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Abstract

In the short- and mid-term perspective, drastic measures for the reduction of anthropogenic emissions including extensive
decarbonization of the residential and industrial heating sector have to be implemented. To replace fossil fuels, solid biogenic residues
and wastes will have to be increasingly utilized. Compared to clean woody biomass, these biomass assortments are commonly
characterized by higher Si and alkaline metal contents recognized as major driver for low ash melting temperatures resulting in elevated
risk of bottom ash slagging. To facilitate the prediction of bottom ash slagging during combustion, several fuel indices have been
proposed. Based on empirical correlations with parameters relevant for slagging behavior, e.g., ash melting temperatures or slag
fraction of the bottom ash, these fuel indices were subsequently enhanced and adapted for an increasing range of biomass fuel
characteristics. In this study, analysis data of 26 woody and non-woody fuels and experimental data derived from two combustion
test campaigns with an automatically stoked small-scale boiler were investigated through principal component analysis. Thus, the
complex interdependencies between the fuel composition and the resulting bottom ash characteristics and the applicability of existing
fuel indices were evaluated. The chemometric analysis highlighted that Si, Ca, K, Mg, and also the remaining Al and S in the bottom
ash are crucial fuel components in the context of bottom ash melting. On this basis, the molar ratio (Si + P + K)/(Ca + Mg) was adapted
and correlated with the susceptibility to slag formation which is a new parameter derived from ash content, slag fraction > 16 mm in the
bottom ash, and slag category. Thus, the applicability of a newly developed fuel index was evaluated with respect to the bottom ash
slagging risk during real-scale combustion. Three ranges were distinguished for the fuel index corresponding to a specific susceptibility
to slag formation (i.e., low <20 mol/g for woody biomass, elevated between 20 and 75 mol/g, and serious > 75 mol/g for straw-like
fuels and blends with wood). The linear regression of the fuel index with susceptibility to slag formation exhibits a high coefficient of
determination (i.e., 0.99 for woody biomass and 0.84 for straw-like fuels and their blends with wood).
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Highlights

*Experimental data derived from combustion tests of 26 woody and non-
woody biomass fuels in a small-scale boiler was analyzed.

«Principle component analysis (PCA) was applied to elucidate interde-
pendencies between ash components and to identify most influencing ash
components for slag formation.

*A new parameter for the description of bottom ash slagging is proposed.
*An adapted fuel index for the estimation of bottom ash slagging is
suggested.
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Nomenclature

cos2; Squared loadings for ith variable (—)

Co Contributions of the variables to the principal compo-
nents (%)

Abbreviations

A; Ash content of fuel i (Wt%)

Apmax Maximal ash content of all investigated fuels (wt%)

AN Normalized ash content (—)

B/A Base-to-acid ratio

BAFS  Bottom ash fraction that forms slag

BAI Bed agglomeration index
d.b. Dry basis

DIN Deutsches Institut fiir Normung e.V. (German
Institute for Standardization)

DT Ash deformation temperature (°C)

E Processed wood chips (i.e., end product)

EN European standard

ENplus ENplus is an international acknowledged wood
pellet certification scheme which was established
in 2011. ENplus introduced quality classes and stron-
ger requirements to those set by the European and
international product standards for solid biofuels

FT Ash flow temperature (°C)

Fu Fouling Index

HF Hydrofluoric acid

HT Ash hemisphere temperature (°C)

M Miscanthus

PC Principal component

PCA Principal component analysis

R Unprocessed wood chips (i.e., raw material)

Rs Babcock index

S Wheat straw

SA Ratio of Si and Al oxides

SD Standard deviation

S; Sinter category of fuel i (—)

Smax Maximal sinter category of all investigated fuels (—)

SN Normalized sinter category (—)

SF; Bottom ash fraction that forms slag > 16 mm of fuel
i (Wt%)

SFhax  Maximal bottom ash fraction that forms slag >
16 mm of all investigated fuels (wt%)

SFn Normalized bottom ash fraction that forms slag >
16 mm (—)

SSF Susceptibility (to slag formation)

Sk Slag viscosity index

SST Ash shrinkage starting temperature (°C)
w Wood sawdust

1 Introduction

Both on national and international level, ambitious climate
protection targets have been agreed on [1, 2]. In Germany,
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greenhouse gas emissions shall be reduced by 55% until
2030 and by 70% until 2040 with respect to the baseline
derived from the year 1990 [2]. This requires drastic measures
for reduction of anthropogenic emissions that have to be im-
plemented in short- and mid-term perspective including sub-
stantial energy savings and replacing fossil fuels [3—5]. In
Germany, for example, the energy consumption for residential
heating which contributes 43.6% of total heat consumption is
currently driven by natural gas (956 PJ) and mineral oil
(460 PJ), while the share of renewables is comparatively low
(317 PJ) [6]. To replace fossil fuels for small-scale heating,
especially solid biogenic residues and wastes have to be uti-
lized [7, 8]. The unused technical potential of low quality
woody biomass residues from forestry as well as from cereal
straw in Germany has been estimated to provide an accumu-
lated mass between 16.3 and 36.3 million t (dry matter) [9].
Compared to clean woody biomass (i.e., sawdust), these low
quality biomass assortments are commonly characterized by
elevated N, S, and Cl contents and high levels of Si and alka-
line metals such as K that are inherent to the biomass fuel or
arise from contamination with soil [10]. These elements are
responsible for an elevated risk of pollutant emissions and
bottom ash slagging [11], the latter being particularly critical
for small-scale combustion appliances. However, ash transfor-
mation mechanisms in the context of slag formation are very
complex and yet not fully understood. Accordingly, several
methods have been proposed to evaluate contamination and to
predict bottom ash slagging during small-scale combustion of
woody and non-woody biomass. For example, the Al/200
coefficient in combination with the Fe/Mn ratio was suggested
to classify wood chips as “contaminated with soil” [12].
Consequently, soil contamination is likely if both indexes ex-
hibit values exceeding 1. Furthermore, the DAI index (i.e., the
ratio between Si+ Al+ Fe + Ti oxides and Ca+ Mg+ Mn +

