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Abstract: Combustion-generated fly ash particles in combination with the particles arising from the
disintegration of iron-ore pellets, could give rise to the build-up of deposits on the refractory linings
of the induration facility. Due to climate change and other environmental issues, there is a desire to
cut down on use of fossil fuels. Therefore, it is of interest to investigate the feasibility of replacing coal
with less carbon-intensive alternatives such as upgraded biomass, e.g., biochar and pyrolysis bio-oil.
While the combustion of biomass can be carbon-neutral, the effects of biomass ash upon slagging
during the iron-ore pelletizing process in a grate-kiln setup is unknown. In the present study, the effect
of the interaction between the pellet dust and biomass-ash upon melt formation and the viscosity of
the resulting melt, which can collectively affect melt-induced slagging, was theoretically assessed.
The slagging potential of 15 different biomass fuels, suitable for the pelletizing process, was quantified
and compared with one another and a reference high-rank coal using a thermodynamically derived
slagging index. The replacement of coal with biomass in the pelletizing process is a cumbersome
and challenging task which requires extensive and costly field measurements. Therefore, given the
wide-ranging nature of the biomasses investigated in this study, a prescreening theoretical approach,
such as the one employed in the present work, could narrow down the list, facilitate the choice of
fuel/s, and help reduce the costs of the subsequent experimental investigations.

Keywords: iron-ore pelletizing; pellet dust; slagging/deposition; fuel-ash; thermochemical
equilibrium calculations

1. Introduction

Iron-ore pellets typically contain iron-oxides and various additional material meant to adjust
the chemical composition and enhance the mechanical and metallurgic properties of the pellets.
Iron-ore pellets are vital sources of iron in steelmaking. Owing to ever-increasing demands for steel,
the production of iron-ore pellets has considerably expanded in recent years [1].

The pelletizing process is a combination of blending of the raw material, rolling the pellets into a
ball (spheres), and a thermal treatment sintering step to harden the soft raw pellets in a kiln or on a
traveling grate. During the grate-kiln process, which is the focus of the present work, the green pellets
are transported along a moving grate while undergoing drying and oxidation by means of preheated
gas blown from underneath the grate. After the traveling grate, the pellets enter an inclined cylindrical
rotary kiln to endure sintering temperatures as high as 1250 ◦C and beyond [2–4]. At the inlet of the
rotary kiln, there is a transition bend, herein referred to as the transfer-chute, connecting the grate to the
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rotary kiln. While the gas temperature at the transfer-chute could reach approximately 1100–1250 ◦C,
the oxygen partial pressure typically corresponds to a highly oxidizing condition—approximately
16 vol.% as measured previously [5–7].

Pulverized coal is commonly used as the main fuel to maintain an adequately high process
temperature required for the sintering/pelletizing process [8,9]. The combustion-generated ash material
in combination with iron-ore pellet dust (from the disintegration of the pellets), can give rise to
deposition/slagging. Slagging can impose unplanned stoppages to remove the deposited layer,
the excessive growth of which could, in due course, disrupt the flow of pellets and gas. Moreover,
severe damage and production losses may ensue [10–14]. Slagging/deposition can also bring about
mechanical strains and refractory wear due to high-temperature corrosion [10].

During the thermal conversion process, the transformation of ash-forming matter may involve
the formation of molten ash particles that can coalesce into a chunk of agglomerated mass and lead to
the build-up of slags on the refractory linings. Ash transformation phenomena during pulverized-coal
combustion have been extensively studied (see [15–19]). However, a better understanding of such
phenomena associated with the iron-ore pelletizing process is still required.

In our previous publications [6,7], the effect of the interaction between the pellet dust and
coal-ash particles upon deposition/slagging was outlined as follows: (1) increased melt formation,
which aggravated slagging/deposition, (2) intensified slagging/deposition due to a reduction in viscosity
which was caused by the incorporation of Fe (from the pellet dust) into the aluminosilicate melt
(originating from the coal-ash). Hence, the severity of slagging/deposition was surmised to have
depended on the composition of the ash-deposit as well as significant factors such as temperature
and viscosity. Accordingly, the next study particularly focused on the effect of ash composition upon
the slagging tendency of high-rank coals with different ash compositions [20]. A qualitative slagging
indicator (QSI) was proposed and validated experimentally. The QSI was intended to pre-screen
new/alternative coals with respect to their slagging potential. The proposed QSI suggests the following:
(1) there is an inverse relationship between the slagging tendency and the viscosity of the molten ash,
(2) as viscosity decreases, stronger deposits are bound to form, and the deposition tendency increases.
It was also deduced that low-viscosity molten phases, characterized by the presence of certain fluxing
agents (e.g., K2O, CaO, Na2O, MgO, and Fe2O3), facilitated deposition.

In our most recent study, the impact of co-firing high-rank coal and woody biomass (share
of biomass: maximum 30% by energy) upon the slagging tendency in the grate-kiln process was
assessed [21]. Deposition rates were experimentally obtained in an attempt to investigate the
relationship between the deposition tendency, molten fractions, and viscosity. An equation relating the
absolute deposition tendency (ADT) to thermodynamically derived variables (such as melt fraction
and viscosity) was proposed [21].

Due to climate change and other pollution concerns, there is a desire to cut down on use of fossil
fuels. In a pilot-scale study, Wiinikka et al. [22] studied the viability of substituting coal and fuel oil
with renewable alternatives. The results indicated that it would be difficult to completely replace
fossil fuels with solid biomass while entirely avoid the resulting escalated ash-induced complications.
While the combustion of biomass can be CO2-neutral, the extent of slagging-related complications
associated with biomass firing in iron-ore pelletizing remains unknown. When biomass ash is present,
it is likely that the pellet dust and biomass ash will interact through which the melting properties
of the resulting mixture can change, thereby affecting the degree of slagging. The above-mentioned
interaction can be different for biomass ash compared to coal ash due to their innate difference in
ash chemistry [23–25]. Therefore, in the present study, the effect of the interaction between pellet
dust and biomass-ash upon melt formation and the viscosity of the resulting melt, both of which can
collectively affect melt-induced slagging, was theoretically assessed. Five biomass fuels with different
ash compositions, which were deemed potential candidates to replace coal in the pelletizing process,
together with their corresponding products (biochar and bio-oil) from the fast pyrolysis of the raw
feedstock, were considered for the present work. The choice of the upgraded fuels (the pyrolysis
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products) is because both biochar and bio-oil have a higher energy density compared to the raw
biomass, and both are preferable to the raw fuels with regard to storage and transportation. However,
between the upgraded fuels, biochar has a higher ash content than the raw biomass.

The qualitative slagging indicator (QSI) and the ADT (absolute deposition tendency) developed
in our recent studies [20,21] were used to propose a slagging index applicable to mono-combustion of
biomass in iron-ore pelletizing. Subsequently, the slagging potential of the 15 renewable candidates
was quantified and compared with one another and a reference high-rank coal.

