT shape progression for pellet.
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Fig. 2. Individual mineral curves from the OAAFT. Average data of two runs is
shown as a solid line for each mineral, with a coloured error band denoting the
error in the results.

e CaO: Calcium oxide is the only component that reaches Fluid Tem-
perature (FT) at 1500 °C. There is only a marginal shrinkage period
of around 5-10%. The low melting temperature could be a result of
CaCO3 forming due to contact with atmospheric COy [56]. The
melting point of CaCOs is 825 °C [57], while pure CaO is 2575 °C.

e Fe;03: The iron oxide curve displays clear shrinking properties for a
sharp increase. This is similar to many traditional coal ashes and is
likely to be the component responsible for this behaviour.

e MgO: The magnesium oxide curve reaches the end of the test without
completion of the S-type shape. It is likely that the reduction shown is
shrinkage before a further deformation phase based on the change in
gradient between 1500 and 1600 °C.

e Al;03: Aluminium shows very little change over the studied range
0-1600 °C, a very small level of shrinkage, around 1-5%, at around
1450 to 1600 °C.

The analysis of the individual mineral curves in the OAAFT dem-
onstrates that they all have very different behaviours during heating. To
gain a greater understanding of the impact of each mineral on the AFT,
their ratios were varied as detailed in Table 2 and the OAAFT was car-
ried out on duplicate pellets of each.

3.2. Pseudo pellet analysis

20 pseudo pellets with varying quantities of Silica-Alumina (S/A)
ratio (0.5:1-4:1), and weight percentages of CaO (0-40%), FeyOs3
(0-40%) and MgO (0-25%) were investigated in the OAAFT. The aim
was to ascertain the impact of each mineral on the OAAFT profile and
ash fusion temperatures. Table 3 details the key figures of Base-to-Acid
(B/A) ratio, Iron—Calcium (I/C) ratio, silica content, and characteristic
temperatures of the ash fusion IDT and FT for the 20 of the pseudo
pellets. Ash fusion temperatures (IDT and FT) are highest for 0% mineral
addition (without addition of basic oxides of CaO, Fes0O3, and MgO). As
the percentage of mineral addition increases, the IDT and FT decreases,
which agrees with literature [26]. As noted in previous studies, the ash
fusion temperatures increase after around 30% for Fe;O3 and MgO. This
is also observed with CaO concentrations above 38% in the ash network
[58]. Varying S/A ratios had no impact on the B/A ratio, which indicates
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Table 3

Key figures of the base-to-acid (B/A) ratio, Iron-Calcium (I/C) ratio, silica
content, and IDT and FT temperatures of the 20 of the pseudo pellets. Standard
deviation of runs provided for IDT and FT temperatures.

Percentage of B/A 1/C Silica AFTs (°C)
Mineral addition ratio ratio content DT T
(wt%/ratio) (%)
CaO 0 0.22 0.0 75 1461 1539
+1 +1
10 0.37 1.5 64 1320 1363
+1 +13
20 0.53 0.7 56 1353 1385
+4 +1
30 0.76 0.4 46 1308 1344
+4 +1
40 1.05 0.3 39 1266 1296
+ 4 +5
Fe03 0 0.17 0.0 79 1404 1482
+ 26 +3
10 0.30 0.8 69 1329 1399
+1 +0
20 0.48 1.7 58 1300 1359
+6 +4
30 0.71 2.9 48 1307 1356
+5 +0
40 0.98 4.5 40 1330 1386
+3 +1
MgO 0 0.40 1.3 62 1306 1365
+2 + 4
5 0.47 1.3 58 1298 1321
+3 +0
10 0.55 1.3 55 1225 1292
+7 +1
20 0.64 1.3 51 1211 1251
+6 +1
30 0.76 1.2 47 1255 1286
+1 +4
S/A 0.5:1 0.39 1.3 47 1402 1452
+1 +1
1:1 0.40 1.2 56 1353 1405
+2 +3
2:1 0.39 1.3 63 1308 1362
+4 +1
3:1 0.39 1.3 66 1226 1346
+6 +6
4:1 0.39 1.3 67 1189 1321
+0 +12

