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h i g h l i g h t s

" A numerical coal slagging index has been modified to predict co-firing.
" The modified slagging index (MSI) has been tested on coal with 20% biomass.
" MSI predictions are consistent with experimental data on co-firing.
" K, Ti and Fe play a major role in predicting the overall ash slagging behaviour.
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a b s t r a c t

Operational issues, such as slagging, fouling and corrosion of boilers during co-firing are yet to be fully
understood. A numerical slagging index (NSI) to predict the slagging potential of coals and coal blends
has been developed by some of the present authors, and this has been successfully validated with some
Australian bituminous coals. In this paper, the NSI has been modified in order to predict the slagging
potential of coal and biomass blends. The modified slagging index (MSI) considers the effects of the
ash properties, the ash content and the heating values of the individual fuels in predicting the slagging
potential of each blend. The results of the MSI predictions on coal/sewage sludge and coal/saw-dust
blends produce a very good correlation with the reported experimental data. It has been observed that
the ash content and the composition of the ash in the blends can be used to predict the behaviour of
the ash mixture according to the proportional weights of the individual fuels.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The co-firing of biomass with pulverized coal is widely used in
order to reduce CO2 emissions. It has been estimated that a reduc-
tion of about 300 Mt of CO2 emissions can be achieved if only 5%
of the total world energy generated using coal is substituted with
biomass (IEA, 2009) [1]. Biomass, from a sustainable cultivation
can be considered as almost CO2 neutral and environmentally
friendly, but it greatly differs from coal due to its origin and chem-
ical composition [2]. However, the complex chemical nature of the
inorganic component of the biomass may result in an increased
slagging tendency [3]. Also, biomass has a higher volatile matter
and oxygen content and a lower density, ash content and heating
value than coal. Therefore, an in-depth understanding of the charac-
teristics of the blended fuels including their deposition tendency is

necessary in order to achieve high co-firing efficiency and low main-
tenance costs [4].

Although considerable research activities are ongoing in order
to understand the deposition mechanism in co-firing [5–7], there
are no available tools that predict the slagging and fouling of ash
from biomass and biomass-coal blends. Therefore, coal specific
ash fusibility correlations are used in practice [8–11]. For blends
with less than 20% biomass, the ash mixture remains predomi-
nantly an alumino-silicate, and the pure coal slagging index can
be used with caution to predict the slagging potential of such
blends [12,13]. A number of empirical indices which can explain
the fouling and slagging behaviour of coals, to some extent, can
be found in the literature [10]. However, it has been shown, for
example by Baxter et al. [10] and Degereji et al. [14] that so far,
there is no single slagging index that is suitable to predict the slag-
ging tendencies for a variety of coals and biomass blends.

Moreover, using pure coal slagging indices to assess co-firing
may not guarantee accurate predictions, since the ash behaviour
during co-firing is not yet fully understood [15]. The composition
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of biomass differs from that of coal, for example, the inorganic
matter in coal is largely in the form of minerals, while a substantial
part of the alkali metals in biomass are present as salts [16].
According to Heinzel et al. [17], whether co-fired deposits show
the behaviour of two single ashes or a mixture of ash under boiler
conditions needs to be understood. Also, knowledge of the nature
of the potassium release during biomass combustion is still inade-
quate. Although the potassium species found in fly ash during co-
firing are believed to be mainly in the form KCl, K2SO4, K-silicate
and K–aluminium-silicates [16], other species, such as CaSO4,
which may possess lower mobility than K2SO4, can also deposit
on the heat transfer surfaces [15].

One of the main objectives of the present investigation is to de-
velop a numerical slagging index which can predict the slagging
tendency of various coal/biomass blends in co-firing. In this paper,
we have proposed a ‘modified slagging index’ (MSI) for coal/bio-
mass blends and this is based on our earlier development of a
‘numerical slagging index’ (NSI) which was found to successfully
predict the slagging potential of various coals [14] and coal blends
[18]. The proposed MSI for coal/biomass blends has been tested on
three different sets of experimental data in order to understand the
influence of blending ratios on the slagging potential.

2. Influence of the fuel properties on slagging

A number of empirical relationships based on the chemical com-
position of the coal are reported to have successfully predicted the
slagging and fouling behaviour of coal blends [14]. However, they
were shown to have severe limitations when predicting the slagging
tendency of the biomass/coal co-firing. Although the ash loading
from the biomass may be low compared to that of coal, the compo-
sition of the mineral matter within the biomass ash is as broad as
that of coal ash and thus creates complex slagging and fouling
behaviour. Moreover, it is believed that the lack of knowledge of
the co-firing combustion conditions, as well as the fuel and ash com-
positions of the biomass fuels, entail poor slagging predictions.
Hence, it is a prerequisite to understand the fuel properties and
ash behaviour of the coal, biomass and their blends, together with
the combustion conditions and potential chemical interactions, be-
fore the development of a reliable co-firing slagging tool [12].