2. Materials and Methods

2.1. Proximate, Ultimate, and Calorimetric Analysis of the Investigated Fuels

Five different Nordic biomass fuels were investigated in this study, namely stem wood, willow,
reed canary grass, bark, and forest residues. The stem wood is composed of sawdust of Swedish pine
and spruce originating from the wood pellets provided by Stenvalls trä AB, Sweden. The willow is
from Salix Energy Europa AB (Sweden), which originates from the willow of the species Tora (Salix
Schwerinii and Salix Viminalis). The reed canary grass is from Glommers Miljöenergi AB (Sweden).
The bark and forest residues were both delivered by Smurfit Kappa Kraftliner (Sweden). The bark is a
combination of pine, spruce, and birch bark (approximately one-third of each, by weight). The forest
residues contain approximately 67, 30, and 3 wt.% residues of pine, spruce, and birch. The pyrolysis
products, i.e., the pyrolysis oil (PO) and biochar, were produced from the above-mentioned fuels in a
pilot-scale pyrolysis facility (described in detail by Wiinikka et al. [26]).

A reference high-rank coal, as well as a typical pellet dust sample, were also used in this study.
A detailed chemical analysis of the coal, pellet dust, the raw biomasses, and their respective pyrolysis
products, i.e., the PO and biochar, is presented in the Supplementary Materials (Section A, Tables S1–S4)
along with the calorimetric analysis of the fuels. However, the mass distribution of the inorganic
elements (per MJ of the dry fuel) is given in Figure 1. The biomass fuels investigated in this study
have all been characterized in more detail elsewhere [27,28]. The properties of the pyrolysis products
are different from the corresponding raw biomass with respect to the elemental composition, water,
and ash content (see Section A, Tables S1–S3 in the Supplementary Materials). The heating values
(dry substance) are similar for the PO and biomass and higher for the biochar because of the differences
in the elemental composition. H/C and O/C ratios of the biochar are lower than those of the raw
biomasses and PO, which are comparatively similar. The PO has a higher water content than the raw
biomass due to the co-condensation of the gaseous pyrolysis products and the water formed through
gas-phase reactions during the pyrolysis process. Most of the ash originally found in the raw biomass
is retained in the biochar because most of the ash forming elements tend to stay in the condensed
phases (minimal evaporation) under the pyrolizer conditions.

2.2. Thermochemical Equilibrium Calculations (TECs) and Viscosity Estimations

Slag formation and the build-up of tenacious deposits can be mostly attributed to the formation
of molten ash [24]. Using thermochemical equilibrium calculations (TECs), one can determine the
conditions under which molten or partially molten multicomponent phases are thermodynamically
stable. Hence, TECs can help determine the conditions under which the slagging propensity may
be improved or exacerbated. The foregoing is particularly helpful when coupled with viscosity
estimations made based on the predicted molten phases. The applicability of TECs in making
reliable predictions concerning deposition/slagging has been experimentally verified in the authors’
previous studies [6,7,20,29]. Thermochemical equilibrium calculations were extensively used by others
pertaining to other technologies, e.g., biomass gasification [30–33].
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Figure 1. Mass distribution (mg/MJFuel) of the inorganic elements in the investigated biomasses. SW, B,
FR, W, RCG, and C stand for stem wood, bark, forest residue, willow, reed canary grass, and coal.

The TECs of the present study were applied to the regions of interest, namely the transfer-chute
and rotary kiln, as indicated in Figure 2a. The TECs were carried out under the oxidizing conditions
prevailing in grate-kilns and within the typical temperature range of the transfer-chute and the
rotary-kiln, i.e., 1050–1250 and 1200–1350 ◦C, respectively. The transfer-chute is allegedly one of
the most challenging areas of the grate-kiln setup with regard to slagging/deposition [11,12,20,34],
and the rotary kiln itself is prone to ring formation, which is reportedly a major complication in
iron-ore pelletizing [10,35]. Figure 2b illustrates an expected ash transformation scheme associated
with biomass combustion in suspension firing, which also encompasses presumed interactions between
biomass ash and pellet dust particles. During pulverized-fuel combustion, as in rotary grate-kilns,
calcium is expected to be dispersed as small micron-sized CaO particles. Potassium, on the other hand,
is most likely released as gas either as monatomic K (g) or as KOH (g), with the latter being the most
stable potassium-containing gas species released under combustion atmospheres [36]. Dependent
upon the kinematic behavior of the above-mentioned species inherent to the grate-kiln process,
slagging/deposition may occur inside the induration machine. The Ca-rich biomass-ash can meet the
disintegrated iron-ore pellet dust while a gaseous alkali-laden atmosphere (predominately K-species)
surrounding the ash particles can contribute to melt formation [31]. These interactions are schematically
depicted in Figure 2b, while Figure 2c,d demonstrates the problematic slagging/deposition at the inlet
of the kiln (transfer-chute) and near the burner (beginning of the kiln), respectively.
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Figure 2. (a) Schematic of a typical grate-kiln setup indicating the regions of interest, i.e., transfer-chute
and rotary kiln; (b) presumed ash transformation scheme associated with biomass combustion in
iron-ore pelletizing; (c) slagging/deposition at the transfer-chute, deposits amassed on the sidewalls
and within the glowing pellet bed; (d) fireside slagging in the vicinity of the flame with dispersed
pellets from the tumbling pellet bed.

In this study, the GTOX thermodynamic database [37] was employed, which contains molten oxide
solutions as well as solid solutions codeveloped by GTT-Technologies and IEK2-Forschungszentrum
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Jülich GmbH. Thermodynamic data associated with the gases and pure stoichiometric compounds
were extracted from both GTOX and FactSage [38,39]. Moreover, Chemsheet [40] was also employed
to facilitate the extensive computations performed in this study and predict the formation of the
coexisting phases based on the minimization of Gibbs energy.

The gas-phase was regarded as an ideal gas (perfect mixture), and the following gaseous species
were considered: CO2, N2, O2, H2O, K, and KOH. The viscosity of the molten fraction of the predicted
phases was estimated using the associate-based model previously established by Nentwig et al. [41]
and Wu et al. [42–46]. The experimentally derived viscosity models reported in the literature [47–49]
are restricted to a specific range of compositions and atmospheres. Moreover, the empirical models are
inept to explicitly represent thermodynamic equilibrium considerations, which are the mainstay of ash
transformation studies. On the contrary, the viscosity model used in the current work involves a broad
range of chemical compositions and takes thermodynamic equilibrium into account. Comprehensive
descriptions of the employed databases/models can be found elsewhere [41–44,50–55]. The model
predictions associated with the higher-order systems (such as the one in the present work) are,
in general, within the experimental uncertainty [43–45], hence considered adequate in the prediction
of the variation trends that are sought after in this study. As mentioned earlier, a high-rank coal was
used in the TECs as a reference to compare the predicted slagging tendencies of the biomasses in
the presence of pellet dust. The pellet dust was sampled in a full-scale grate-kiln facility, and the
complete oxidation of magnetite to hematite was confirmed. The chemical composition of the pellet
dust (see Table S4 of Section A in the Supplementary Materials) coupled with X-ray diffraction
(XRD) verified that approximately 97 wt.% of the pellet dust contained hematite (Fe2O3) among
other minor crystalline phases. The chemical composition of the fuels and pellet dust (see Section A,
Tables S1–S4 in the Supplementary Materials) was used as input in the TECs of the present study.
A comprehensive description of the predicted condensed phases is shown in Table S5 of Section A in
the Supplementary Materials.