that the fouling tendency of the fuel ash is unaffected by the S/A ratio.
S/A is a key factor in slagging and sintering in boilers [28]. Ash with
higher S/A ratios have a higher viscosity liquid phase and can be
considered a Newtonian fluid at FT when the S/A is above 3.5 due to the
low solid content. The B/A ratio increased for all other samples as the
percentage of mineral increased. Intensive slagging has been noted
when the B/A ratio is between 0.75 and 2 [59], which was seen in this
study when CaO, MgO and Fe;O3 are over 30% (Table 3). As expected,
the I/C ratios remained virtually constant for varying MgO and S/A as
the CaO and FeyO3 contents were fixed for these samples. Silica content
reduces for all minerals as their percentage increases apart for S/A. The
next section of this study explores the individual OAAFT profiles for
each mineral in turn to identify key trends and behaviours.

3.2.1. CaO comparisons

The CaO content was varied between 0% and 40% in this study to
encompass the range of CaO in international fuels taken from literature
(Table 1). Along with Fe;O3, CaO is one of the main fluxing agent which
reduce the AFTs of coal ashes [15,23,60]. This is supported by the data
in Fig. 3, up to 30%. There is rapid decrease (20 °C/wt%.) in AFTs
(~200 °C) between 0 and 10% CaO. Once this effect has occurred there
is a plateau between 10% and 40% where the AFTs generally decrease
(3.3 °C/wt%) but only by 100 °C. As the other data sets pass 40%, the
AFTs begin to in increase again at a similar rate. There are discrepancies
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Fig. 3. Comparison of pseudo pellet deformation temperatures of CaO varia-
tion with existing literature.

in the data, as the OAAFT shows no minimum point, while the studies by
Lui et al. [27] and Song et al. [26] have minima at 30 and 35%
respectively then rise. Lui’s [27] explanation for the rapid reduction in
the AFTs followed by a rapid increase as the CaO ratio increase over
40%, as noted in Fig. 3, has been attributed to low melting eutectics of
CaO with other minerals, whilst at higher concentrations high melting
CaO monomer forms to raise the AFTs [27]. The lack in rapid increase in
AFT for the OAAFT in this study could be related to the use of
high-pressure pellets enabling eutectics at higher concentrations.

It should be noted that there are only a few traces of other network
transformers in the pseudo pellets used in this study. In contrast, all
other studies using these species as additives to modify the ash behav-
iour have them present in the initial ashes. The characteristics of the ash
components (including the liquid slag) can be described via network
theory, where a SiO, network is interrupted by alkaline and earth
alkaline metals [46]. The stability of this network depends mainly on the
ratio of network formers and network transformers. This can be
expressed by the base to acid ratio (B/A), which can further be related to
ash fusion temperatures (Table 3). This ratio has been derived from a
network of tetrahedral silicates, where two silicon atoms are connected
by an oxygen atom [61]. Acidic oxides, such as SiO», TiO,, and partially
amphoteric oxides (Al;03 and Fe;03), are network formers due to ox-
ygen acceptance and occupation of tetrahedral network positions. Basic
oxides, such as Na0, K50, CaO, and MgO, are network transformers as
these act as terminal groups in a silicate network. The B/A ratio is not
discussed in the studies by Lui [27] and Song [26]. In this study,
intensive slagging was been noted when CaO exceeded 30%, which is
known to occur when the B/A ratio is between 0.75 and 2 [59].

Song [26] observed a shift in sub-liquidous phase from
low-temperature melting gehlenite to high-temperature melting mullite
at 5-35% CaO, which shifted back again when the CaO ratio increased
from 35 to 40%. Song [26] conducted their study in an Ar atmosphere
and Liu [27] conducted their study in a carbon atmosphere, while this
study was conducted in atmospheric conditions. The atmospheric con-
ditions used in this study appear to have impacted these results. The
reducing conditions have shifted the late increase in deformation tem-
perature to 30%, whereas the inert conditions show the shift at 35%,
while the oxidising environment does not show the phenomena at all.
Furthermore, the AFTs under reducing atmosphere are generally around
50-100 °C lower than that of the oxidising conditions. Further studies
will examine the influence of reducing atmospheres on AFTs in the
OAFFT.