Although a coal and biomass may exhibit certain gross similar-
ities in their properties, they have substantial specific variations in
the ash elements, see Table 1. For example, in Case 3 of Table 1, the
content of Al2O3 in ash for pure coal is 15.33 wt% , while for pure
biomass is 4.33 wt%. Also, CaO and TiO2 contents in pure coal ash
are 7.51 and 9.25 wt%, respectively, while in pure biomass ash
the value for CaO and TiO2 are 25.44 and 18.47 wt%, respectively.
Moreover, in the case of coal/biomass blends, even though the
blends are made in the form of the percentage of the fuels, in terms
of either weight or energy, certain properties of the blends, such as
reactivity, may not be additive [12].

In an attempt to answer the question ‘whether the ash from the
blends behaves as two individual ashes or as an ash mixture’, in
this investigation, the ash of the blends is considered with dual
characteristics. In the initial stage, the coal ash and the biomass
ash are assumed to stand alone. However, at high levels of reactiv-
ity, the components of the individual ashes may interact and result
in additional species. The coal numerical slagging index presented
in our earlier investigations [14,18] considered the viscosity, fus-
ibility and the weight of the ash in the coal to assess the slagging
potential of the coal. In order to develop the co-firing slagging in-
dex, we have employed the working principles of the coal NSI,
where the ash viscosity, the ash fusibility and the weight of the
ash in both the coal and biomass are considered. However, we ob-
served that the content of some of the important species in the ash,

such as Fe2O3, K2O and TiO2, continue to change with increasing
biomass ratio (BR) (see Fig. 1), and therefore, we postulate that
there is a need to account for the effect of these changes in the
MSI in order to obtain a better prediction.

In addition, the volatile release of some elements, such as potas-
sium, chlorine, and sodium, both during and after devolatilization,
coupled with the furnace thermodynamics, may strongly influence
the slagging potential of the blends. Therefore, there is a need to
establish the rates at which some of the alkali metals react with sil-
icates, iron oxide and calcium oxide that are released from the coal
ash. Also, the effects of mineral transformations and mineral asso-
ciations are important.

3. Numerical modelling

The numerical modelling presented in this section is based on
the assumption that the individual properties of the fuels, ashes
and the interactions between them at high temperatures are
responsible for the ash slagging. Ash particles that transverse the
boundary layer and hit the boiler walls may stick, and thus may
cause slagging. The stickiness of a silica rich particle can be deter-
mined from its viscosity [14], while for a particle rich in salt, its
stickiness can be determined from its softening temperature and/
or melt fraction [19]. Also, it was found that the alkali metal con-
tent (K, Na and Ca), as well as Al2O3 and P2O5, were enriched in
the deposited ash under co-firing conditions [15]. Fig. 1 presents
the experimental mineral concentrations and their trends within
the fly ash from various biomass ratios [4]. It is interesting to note
that the decrease in Fe2O3, and increase in TiO2 content in the fly
ash with the higher contribution of the biomass in the blend is sig-
nificant. In this investigation, the coal numerical slagging index we
developed earlier [14,18] has been modified in order to account for
the effect of biomass in the blends.

The coal numerical slagging index (Sx) is generally expressed in
terms of the incoming ash, c, and ash viscosity, l, as follows [18]:

Sx ¼ c=LogðlÞ ð1Þ

The weight of the incoming ash has been defined in terms of the
ash content and the heating value of the individual fuels as follows:

c ¼ ash content per kg
CV ðMJ=kgÞ ð2Þ

For coal/biomass blends, we can predict the effects of biomass
additions on deposit sintering by determining the viscosity (l) of
the ash blend from the ash content and ash chemistry of the indi-
vidual fuels as follows [3]:

c ¼ xcc þ ycb ð3Þ
where x, y, cc and cb are the ratio of the coal in the blend, the ratio of
the biomass in the blend, the weight of the coal ash and the weight
of the biomass ash, respectively. Also, the modified Watt–Fereday
ash viscosity model used in our previous calculations [18] has been
redefined, as in Eq. (4), in order to account for the softening temper-
atures of both the coal (Tc) and the biomass (Tb), as defined in equa-
tions (5) and (6), respectively, as follows:

LogðlÞ ¼ m:107

T2
s

þ c ð4Þ

Tc ¼ aðSiO2Þ þ bðAl2O3Þ þ cðFe2O3Þ þ dðCaOÞ þ eðMgOÞ
þ f ðaÞ þ g þ 150 �C ð5Þ

Tb ¼ 1:81CaOþ 4:2Al2O3 � 2:4K2Oþ 5:3P2O5 þ 1017 �C ð6Þ

and the constants a–g are parameters based on the SiO2, Al2O3 and
Fe2O3 contents in the ash [18]. In Eq. (4), the term Ts can be
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