2.3. The Previously Introduced Qualitative Slagging Indicator and the Slagging/Deposition Tendency

The qualitative slagging indictor (QSI) previously proposed in our recent study [20] was employed
as one of the comparison tools to compare the slagging propensities of the biomasses in the presence of
pellet dust.

The calculated QSI values were found to have a positive correlation with the experimentally
obtained slagging/deposition rates (see Figure 15 in [20]), where QSI is given by Equation (1), and µ is
the viscosity (Pa·s) of the molten fraction of the predicted condensed phases. The slagging/deposition
tendency was defined as the formation of molten ash particles (molten slag) that can accumulate
on surfaces upon impaction. It was determined as the mass of the deposited particles (adhered
to the sampling probe) divided by the total amount of ash flow in the furnace [g/kg ash input].
The above-mentioned normalization indicates that the deposition tendency is governed by the
ash composition regardless of the ash content. In our previous study [20], the QSI was found
to have a positive correlation with the normalized slagging/deposition tendency [g/kg ash input].
The temperature dependence of QSI was elaborated on in our previous publications [20,21].

QSI = ln
(

1
µ

)
(1)

2.4. The Absolute Slagging/Deposition Tendency (ADT)

As mentioned earlier, the absolute slagging/deposition tendency was previously defined by the
authors elsewhere [21]. In contrast to the normalized deposition rate (g/kg ash input/h), described
in Section 2.3, that merely indicates the significance of ash composition (ash chemistry), the absolute
deposition tendency, ADT(g/h), apart from the importance of the ash composition, signifies the potential
impact of ash flow (kg ash input/h) on slagging/deposition as well. Clearly, the ash flow (kg ash
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input/h) is directly dependent on the ash content. A relationship between the absolute deposition
tendency, molten fraction, and viscosity was previously suggested as follows:

ADT ∼ log
(

kg molten ash
hr

×
1

viscosity(Pa·s)

)
(2)

Equation (2) was verified by the previously conducted experiments [20]. A detailed description of
Equation (2) can be found in our previous publication [21]. The observed relationship (Equation (2))
suggests that the higher the molten fraction of the bulk ash flow and the lower the viscosity, the higher
the particle sticking likelihood, which can together intensify slagging/deposition. In the present study,
the total amount of raw/char/bio-oil needed to reach a thermal output of 40 MW was calculated for
each fuel given their LHV (as received). Subsequently, the total amount of ash flow per hour was
calculated from the ash content, and the above-mentioned amount of fed raw/char/bio-oil. The kg
molten ash per hour was calculated as the product of the predicted melt fraction and the total amount
of ash flow in the kiln.

3. Results and Discussion

A comprehensive assemblage of the entire results/figures corresponding to each case can be
found in the Supplementary Materials (Sections B–E). The following paragraph outlines the general
assumptions made:

1. Interaction of iron-ore pellet dust and fuel ash: from 0 to 100 wt.% share. Due to the uncertainty
regarding the extent of interaction, the amount of ash particles that can potentially interact with
the pellet dust can differ from the ratio of their corresponding bulk flows, hence the necessity to
study the entire range from 0 to 100 wt.% share of pellet dust (X-axis in the plots).

2. Oxidizing gaseous atmosphere at 1 atm, where the partial pressure of oxygen was 16 vol.%
(equivalent to an air factor of approximately 4.5), saturated H2O (g) was used, and N2 was used
as balance.

3. The temperature range studied was from 1000 to 1500 ◦C. However, according to the previously
conducted temperature measurements at the transfer-chute [10–13], only the results corresponding
to the temperatures up to 1350 ◦C are presented in Sections 3.1–3.3. However, in Section 3.4
the calculations that are taken into consideration cover the entire studied temperature range
(1000–1500 ◦C).

3.1. Predicted Melt Fraction, Viscosity Estimations, and the Calculated QSIs

Note that in all the upcoming plots, the X-axis represents the share of pellet dust in the deposits and
ranges from 0 when there is no pellet dust to 1 when pellet dust is burned in an ash-free medium (such as
the natural gas). Only the TECs associated with the reference coal, raw stem wood, stem wood-pyrolysis
oil, and stem wood-biochar are presented here (see Sections B–D in the Supplementary Materials for
the rest of the investigated fuels).

Figure 3 illustrates the predicted melt fractions (i.e., the predicted mass of the molten phase divided
by the total mass of the condensed phases) and the estimated viscosities of the corresponding molten
phases for the reference coal (RC), raw stem wood, stem wood-pyrolysis oil, and stem wood-biochar when
temperature varies from 1000 to 1350 ◦C. The contour lines represent the viscosity of the melt in Pa·s.

Irrespective of the fuel, viscosity tends to decrease with increasing temperature and increasing
pellet dust share. Melt (slag) fractions demonstrate more variation but, in general, decrease when the
share of pellet dust increases. However, from these figures, the difference between the fuels is not
readily discernable since the plots look similar mostly because the ash composition of the fuels is, to a
reasonable extent, similar. Therefore, the differences in melt fractions were also calculated for these
fuels (only the difference between the coal and raw stem wood is presented here; see Sections B–D in
the Supplementary Materials for the rest of the fuels) under the following definition:
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∆(slag frac.) = (slag frac.)stem wood − (slag frac.)ref, where (slag frac.)stem wood and (slag frac.)ref are
the mass fractions of the predicted melt for the raw stem wood and the RC case (coal), respectively.
The plot for ∆(slag frac.), which shows the difference in the amount of melt formation between the two
fuels, is presented in Figure 4. Considering the definition of the ∆(slag frac.) mentioned above, the melt
fractions predicted for the raw stem wood are less than the RC case if ∆(slag frac.) < 0 (indicated by
green), and higher if ∆(slag frac.) > 0 (indicated by red). Therefore, according Figure 4 the amount of
melt formation for the raw stem wood is predicted to be higher when the share of pellet dust is above
approximately 50 wt.%. However, when the share of pellet dust is low, the raw stem wood is predicted
to have a lower melt fraction compared to the reference coal, the reason for which is discussed later.
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for (a) coal; (b) raw stem wood; (c) stem wood-pyrolysis oil; (d) stem wood-biochar, together with the
estimated viscosity of the corresponding melt from 1000 to 1350 ◦C. Contours of viscosities are in Pa·s.