The OAAFT curve in Fig. 4 for the CaO pseudo pellets indicate that
the pseudo pellets go through a drastic transformation from 0 to 40%
CaO. The difference between IDT and FT (sometime denoted as ash
fusion interval) continuously shrinks as the percentage of CaO is
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Fig. 4. OAAFT curves for the CaO-enriched pseudo pellets ranging from 0 to
40% weight (S/A = 2.0).

increased. At 0% the difference is nearly 100 °C, and by 40% the dif-
ference is down to 25 °C. The addition of CaO reduces the shrinkage of
the samples, and thus there is no sign of sintering before IDT. The most
obvious change that can be seen is the loss of the expanding phase
completely from the curve. The closest example of the raw CaO curve is
the 40% weight sample, and this is to be expected with the highest
concentration of CaO. Nonetheless, a domination of the ash fusion
behaviour is detected for additions >38% CaO [58]. The only difference
is that the IDT comes at around 100 °C earlier.

3.2.2. Fey03 comparisons

Iron occurs in coal mainly as ferric iron in both oxidising and inert
conditions, but as ferrous iron or even metallic iron under reductive
atmospheres [27,62]. The FeyO3 studied in this investigation ranges
from 0 to 40% based on the range in coal ashes in Table 1 (section 2.1).
The comparisons of the two studies in literature [26,27] and the AFT of
Feo03 in the OAAFT are displayed in Fig. 5 and show good correlation in
trends of the IDT. The OAAFT IDT decreases as CaO increases from 0 to
30%, with the minimum being 100 °C and maximum being 275 °C. Liu
et al. [27] does not analyse the impact of Fe;O3 above 30%, however this
study and that of Song [26] continue up to 40% which show a slight
increase in IDT. The greatest impact on IDT is seen between 0 and 20%
Fey03, and as the Fe;O3 composition increases, the trend in IDT levels
off.

Whereas the CaO investigation displayed an earlier local minimum
under reducing atmosphere increasing to inert and then oxidising
(Fig. 3), the Fey0O3 study shows the opposite trend. Both this study and
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Fig. 5. Comparison of pseudo pellet deformation temperatures of Fe,O3 vari-
ation with existing literature.
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the study by Song [26] exhibit a parabolic curve, with the minima
around 20% Fe,O3 for this study and at around 30% FeOj3 for an inert
atmosphere in Song’s study. In contrast, the carbon atmosphere (Liu
[27]) has not yet reached its minimum point, indicating that atmosphere
once more plays a role in the IDT values of the ash. Similar to the CaO
investigation, the reducing AFTs are lower than the oxidising AFT
values, but are more consistently around 100 °C less. The general trends
in AFTs in the reducing investigation can be attributed to an increase in
FeO rather than FepOs. This is due to new chemical bonds forming be-
tween Fe(II) and unsaturated oxygen and subsequent eutectic com-
pounds between the FeO and other oxides at high temperatures [27]. It
might explain the shift in this trend, whereby oxygen is more readily
available and stems the increase in FeO. Fe is more likely to cause
slagging in a reducing atmosphere [27]. Thus, the study emphasises the
role of ferric and ferrous iron in the slagging and fouling of ashes and
how atmospheric conditions can influence the results.

The comparison of the individual components in Fig. 2 identified
FeyO3 as the component with greatest and earliest change in the ash
network. This is reflected in Fig. 6, as the addition of Fe,O3 has an
instant impact on the shape of the OAAFT curve. The addition of iron
initiates a shrinking and expanding phase. All the samples containing
Fey03 shrink by 20-40% and from the sintered size all samples appear to
at least double in size, which is in remarkable contrast to CaO. When the
CaO concentration increases it depresses and finally removes the peak
from the curve, it seems that the iron in the sample is either responsible
for the expanding phase or, at the very least, does not inhibit it. The AFT
range stays constant throughout all the samples, suggesting that Fe,O3
has a low impact.

3.2.3. MgO comparison

Magnesium oxide (MgO) is a minor component to most coal ashes.
However, it is a basic oxide and even at low concentrations can impact
melting characteristics [26]. Increasing the concentration can lead to
lower AFTs and prove beneficial to flow properties of coal ash slag
samples [26,63]. In this study, five pseudo ash pellets were created to
cover the range of MgO (0-30 wt% — Table 1) whilst reflecting the
compositions of the range of coal ashes from Table 1. The IDT of the
samples were then plotted and compared to the results of Song study
[26] which also looked at the impact of MgO (Fig. 7). Song’s results do
not match exactly with the findings from this study, however they
display a general decrease from 0 to 15% of around 100 °C. The results
reflect a similar behaviour to iron, a minimum point at 20% weight with
increasing IDTs either side. MgO belongs to the alkaline earth metals
which are classed as network modifiers [64]. MgO has the ability to
modify the alumina network structure as well as the silicate network
sturcture in a similar way to CaO and promote crystal precipitation.
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Fig. 6. OAAFT curves for the Fe;O3-enriched pseudo pellets ranging from 0 to
40% weight (S/A = 2.0).
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Fig. 7. Comparison of pseudo pellet deformation temperatures of MgO varia-
tion with existing literature.

Synergistic effects have been noted between CaO and MgO on ash fusion
characteristics in a reducing atmosphere [65]. Low CaO/MgO ratios
result in the formation of spinel with stable lattice resulting in higher
AFTs, while higher CaO/MgO ratios lead to the formation of low-melting
point fieldspar minerals which result in reduced AFTs. This aligns with
the results of this study and Song’s [26]. Once more, the variance in the
results in likely to be related to the variance in atmospheres, with Song’s
being inert and this study being atmospheric.

As shown in Fig. 8 when the MgO is increased the OAAFT curve
changes in shape similarly to that of the CaO OAAFT but with increased
potency. The expansion phase is completely lost with only 5 wt%
addition of MgO added and the AFT range is reduced by half. The sin-
tering phase is sustained until 10 wt% addition. Unlike CaO, which
trends towards is individual component curve shape, the MgO curves
tend towards the CaO curve shape with no sintering and minimal AFT
range. The exception to this is that at 30% MgO the expansion phase
returns and the sample expands by 20% after the IDT.

3.2.4. Silica-Alumina (S/A) ratio

The S/A ratio is known to play an important role in AFTs and ash
melting properties [66]. AlyO3 acts as a ‘support skeleton’ that inhibits
the deformation of the ash, while SiO, forms low melting point eutectics
with basic oxides [67]. Thus, increasing S/A ratio promotes slagging. In
this study five pseudo ash pellets were created to cover the range of S/A
ratios (0.5-4 —Table 1) whilst reflecting the compositions of the range of
coal ashes from Table 1. The DT of the samples were then plotted and
compared to current literature in Fig. 9. In addition to Liu and Song’s
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Fig. 8. OAAFT curves for the pseudo pellets ranging from MgO of 0-30% (S/A
= 2.0).
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with existing literature.

studies [26,27], two groups of samples in a study by Yan [28] are also
included. Yan investigated two groups of samples where the CaO had
been increased from 16% (Yan 2) to 23% (Yan 1) to shift the B/A ratio.
Yan’s study was conducted in an Ar (inert) atmosphere.

All the investigations have slightly differing components in each of
their pseudo pellets [26-28], which is due to the coals that they are
attempting to reflect. This has the impact of causing slightly varying
trends. In most cases however, increasing the S/A ratio results in
reducing the IDT. It is difficult to explain the results found by Song [26],
as they are clear outliers compared to other studies, especially as Yan’s
[28] study was also conducted in a Ar atmosphere. The only difference
in Song’s study is that it includes minor constituents, MgO, TiO,, NasO
and KO in all samples in relatively small quantities. The other in-
vestigations only add MgO and KO into specific tests to identify the
impact of each individual component. These minor constituents may
have cumulatively impacted on the overall eutectics of the mixture [68].
Three of the studies identified a steep drop of roughly 200 °C in DT
between an S/A of 1 and 2 before a plateau an S/A over 2. Further
increasing the S/A has no effect on DT. The trend found using the OAAFT
shows a linear decrease in AFTs. As this study was the only one con-
ducted in an oxidising environment, this may have elongated the general
trend seen by shifting the plateau, something that has been seen in the
other individual component studies. The impact of varying atmosphere
on the OAAFT should be investigated in the near future.