However, the findings presented in our recent publications [20,21] indicated that the estimated
viscosities (QSI), exhibited a more credible correlation with deposition rates [g/kg ash input] compared
to the melt fraction. Accordingly, the viscosities calculated for the investigated fuels (see Section 2.3)
produce the QSI plots demonstrated in Figure 5. However, from these figures, the difference between
the fuels is not readily discernable. Therefore, the differences in QSI were also calculated for these
fuels (only the difference between the coal and raw stem wood is presented here; see Sections B–D in
the Supplementary Materials for the rest of the fuels) under the following definition:

∆(QSI) = (QSI)stem wood − (QSI)ref, where (QSI)stem wood and (QSI.)ref are the calculated QSIs for the
raw stem wood and the RC case (coal), respectively. The plot for ∆(QSI), which shows the difference in
the slagging tendency [g/kg ash input] between the two fuels, is presented in Figure 6. Considering the
definition of the ∆(QSI), the QSI or slagging tendency for the raw stem wood is less than the RC case if
∆(QSI.) < 0 (indicated by green), and higher if ∆(QSI) > 0 (indicated by red). Therefore, according to
Figure 6, for the majority of the temperature ranges and pellet-dust share, the slagging tendency is
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higher when the raw stem wood is combusted in the induration machine. Since QSI is defined as the
reciprocal of viscosity, therefore, the viscosity of the melt formed during the combustion of the raw
stem wood is lower than that during the combustion of coal. Therefore, stronger deposits are expected
to build up associated with the combustion of the raw stem wood.

Energies 2020, 13, x FOR PEER REVIEW 9 of 26 

 

 

Figure 4. Plot of Δ(slag frac.) comparing the predicted melt formation (when mixed with pellet dust) 

for coal vs. raw stem wood. Δ(slag frac.) = (slag frac.)stem wood − (slag frac.)coal. Contours indicate the 

difference in estimated viscosities (stem wood vs. coal). 

However, the findings presented in our recent publications [20,21] indicated that the estimated 

viscosities (QSI), exhibited a more credible correlation with deposition rates [g/kg ash input] 

compared to the melt fraction. Accordingly, the viscosities calculated for the investigated fuels (see 

Section 2.3) produce the QSI plots demonstrated in Figure 5. However, from these figures, the 

difference between the fuels is not readily discernable. Therefore, the differences in QSI were also 

calculated for these fuels (only the difference between the coal and raw stem wood is presented here; 

see Appendices B–D in the Supplementary Materials for the rest of the fuels) under the following 

definition: 

Δ(QSI) = (QSI)stem wood − (QSI)ref, where (QSI)stem wood and (QSI.)ref are the calculated QSIs for the 

raw stem wood and the RC case (coal), respectively. The plot for Δ(QSI), which shows the difference 

in the slagging tendency [g/kg ash input] between the two fuels, is presented in Figure 6. Considering 

the definition of the Δ(QSI), the QSI or slagging tendency for the raw stem wood is less than the RC 

case if Δ(QSI.) < 0 (indicated by green), and higher if Δ(QSI) > 0 (indicated by red). Therefore, 

according to Figure 6, for the majority of the temperature ranges and pellet-dust share, the slagging 

tendency is higher when the raw stem wood is combusted in the induration machine. Since QSI is 

defined as the reciprocal of viscosity, therefore, the viscosity of the melt formed during the 

combustion of the raw stem wood is lower than that during the combustion of coal. Therefore, 

stronger deposits are expected to build up associated with the combustion of the raw stem wood. 

Figure 4. Plot of ∆(slag frac.) comparing the predicted melt formation (when mixed with pellet dust)
for coal vs. raw stem wood. ∆(slag frac.) = (slag frac.)stem wood − (slag frac.)coal. Contours indicate the
difference in estimated viscosities (stem wood vs. coal).Energies 2020, 13, x FOR PEER REVIEW 10 of 26 

 

 

Figure 5. Calculated QSI (qualitative slagging indicator) for (a) coal; (b) raw stem wood; (c) stem 

wood-pyrolysis oil; (d) stem wood-biochar, from 1000 to 1350 °C. Viscosity is expressed in ln(Pa.s). 

The predicted melt fractions, viscosity estimations, and the calculated QSIs for the rest of the 

biomasses (raw/bio-oil/biochar) are given in the Supplementary Materials (Appendices B–D). The 

plots of Δ(slag frac.) and Δ(QSI) for the rest of the biomasses (raw/bio-oil/biochar), when compared 

to the reference coal, are also presented in the Supplementary Materials (Appendices B–D). Generally, 

the Δ(slag frac.) plots, taking the coal as reference (for all biomasses) follow a similar trend as those 

presented in the present study. The foregoing suggests that the amount of melt formation for the 

biomasses (raw/bio-oil/biochar) is predicted to be higher than that of the coal when the share of pellet 

dust is above nearly 50 wt.%. However, when the share of pellet dust is low, all the investigated 

biomasses (raw/bio-oil/biochar) are predicted to have a lower melt fraction compared to the reference 

coal, the reason for which is discussed later (Sections 3.4 and 3.5). 

Figure 5. Calculated QSI (qualitative slagging indicator) for (a) coal; (b) raw stem wood; (c) stem
wood-pyrolysis oil; (d) stem wood-biochar, from 1000 to 1350 ◦C. Viscosity is expressed in ln(Pa·s).



Energies 2020, 13, 5386 10 of 25

The predicted melt fractions, viscosity estimations, and the calculated QSIs for the rest of the
biomasses (raw/bio-oil/biochar) are given in the Supplementary Materials (Sections B–D). The plots
of ∆(slag frac.) and ∆(QSI) for the rest of the biomasses (raw/bio-oil/biochar), when compared to the
reference coal, are also presented in the Supplementary Materials (Sections B–D). Generally, the ∆(slag
frac.) plots, taking the coal as reference (for all biomasses) follow a similar trend as those presented
in the present study. The foregoing suggests that the amount of melt formation for the biomasses
(raw/bio-oil/biochar) is predicted to be higher than that of the coal when the share of pellet dust is
above nearly 50 wt.%. However, when the share of pellet dust is low, all the investigated biomasses
(raw/bio-oil/biochar) are predicted to have a lower melt fraction compared to the reference coal,
the reason for which is discussed later (Sections 3.4 and 3.5).Energies 2020, 13, x FOR PEER REVIEW 11 of 26 
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According to ∆(QSI) plots presented in the Supplementary Materials (Sections B–D), for all
temperature ranges and pellet-dust share, the slagging tendency [g/kg ash input] is higher when the
biomasses (raw/bio-oil/biochar) are combusted in the induration machine. Therefore, the viscosity of
the melt formed during the combustion of the biomasses is lower than that during the combustion of
the reference coal. Therefore, stronger deposits are expected to build up associated with the combustion
of the biomasses (raw/bio-oil/biochar).

Note that QSI indicates the slagging/deposition tendency notwithstanding the ash content i.e.,
[g/kg ash input], implying that the QSI is not of practical value to rightfully compare the slagging
tendencies since it disregards the ash content. Therefore, it is encouraged to use QSI when the ash
contents of the fuels to be compared are in the same order of magnitude, for instance, when high-rank
coals are compared with each other. However, when it comes to biomass the ash content is considerably
lower than that of high-rank coals. Therefore, the QSI is a good measure to compare the slagging
tendency [g/kg ash input] and a good measure to compare the strength of the resulting deposits (since
it is the reciprocal of viscosity). However, for the absolute deposition tendency [g/h], which is of higher
practical value, the ADT (Equation (2)) is a better comparison tool.

The ∆(slag frac.) and ∆(QSI), which help compare the biomasses with each other, are also given in
the Supplementary Materials (Sections B–D). Note that to make a comparison between the biomasses in
each category (raw/bio-oil/biochar), the stem wood was taken as the reference, arbitrarily (see Sections
B–D in the Supplementary Materials).
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3.2. The Predicted Absolute Slagging/Deposition Tendency (ADT)

The plots of ADTs (Equation (2)) for all the investigated fuels are given in the Supplementary
Materials (Sections B–D).

The differences in ADTs were also calculated for all the investigated fuels once taking coal as the
reference and once taking stem wood in each biomass category (raw/bio-oil/biochar) as the reference.
The ∆(ADT) plots are presented in the Supplementary Materials (Sections B–D). However, as an
illustration, the ∆(ADT) plot for coal vs. raw stem wood is presented here under the following definition:

∆(ADT) = (ADT)stem wood − (ADT)ref, where (ADT)stem wood and (ADT)ref are the calculated QSIs
for the raw stem wood and the RC case (coal), respectively. The plot for ∆(ADT), which shows the
difference in the slagging tendency [g/h] between the two fuels, is presented in Figure 6. Considering
the definition of the ∆(ADT), the ADT or absolute slagging tendency for the raw stem wood is less than
the RC case if ∆(ADT) < 0 (indicated by green), and higher if ∆(ADT) > 0 (indicated by red). Therefore,
according to Figure 7 for all temperature ranges and pellet-dust share, the absolute slagging tendency
[g/h] is predicted to be higher when the raw stem wood is combusted in the induration machine.

According to the ∆(ADT) plots presented in the Supplementary Materials (Sections B–D),
the above-mentioned supposition applies to all biomasses when compared to the reference coal.
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3.3. The Effect of Ash Composition on Slagging/Deposition

To understand the effects that ash composition may have upon the slagging/deposition propensity,
the melt components (present in the predicted molten phase) were categorized into basic and acidic,
otherwise known as “network modifiers” and “network formers”.

Deemed as cations occupying sites in the oxide melt, network formers assume tetrahedral
coordination with the oxygen atoms. Hence, they are regarded as building blocks within the network.
Network modifiers, on the other hand, demonstrate a disruptive effect on the network [56–59].

The following equation (Equation (3)) was defined as the share of “network modifiers” to “network
formers”:

B
A

=
Network modi f iers
Network f ormers

=
CaO + MgO + K2O + Na2O + Fe2O3 + FeO

SiO2 + Al2O3
(3)

where SiO2, etc., represent the mole fractions predicted as the main components of the melt. A detailed
discussion on the ratio between network modifiers and network formers can be found in Sefidari et al. [20],
where a positive correlation was observed between Equation (3), the QSI, and the experimentally
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attained deposition rates. In other words, higher network former/modifier ratios correspond to higher
deposition rates. It should also be noted that high values of this ratio mainly imply that the melt of
interest is mostly composed of fluxing agents (basic components) instead of acidic components.

Furthermore, this value could be utilized as a criterion in investigating and comparing the basicity
or acidity of the melt between the fuels. Therefore, the differences in B/A ratios were calculated for
all the investigated fuels with coal and stem wood in each biomass category (raw/bio-oil/biochar)
being interchangeably taken as the references. The ∆(B/A) plots are comprehensively presented in the
Supplementary Materials (Sections B–D). However, for the purpose of illustration, the ∆(B/A) plot for
coal vs. raw stem wood is presented here under the following definition:

∆(B/A) = (B/A)stem wood − (B/A)ref, where (B/A)stem wood and (B/A)ref are the B/A ratios calculated
for the raw stem wood and the RC case (coal), respectively. The plot for ∆(B/A), which shows the
difference in the level of basicity/acidity of the produced melt, is presented in Figure 8. The molten
phase for the raw stem wood is less basic than coal when ∆(B/A) < 0 (indicated by green), and more
basic when ∆(QSI) > 0 (indicated by red).

The results indicate that (Figure 8), in contrast to coal, under most conditions, the raw stem wood
is predicted to have a higher share of network modifiers (fluxing agents) in the melt. The foregoing
suggests that the resulting melt (owing to the interaction of fuel ash and pellet dust) has a lower
viscosity in the case of the raw stem wood compared to coal. The presence of low viscosity molten
slags in rotary-kilns (as verified in the previous publications [6,7]) results in the formation of sturdier
deposits, which ultimately complicates the cleaning procedures intended to remove the deposited ash.

As can be readily inferred, QSI, ADT, and B/A could help compare the slagging tendency expected
from the fuels. The QSI and ADT represent an estimation of viscosity while taking thermodynamic
considerations into account, whereas, the B/A ratio is merely a ratio that disregards thermodynamics.
Nevertheless, the overall agreement in the predicted trends (Figure 6 vs. Figure 8) suggests that the
B/A ratio has a positive correlation with QSI and ADT, thus negatively correlated with viscosity.

Given the statement made above, the higher slagging/deposition tendency predicted for the raw
stem wood (when compared to the coal) can be attributed to the higher amounts of fluxing agents
predicted in the melt fraction of its ash (or higher B/A values for the raw stem wood).
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3.4. Quantification of the Absolute Deposition Tendency across the Studied Domain

In order to compare the investigated fuels based on the ADTs, as already discussed and elaborated
upon, one can compare the ∆(ADT)plots with the assigned references, e.g., coal and stem wood.
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However, in order to make a readily discernable comparison, the following quantification approach
was taken. The ADTs were summed up across the studied domain, i.e., 1000–1500 ◦C and 0–1 fraction
of pellet dust under the following definition:

Absolute slagging intensity =
∑1500

i=1000

∑1

j=0
fi j ×ADTi j (4)

where “f ” is a function quantifying the level of relevance or importance concerning slagging complexities
encountered in a certain region or domain of the rotary kiln. For instance, the transfer chute which is
reportedly one the most problematic regions of the grate-kiln setup (with regard to deposition) is given
a relevance value of one (see Figure 9a), where the temperature is between 1050 and 1250 ◦C and the
share of pellet dust in the deposits sampled at the transfer chute is from 60 to 80 wt.%. The function can
be thought of as a probability function assigning a high importance/relevance value (unity) to the areas
of interest while moving away from this region of interest, the relevance values gradually decrease
until they approach zero when, for instance, the temperature is too high, e.g., 1500 ◦C and/or the share
of pellet dust is too low (so-called irrelevant/inconsequential regions with respect to slagging-related
issues). Multiple summation of the ADTs (Equation (2)), as expressed by Equation (4), across the
studied domain, will yield a single value for each case, which can sort the investigated fuels based
on their slagging potential. The quantified values for all the 15 biomass fuels and the reference coal
are shown in column A of Table 1 (in ascending order). Clearly, the smaller the value, the lower the
slagging potential.