The S/A ratio clearly has a large impact on both the shape of the
OAAFT curve (Fig. 10) and the AFT temperature range. The most
obvious change is that increasing the ratio firstly adds an expansion and
sintering phase, and then increases the magnitude of the expansion
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Fig. 10. OAAFT curves for the pseudo pellets ranging from S/A of 0.5:1-4:1.
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phase. The expansion increases from 0 to 60% from 1:1 to 2:1, and
another 60% to 3:1. The 1:1 sample displays no sintering phase, whilst
the 2:1 sample shrinks by 40%. This would suggest that the sintering
strength of the samples increases with S/A ratio as seen in the shape of
the curve. An increase in AFT temperature range, where a high IDT and
low FT are present, can present a severe problem for boiler operation, as
a small change in process temperature will result in a shift from solid ash
to an entirely liquid. The pulverized coal boilers should operate under
the fuel IDT to prevent ash deposits in the heat exchange regions, whilst
gasifiers need to operate over their fuel FT to maintain continuous slag
flow on gasifier wall [69].

3.3. FactSage comparison

This section covers the FactSage modelling and comparison of the
results to the OAAFT test. Figs. 11-14 compare the FactSage modelling
of slag formation to the OAAFT for the pseudo pellets. Table 4 sum-
marises the FactSage predicted slag formation onset temperatures and
OAAFT ash fusion temperatures for the pseudo pellets. The general trend
for all the minerals is that increasing each mineral content will decrease
the slag formation onset temperature, but the amount will vary by
mineral. S/A and CaO have the largest reduction in slag formation onset
temperature, with reductions of 180 °C [26,68,70]. In contrast Fe,O3
reduces the onset temperature by around 80 °C.

The notable results for each component are summarised as follows:

CaO (Fig. 11): In Fig. 11, as CaO content increases slag formation
onset temperature decreases, which indicates the role of CaO as a
strong network transformer [26,68,70]. Without CaO addition, the
slag formation starts around 1400 °C, but decreases to 1220 °C for

30% and 40% CaO. At 20% CaO, there is a slight increase in IDT and

FT, and slag formation onset temperature drops to 1160 °C, and has

been noted in previous studies [26,68,70]. The OAAFT profile

changes with varying CaO content reflect those of the FactSage
modelling.

e Fe O3 (Fig. 12): At increasing Fe;Os content (Fig. 12), the slag for-
mation onset temperature decreases, but only by 80 °C [68]. At 0%
Fep03 the slag formation onset temperature is 1380 °C, but for all
percentages of FeyOs the slag formation onset temperature is
1300 °C. At 30%, there is a drop in the slag formation onset tem-
perature to 1160 °C compared to the neighbouring Fe;O3 percent-
ages, which has also been noted in previous studies [26,68,70].
There is good alignment of the slag formation onset temperatures for
Feo0j3 and the onset of ash fusion in the OAAFT profiles. Thus, Fe,O3
acts as a weak network transformer [68].

e MgO (Fig. 13): In Fig. 13, as MgO content increases slag formation

onset temperature decreases. The slag formation onset temperature
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Fig. 11. CaO OAAFT and FactSage comparison.
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2 120 Table 4
18 FactSage predicted slag formation onset temperatures and oaaft ash fusion
16 100 temperatures for the pseudo pellets.
14 - Percentage Mineral Slag Formation Onset AFTs (°C)
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o4 20 40 1220 1266 1296
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Fig. 12. Fe,O3 OAAFT and FactSage comparison. 10 1200 1225 1292
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- 80
g 3
B 60 % minerals analysed. Again, there is good agreement between the slag
g - formation onset temperatures for S/A and the onset of ash fusion in
(=)

40 the OAAFT profiles. This kind of ash system can be well described by
the FactSage calculations.

A comparison between the lowest calculated temperature with a

y significant slag level and the experimentally determined initial defor-
1000 1050 1100 1150 1200 1250 1300 1350 1400 i . i A N
Temperature (°C) mation temperature (IDT) is illustrated in Fig. 15. This temperature
“““ DANETO% === OAART% QAAET10% — OAAT20% = s ORART 20% point is defined by a calculated mass >20 wt% of slag, which was ach-
—— FACTSAGE 0% ——FACTSAGE 5% FACTSAGE 10% —— FACTSAGE 20% —— FACTSAGE 30%

ieved from comparison to the experiment comparable to Ref. [55]. Most
samples are found within a range of +30 °C, which confirms that the
presence of at least 20 wt% of liquid slag in the ash system is mandatory
to achieve the characteristic point of IDT in the ash fusion test. It should
25 120 be noted that these results are obtained for pseudo pellets that are

shaped by a five-component ash system, which is a simpler system than a
100 real ash. Here, the base-to-acid ratio (B/A, calculate on the mass basis) —
according to Eq. 2 - is used as a reference basis for an analysis of the

Fig. 13. MgO OAAFT and FactSage comparison.
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is 1300 °C with no MgO addition, and drops to 1200 °C for all MgO (@] 150 4 i
percentages. At 20%, the slag formation onset temperature increases
slightly to 1220 °C, but reduces back to 1200 °C at 30% MgO. There 1
is good alignment of the slag formation onset temperatures for MgO 200 L
and the onset of ash fusion in the OAAFT profiles. The effect of MgO ) 0'2 ' 0'4 ' 0I6 ' 0I8 ' 1'0

in the ash can be evaluated as a moderate network transformer.
e S/A Ratio (Fig. 14): As the S/A ratio increases in Fig. 14, the slag B/A

formation onset temperature decre:elses. The onset temper?ture de- Fig. 15. Comparison between lowest calculated temperature (Tcq.) with the

creases from 1340 °C for S/A 1:2 ratio to 1300 °C for S/A ratios of 1:1 presence of a significant slag amount (>20 wt%) and experimentally deter-

and 2:1, and then to 1160 °C for S/A ratios of 3:1 and 4:1. This is the mined initial deformation temperature (Tex,) in relation to the base-to-acid

biggest reduction in slag formation onset temperature for all the ratio (B/A, calculated on a mass basis).
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potential deviations between both. This ratio originates from glass the-
ory and contains a distinction of the oxides into network formers (e.g.
SiO9, Aly03, TiO2) and network modifiers (e.g. CaO, MgO, Nay0, and
K20) characterizing their tendency to reinforce or weaken a glassy
network [44].

There is good agreement between calculated and measured tem-
peratures in Fig. 15. For most of the samples, the deviations between
calculated and measured temperatures are detected within a bandwidth
of +30 °C, but for some samples higher deviations are apparent. In
particular, for low and high B/A values in Fig. 15 the simulated results
are in accordance with the experimental results. Those samples are
determined either by a high content of high temperature melting min-
eral phases, e.g. pure quartz and/or alumina-rich silicates, in case of low
B/A or the addition of sufficient amounts network modifiers leading to
the formation of medium temperature melting minerals, e.g. silicates
incorporating alkaline earth oxides, for B/Ax~1 [47]. The deviations
predominantly exhibit a negative sign, which means that the assumed
‘ideal’ conditions in FactSage™ are not fulfilled in all pseudo pellets.
This results to a fractional melting of the components and higher ash
fusion temperatures compared to the samples with an ideal mixture
[43]. For ashes with a strong deviation between experiment and
modelling, these ashes have contained a sufficient share of basic com-
ponents with different mixtures of FeoO3 and CaO, while the observed
differences may result from synergistic effects [68,71]. In the range of
compositions accompanied by critically low onset temperatures for the
slag formation with B/A~0.7-1.0, the good agreement between OAAFT
and FactSage indicates a suitable prediction quality of the thermo-
chemical modelling. However, particle-particle interactions will play a
more important role in pseudo pellets, as these are composed by artifi-
cially blended minerals, which have not preformed previous mineral
reactions compared to coal or biomass ashes, where the species are
already associated and have initially reacted with each other in the
feedstock.