However, some of the results were counterintuitive because the depicted order demonstrated in
Table 1 (column A), in some instances, proved contrary to common-sense expectations. For instance,
it is unexpected that the biochar of bark is predicted to exhibit a lower slagging tendency than its
raw biomass since their ash compositions are, to a great extent, alike, and only their ash contents
differ significantly from one another. The foregoing applies to the biochar of stem wood and biochar
of willow as well, both of which are surprisingly predicted to have a lower slagging tendency than
their respective raw biomasses. On a side note, notice that the predicted values for the slagging
potential of the above-mentioned anomalous cases are considerably close to one another, e.g., the value
predicted for the bark-biochar is comparable to that predicted for the raw bark. The reason for the
above-mentioned anomalies is because Equation (2) was initially developed for high-rank coals with
similar ash contents, whereas in this study the investigated biochars have a considerably higher
ash content than their raw-biomass counterparts. However, as extensively discussed in the authors’
previous publications [6,7,20,21], the strength of the deposited matter (the degree of sintering) is also
a deciding factor that could readily complicate/facilitate the process of deposit removal. The degree
of sintering is inversely correlated to the viscosity (Watt [60,61], Mackenzie and Shuttleworth [62],
and Boow [63]). Therefore, the QSI and Equation (2) (derived from the definition of QSI) could be used
as a measure of deposit strength (Table 1, column A) rather than the slagging/deposition tendency.

Sensitivity analysis proved that, given the non-acidic ash chemistry associated with the investigated
fuels in this study (as opposed to the acidic coal ashes studied previously23,24), the significance
of viscosity (in Equation (2)) considerably overshadows the effect of the ash content. Therefore,
the following intuitive correction was suggested to take the ash content into greater consideration than
just the kg molten fraction stated in Equation (2).

ADT ∼ (ash content/LHV) × log
(

kg molten ash
hr

×
1

viscosity(Pa·s)

)
(5)

Equation (5) was modified from Equation (2) such that the ADTs calculated by Equation (2) were
normalized by the ash content per MJ of feedstock [kg/MJ] (calculated from the ash content and the
respective lower heating value (LHV) of the raw/bio-oil/biochar). A similar numerical slagging index
(NSI), which was primarily developed to determine the effect of incoming ash particles, was recently
extended to and experimentally verified for coal/biomass blends by others [64–67]. The NSI bears a
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considerable resemblance to Equation (5) in that it too relates the slagging tendency to the reciprocal of
ash viscosity and is directly proportional to the ash loading, i.e., the amount of input ash per hour [64–67].

The corrected ADTs (Equation (5)) were inserted in Equation (4) to quantify the slagging tendencies
using the corrected ADTs. The results are shown in column B of Table 1 where a reasonable ranking
of the investigated fuels (with respect to the slagging tendency) was achieved. The experimental
verification of Equation (5) was not deemed necessary at the time of compiling the current work
since, first and foremost, it is a derivation of Equation (2), which was previously proposed by the
authors [21]. Secondly, the above-mentioned NSI has already been validated by others [64–67].
However, the necessity of such verification is recognized and has yet to be implemented in the authors’
future work.

As well as the transfer chute, other regions of the grate-kiln setup are also affected by deposit
build-up, which in turn could inflict additional production losses and damage, for instance, the hot
temperature region extending from the flame all the way to the inlet of the rotary kiln (herein referred
to as the kiln). The relatively high temperature throughout the rotary kiln gives rise to ring formation,
which is allegedly a major complication in iron-ore pelletizing [10,35]. Reportedly, ring formation
requires temperatures upward of 1250 ◦C [68], a condition that is readily met inside the rotary kiln and
not at the transfer chute. Therefore, it is of interest to assess the slagging potential of the investigated
fuels in the kiln region as well, a region well-exposed to high temperatures hence susceptible to ring
formation. Accordingly, similar to what was carried out previously for the transfer chute, the kiln
region is given a relevance value of one (see Figure 9b), where the temperature is between 1200 and
1350 ◦C and the share of pellet dust in the deposits from the kiln region is slightly higher [69] than that
in the transfer chute.
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Figure 9. The relevance diagram assigning importance/relevance levels to different regions of the
rotary kiln; (a) the highest relevance given to the transfer chute, average temperature = 1100 ◦C; (b) the
highest relevance given to the kiln, average temperature = 1275 ◦C.

Multiple summation of the corrected ADTs (Equation (5)), as expressed by Equation (4), across
the studied domain (the kiln) yields a single value for each case. The quantified values for all the
15 biomass fuels and the reference coal predicted for the kiln region are shown in column C of Table 1
(in ascending order). According to the results, the order observed in column B no longer holds true for
the kiln region. For instance, in contrast to the biomasses, the coal is predicted to have a much greater
slagging potential and cause severe slagging. The investigated high-rank coal has a resilient ash and,
according to the TECs has a low melt/slag fraction at the temperature of the transfer chute, whereas
within the rotary kiln the temperature is high enough to increase the melt fraction and decrease the
viscosity low enough to inflict slagging. Another reason for the observed difference in the fuel sorting
between the transfer chute and the kiln (column B vs. C in Table 1) is the chemical composition of the
biomasses compared to that of the coal ash. The biomass ash possesses a high portion of alkalis which
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are readily volatile at the kiln temperature (a lower share of condensed phases, i.e., lower potential
for slagging), whereas as the resilient coal ash is primarily composed of refractory elements, e.g.,
Si and Al. Therefore, with the exception of the biochars (apart from stem wood-biochar), the rest of the
investigated biomasses are predicted to cause less slagging in the kiln region when compared to coal.
According to column C in Table 1, stem wood biochar is the only fuel among the investigated biochars
which is predicted to have a lower slagging tendency than coal, which is due to its low ash content.

Table 1. The calculated slagging potential for the investigated fuels; Column A representing the
calculated slagging potential for the transfer-chute (ADTs from Equation (2)); Column B representing
that calculated for the transfer-chute (ADTs from Equation (5)); Column C representing that calculated
for the rotary kiln (ADTs from Equation (5)). Each color represents a certain category of the investigated
fuels where coal is indicated by blue, raw biomass, PO, and biochars are indicated by yellow, green,
and gray, respectively. PO and BC stand for pyrolysis oil and biochar, respectively.

A B C

Coal 26 Stem wood-PO 6 Stem wood-PO 10

Bark-PO 6446 Coal 11 Forest residues-PO 30

Reed canary grass 8030 Bark-PO 14 Bark-PO 37

Reed canary
grass-BC 8765 Forest residues-PO 17 Reed canary grass-PO 38

Willow-PO 9686 Reed canary grass-PO 26 Willow-PO 53

Forest residues-PO 9877 Willow-PO 29 Stem wood 260

Bark-BC 10,720 Stem wood 197 Stem wood-BC 1280

Bark 10,779 Stem wood-BC 949 Bark 1552

Stem wood-PO 10,895 Reed canary grass 1075 Reed canary grass 1635

Reed canary
grass-PO 11,471 Bark 1114 Willow 1663

Stem wood-BC 11,756 Willow 1315 Forest residues 1952

Stem wood 12,114 Forest residues 1601 Coal 4138

Willow-BC 12,346 Bark-BC 3696 Bark-BC 5218

Forest residues 12,607 Forest residues-BC 4662 Forest residues-BC 5718

Willow 12,650 Reed canary grass-BC 4959 Reed canary grass-BC 7127

Forest residues-BC 13,004 Willow-BC 6271 Willow-BC 8193
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3.5. The Effect of Biomass-Ash Composition upon Slagging When Interacting with Pellet Dust

The effect of biomass-ash composition upon the problematic slagging encountered in iron-ore
pelletizing can be explained by means of phase diagrams.