3.4. Relevance of study

The significance of the OAAFT curves responding to changes in in-
dividual elements means that it can potentially be used to highlight
‘problem’ cases. The profiles appear to ‘fingerprint’ the behaviour of the
different components. This fingerprinting is a novel feature of the
OAAFT which cannot be provided by the conventional ash fusion test.
This study has shown that the fingerprint can be broken down into its
major components, and the influence of varying the quantities of these
components can be investigated. Furthermore, should a problem arise
regarding swelling or sintering the OAAFT could be used to test if
mineral additives, such as CaO and MgO, will work to modify the
behaviour. This study provides a baseline of how major minerals influ-
ence the OAAFT curves, and further research into the influence of less
common but influential minerals such as K30 and NayO [22] will help
develop a fuller and more detailed model of how minerals influence the
OAFFT fingerprints. The FactSage modelling results have supported its
predictive capabilities for coal liquidous temperatures alongside the
OAAFT. Combining the OAAFT and FactSage results enables a more
holistic picture of slagging and fouling tendencies to be drawn. This will
enable power generators to better tackle operational issues with
combining multiple fuels or using novel fuels such as refuse derived
fuels, which have much more complex and varying compositions
compared to coals [72]. The OAAFT not only produces highly repeatable
ash fusion temperatures, but the characteristic curve profile has been
shown to indicate higher or lower elemental concentrations. These could
be used as an indicator for further testing, however further work is
required to validate the trends.

It was noted that the some of the results deviate from other findings
in literature. A factor that could explain these differences would be the
ratio of the other elements to the ones of interest (i.e., if CaO is the focus
the ratio of components Fe;O3, SiOy, AlpO3, and MgO) as well as the
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transformation of the ash network by various basic components and the
potential synergy effects between these components have to be taken
into account. An alternative way to compare the results would be to
model the samples using FactSage, in the same way that Song in-
vestigates [26]. Thus, it would be preferable to compare the closeness of
the results to a thermodynamics package such as FactSage instead of
directly comparing the AFTs of each study. This would give a reference
point which considers the entirety of each sample whilst further vali-
dating the package. A similar investigation including KoO and NayO
would be an interesting addition as potassium is known to have a strong
impact on the AFTs, as these basic oxides work as the network modifiers
and form low melting point minerals to drop AFTs and improve the
fusibility [22]. Further research is being conducted on how the OAAFT
developed for the pseudo pellets is replicated in naturally occurring coal
and biomass ashes. In addition, an investigation could also use a stan-
dard coal and biomass ash to which individual components are added to
identify the impact of raw CaO, FeyO3 etc. on a naturally occurring
samples OAAFT.

4. Conclusions

The ash fusion temperatures and OAAFT curves have been measured
for a set of pseudo ash pellets based on a range of 31 international coals
from literature simplified to a four-component system of SiO2, Al203,
CaO, and Fe203, with a five-component system including MgO. Each
component oxide was studied to show its effect on the AFT temperatures
and OAAFT curves.

The OAAFT produces a “fingerprint” of a fuel which can be broken
down into its major constituent parts. Individual minerals play different
roles in the slagging and fouling process. As CaO increases, the AFT
range halves, while the addition of Fe,Oj3 initiates a 30-40% shrinkage
during the sintering phase and an expansion phase that doubles in size
from the sintered size. Increasing the S/A ratio adds an expansion phase
which then doubles over the range, while increasing MgO by only 5%
weight results in a complete loss of the expansion phase. This study
provides a baseline of how major minerals influence the OAAFT curves,
and future studies will explore the influence of other minerals and
different atmospheres on ash fusion behaviour.

By combining the FactSage data with the OAAFT curves, a full ho-
listic picture of slagging and fouling can be produced for a fuel. The
FactSage data showed an excellent relationship to the OAAFT curve.
Herein, both experiment and FactSage modelling have verified the
different strengths of CaO, Fe;O3, and MgO on the ash network and in
particular the synergetic effects that could come into play for additive
mixtures in practical utilisations. By combining OAAFT and FactSage
data, power generators can replicate slagging and fouling issues and
identify the major components which are causing issues. Following this,
mineral additives of varying quantities can be tested to analyse how
slagging and fouling issues can be tackled for specific fuels. This will be
of increasing importance as fuel blending and new complex fuels such as
refuse derived fuels enter the market.
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