On account of the fact that the investigated biomasses are all rich in calcium, the CaO-FeOx binary
diagram was calculated in air (see Figure 10a). The calculated phase diagram (Figure 10a) demonstrates
good agreement with those obtained through experiments after Phillips and Muan [70]. The two
peritectic reactions (Figure 10a) take place well below 1250 ◦C, which is the highest temperature
typically measured at the transfer-chute. More significantly, there is a eutectic at approximately 80 wt.%
Fe2O3 where the temperature (liquidus) falls as low as 1205 ◦C (eutectic temperature). Accordingly,
it is likely that the calcium-rich biomass-ash may react with the Fe-rich pellet dust, which can give rise
to the formation of low-melting-point compounds, thereby intensifying slagging.

Likewise, calcium can decrease the liquidus temperature through reacting with Si, which is the
second major ash forming element in the pellet dust. The calculated CaO-SiO2 binary phase diagram
is shown in Figure 10b (the corresponding experimental phase diagram can be found elsewhere [71]).
The lowermost eutectics in the system take place at 1436 and 1460 ◦C at around 37 and 55 CaO
wt.%. It is worth mentioning that although the above-mentioned temperatures are noticeably high,
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the temperature can still be drastically lowered with the inclusion of other ash forming elements.
However, the importance of Figure 10b lies in the fact that it signposts a thermodynamic driving
force capable of lowering the temperature through the above-mentioned eutectic reactions. Calcium
can potentially react with the silicon contained in the Fe-rich particles and be incorporated in the
resulting melt where the inclusion of CaO (which is a fluxing agent) can reduce the viscosity and lead
to the formation of sturdier deposits. Note that the Si/Ca ratios corresponding to the above-mentioned
eutectics can readily occur during the iron-ore pelletizing process.

However, further substantiation by experiments is still required, especially in order to establish
how biomass ashes and pellet dust particles interact, thereby strengthening the predicted scenarios.
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Figure 10. (a) Predicted CaO-Fe2O3 in air. ss = solid solution, Hem = hematite, Mag = magnetite;
(b) calculated CaO-SiO2 phase diagram employing TECs. The corresponding experimental phase
diagrams can be found elsewhere [70,71].

3.6. The Volatile Behavior of Ash in the Investigated Cases

Dependent on the composition of the fine particles, several particle pathways are expected to take
place in a grate-kiln setup. Particles that are mainly composed of refractory elements are likely to occur
in the particulate phase within the flame. As previously observed [69], when the carrier gas passes
across the pellet bed, a significant portion of these particles pile up on the exterior surface of the pellets.
These particles are thus carried along with the pellets, enter the kiln, annular cooler, and ultimately
wind up in the finished product.

On the other hand, the submicron particles that consist of readily volatile inorganic elements (e.g.,
sulfur, chlorine, and alkali) are expected to exist as gases outside the flame due to the high-temperature
atmosphere in the kiln. When the gas enters the lower part of the pellet bed, the saturated inorganic
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vapor, containing fume (submicron) particles, starts to condense onto the surface of the pellets.
Note that, reportedly, gas temperature could get as low as 800 ◦C at the bottom of the pellet bed right
at the inlet of the rotary kiln [72]. However, when the temperature of the pellets rises to 1200–1250 ◦C
in the kiln, these elements are vaporized again. The preceding considerations suggest that these
particles are supposed to recirculate (through vaporization within the flame, condensation in the
low-temperature zones, and vaporization again in the kiln) throughout the entire process. Consequently,
the concentration of these volatile inorganic elements could increase with time. The accumulation
of readily volatile inorganic elements (particularly alkalis) can intensify deposition as well as alkali
infiltration in the refractory linings of the furnace [10]. In connection with the above-mentioned
concerns, it might be a risk to burn fuels that can generate a high quantity of fume particles because the
concentration of readily volatile inorganic elements will increase at a faster rate. Therefore, the volatile
behavior of the investigated fuels was explored using thermochemical equilibrium calculations.

The fraction of the inorganic elements in the gas phase was predicted for stem wood, stem wood-PO,
stem wood-biochar, and the reference coal (Figure 11a–d). The results suggest that stem wood-PO
exhibits the most volatility, followed by stem wood-raw, stem wood-biochar, and the reference coal.
The reference coal has the lowest volatility of the ash forming elements since its ash is dominated by
refractory elements rather than readily volatile elements such as alkalis, which are pervasive in the
studied biomasses. Over 40 wt.% of the ash forming matter in the stem wood-PO would be in the gas
phase even at relatively low temperatures, e.g., 1100 ◦C, which is the average temperature measured at
the transfer-chute (Figure 12a). However, the POs have the lowest ash content; therefore, in order to
make a practical comparison between the investigated fuels (in terms of the volatility of their ashes),
the total amount of vaporized ash was calculated as follows:

Vaporized ash = (ash content/LHV) × %vaporized ash (6)

where %vaporized ash (see Figure 12a) is the total amount of inorganic elements in the gas phase divided
by the total amount of inorganic elements in the ash. The calculation of %vaporized ash was carried out
notwithstanding the S and Cl content of the fuels since these elements are highly volatile irrespective
of the fuel (see Figure 11a–d). The total amount of vaporized ash (mg/MJ) for all the investigated fuels
(calculated according to Equation (6)) is presented in the Supplementary Materials (Section E).

The results (for stem wood, stem wood-PO, stem wood-biochar, and the reference coal), as plotted
against temperature in Figure 12b, indicate that the combustion of stem wood-PO and coal is predicted
to form the lowest amount of fumes in the gas phase. However, considering the distribution of the
vaporized inorganic elements for the reference coal (Figure 11d), the volatile elements are largely
limited to S and P. The former was excluded as mentioned above, but P is still significantly affecting
the results. According to the results (Figure 11), no significant vaporization of alkalis was predicted for
the reference coal, especially at temperatures as low as the gas temperature at the bottom of the pellet
bed (which is, reportedly, in the order of 800–1000 ◦C at the inlet of the rotary kiln [72]). Therefore,
the reference coal is less likely to contribute to the problematic alkali recirculation phenomenon (as well
as accumulations of fine particles) followed by stem wood-PO, stem wood-raw, and stem wood-biochar.

Furthermore, the amount of condensed inorganic vapor was determined, taking an arbitrary
flame temperature typically measured/calculated for the specific suspension-firing burners in question.
The results are plotted in Figure 13 showing the amount of the gaseous inorganic elements (inorganic
vapors/fumes) that condenses as the temperature drops from an arbitrary flame temperature to 1000 ◦C
(which is the temperature at the bottom of the pellet bed right at the inlet of the rotary kiln [72] where
alkali recirculation is at its zenith). It is also assumed that the condensed inorganic vapors transform
into fine particles through recondensation/nucleation of the vaporized ash, which is the mechanism
responsible for the formation of submicron particles [73–78].

The results presented in Figure 13 could help rank the investigated fuels with respect to the predicted
amount of submicron particles (calculated in mg/MJ) that form on account of the above-mentioned
temperature decrease. Clearly, the lower the predicted value, the more desirable the fuel.
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Figure 13. The predicted amount of submicron particles formed through vaporization and
recondensation of the vaporized fraction of ash when the temperature drops to 1000 ◦C at the
bottom of the pellet bed.

3.7. Practical Implications

The quantified slagging potential, the volatile behavior of ash, and, in general, the overall results
and discussion presented thus far could be abridged and presented in a condensed form, especially
when considering certain objectives that involve practicality. Therefore, the somewhat broad-ranging
results presented/discussed so far are broadly classified into a number of practical key values, each of
which is assigned to a specific ash-related complication associated with the grate-kiln setup:

Key values_1 and 2: the most important practical aspect of the current work is to answer whether
the rate of slagging/deposition could be alleviated, or at least not substantially intensified, as a result of
replacing the reference coal with any of the investigated renewable candidates. Given the foregoing,
the ADTs quantified using Equation (5) could be considered a key value which could potentially gauge
the slagging propensity. Based on the location of interest, Key value_1 is assigned to the predicted
slagging potential at the transfer-chute and Key value_2 to that inside the rotary kiln (Table 1, columns B
and C, respectively).

Key value_3: as extensively discussed in the authors’ previous publications [6,7,20,21], the strength
of the deposited matter (the degree of sintering) is also a deciding factor that could readily
complicate/facilitate the process of deposit removal. The degree of sintering (deposit strength)
is inversely correlated to the viscosity (Watt [60,61], Mackenzie and Shuttleworth [62], and Boow [63]).
Therefore, the QSI and Equation (2) (derived from the definition of QSI) could be used as a measure of
deposit strength (Table 1, column A).

Key value_4: as previously discussed (Section 3.6), the volatile behavior of ash is also a significant
factor that can affect the fuel choice. Therefore, considering the discussion made in Section 3.6,
the predicted amount of submicron particles was considered a key factor.

Accordingly, based on the results presented in Table 1 and Section 3.6, the three biomass categories
investigated in this study are compared with one another and the reference coal as tabulated in Table 2.
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Note that for Key value_4, the presented order is that obtained at the arbitrary flame temperature of
1800 ◦C (see Figure 13). The highlighted fuels are predicted to be suitable for iron-ore pelletizing with
respect to the key value in question.

Table 2. Comparison of the investigated fuels according to the defined key values. Key values_1–4
refer to: slagging at the transfer-chute, slagging in the rotary kiln, strength of the resulting deposits,
and submicron particles (mg/MJ), respectively. PO and BC stand for pyrolysis oil and biochar.

Key Value_1 Key Value_2 Key Value_3 Key Value_4

Stem wood-PO Stem wood-PO Coal Stem wood-PO

Coal Forest residues-PO Bark-PO Forest residues-PO

Bark-PO Bark-PO Reed canary grass Reed canary grass-PO

Forest residues-PO Reed canary grass-PO Reed canary grass-BC Bark-PO

Reed canary grass-PO Willow-PO Willow-PO Willow-PO

Willow-PO Stem wood Forest residues-PO Coal

Stem wood Stem wood-BC Bark-BC Stem wood

Stem wood-BC Bark Bark Stem wood-BC

Reed canary grass Reed canary grass Stem wood-PO Bark

Bark Willow Reed canary grass-PO Reed canary grass

Willow Forest residues Stem wood-BC Bark-BC

Forest residues Coal Stem wood Willow

Bark-BC Bark-BC Willow-BC Forest residues

Forest residues-BC Forest residues-BC Forest residues Reed canary grass-BC

Reed canary grass-BC Reed canary grass-BC Willow Forest residues-BC

Willow-BC Willow-BC Forest residues-BC Willow-BC
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According to the results, the predicted slagging/deposition tendencies of all the pyrolysis products
of the investigated biomass fuels at the transfer-chute are comparable to that of coal (Key value_1).
The preceding suggests that in case the slagging encountered at the transfer-chute is considered a
major technological bottleneck, then replacing coal with any of the above-mentioned upgraded fuels
(POs) is most likely preferable. However, according to the predictions, the situation within the rotary
kiln is totally different where all the investigated POs and raw biomasses were predicted to cause less
slagging compared to the reference coal. Therefore, should the decision-makers deem the rotary kiln
as the most critical region, then all the investigated renewable fuels, except for the biochars, seem to
be superior to the reference coal. However, since the ash viscosity of all the renewable candidates
was estimated to be lower than that of the coal, it is likely that more tenacious/resilient deposits are
going to form as a result of biomass combustion. Furthermore, the combustion of POs and coal is
predicted to form the lowest amount of fumes in the gas phase. However, considering the distribution
of the vaporized inorganic elements for the reference coal (Figure 11d), the volatile elements are largely
limited to S and P. Therefore, the reference coal is less likely to contribute to the problematic alkali
recirculation phenomenon (as well as accumulations of fine particles) followed by the POs.

Considering the predefined key values altogether, the pyrolysis oils (POs) seem to be the most
promising alternative to the reference coal. Furthermore, only when slagging within the rotary kiln
is concerned, given the slagging potential predicted for the raw biomasses and the biochar of stem
wood, the aforementioned alternatives also prove promising and could be considered for full-scale
experimental trials.

4. Conclusions

In this study, the effect of the interaction between the pellet dust and biomass-ash upon melt
formation and the viscosity of the resulting melt was theoretically assessed. The slagging potential of
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15 different biomass fuels was quantified and compared with one another and a reference high-rank
coal using a proposed slagging index, a similar form of which was previously validated by others.

The quantified slagging/deposition potentials at the transfer-chute suggest that only the pyrolysis
oils are comparable to the reference coal while the rest of the renewable candidates are expected to
aggravate the situation.

However, slagging/deposition within the rotary kiln is predicted to be alleviated as a result of
biomass combustion. The foregoing applies to all the investigated renewable candidates except for
the biochars.

Furthermore, among the investigated fuels, only the reference coal and the pyrolysis oils are less
likely to contribute to the accumulations of fine particles, whereas the rest of the investigated fuels are
expected to impose a negative impact on the formation of fine particles.

Given that the viscosity of coal ash is estimated to be the highest among the investigated fuels,
less tenacious/resilient deposits are likely to form, which makes ash-handling/removal less challenging
for the reference coal compared to the rest of the fuels.

Considering all aspects of the ash-related complications addressed in the present work,
the pyrolysis oils are expected to be the most viable alternative to the reference coal. Moreover,
only insofar as slagging within the rotary kiln is concerned, the raw biomasses as well as the biochar
of stem wood are considered practicable alternatives, the performance of which is worthwhile to
be put to the test in a full-scale grate-kiln facility. On the other hand, all the investigated biochars,
except for stem wood-biochar, are likely to exacerbate the impact of the existing ash-related challenges
encountered in iron-ore pelletizing grate-kilns.
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