K+ P+ S+ Cl+Na oxides) was also proven to reflect con-
tamination in biomass fuels for values above 0.5 [13]. Also,
fuel indices for the prediction of bottom ash slagging exist
providing a simplification of the complex ash transformation
processes [11, 14-23]. Several of them, e.g., the base-to-acid
ratio (B/A) and modifications of it (Babcock Index (Rs) and
Fouling Index (Fu)), the SA index as the ratio of Si and Al
oxides as well as the Slag Viscosity Index (Sg), are commonly
used in the context of coal combustion [19, 20, 24-30]. Gilbe
et al. evaluated slag formation during biomass combustion
using the value Si-(Cl + Ca+Mg) (specified in mol/100 g
ash) and validated the results by using the fraction of fuel
ash that formed slag [18]. Knudsen et al. studied in detail the
interaction of Si, K, and alkaline earth metals for various fuel
assortments emphasizing that the molar ratios of Si/K and
(Ca+ Mg)/Si can provide a good indication about bottom
ash slagging during combustion processes [14]. Lindstrom
et al. suggested the reversed molar Si/(Ca + Mg) ratio as slag-
ging index, where higher values represent increased tendency
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for slag formation [31]. For phosphorus-rich fuels, an extend-
ed slagging index (Si+ P + K)/(Ca + Mg) has been proposed
by Sommersacher et al. [15, 32]. For the prediction and inter-
pretation of ash-related problems, the usefulness of ternary
phase diagrams incorporating information on phase transition
and melting temperatures originating either from empirical
findings or from thermodynamic equilibrium calculations
has been demonstrated in several studies [11, 31-36].
However, thermodynamic data is still lacking for critical bio-
mass ash systems and still needs experimental investigations
[34, 35]. In the work of Sommersacher et al. many of these
fuel indices were evaluated regarding their applicability by
measurements performed in lab- and real-scale combustion
systems for a variety of pure biomass fuels [15]. The applica-
bility of these fuel indices was further verified for the com-
bustion of wood/kaolin and straw/kaolin as well as
Miscanthus/peat blends [32, 37], for blended biomass pellets
[38, 39] and treated wood chip assortments [40—42]. Recently,
Nézelius et al. evaluated the applicability of existing indices
for slagging of phosphorus-poor biomass fuels during fixed
bed combustion. Based on two-tailed # tests, potential signif-
icant differences in fuel ash composition and ash content were
identified and prediction tools, i.e., two separate triangular
diagrams with K,O(+Na,0), CaO(+MgO), and SiO, as com-
ponents were developed [43]. While the first diagram can be
used to predict the fraction of fuel ash that forms slag, the
second one predicts the sintering category of the formed slag.
Very recently, Fernandez et al. presented the disintegration
(i.e., by visual appearance and the easiness of manual ash
disintegration) and sieving method (i.e., by measurement of
ash particle size distribution) providing reliable results for the
prediction of bottom ash slagging [44].

Accordingly, it was shown that the fuel indices could
provide a first pre-evaluation for slagging tendencies in
the bottom ash. However, though useful for providing a
first indication, fuel indices still have to be handled with
care since the simplification also restricts the general use.
Usually several indices have to be considered simulta-
neously and the broadening range of fuel characteristics
may necessitate the adaption of indices and the integration
of further elements critical for ash slagging. To enhance
the understanding of the complex ash transformation
mechanism and to support the refinement of existing fuel
indices and approaches for the estimation of bottom ash
slagging during small-scale combustion, principal compo-
nent analysis (PCA) can be applied.

In the biomass research, PCA has been widely used for
biomass fuel characterization and classification [45-57].
However, the applications of PCA for thermochemical bio-
mass conversion are fairly limited. Recently, biomass gasifi-
cation processes have been investigated with PCA using liter-
ature data [58-60] as well as experimental data [61-68].
Venturini et al. investigated the effect of wood pellet quality

classes according to ISO 17225-2 on the emissions (i.¢., total
suspended particles, CO, NO, and PAH) of a residential pellet
stove using PCA analysis which revealed that the effect of the
pellet quality on the emissions is stronger than the typical
operating conditions of the stove [69]. Only very few publi-
cations covered slagging during combustion. Jeguirim et al.
[70] experimentally investigated the ash characteristics of
phosphorous-rich biomass assortments such as grape marc,
tomato waste, exhausted olive mill solid waste, and olive mill
wastewater during the combustion in a small-scale boiler. As
part of their study, PCA was performed to identify to which
extent mineral content correlates with PM and bottom ash
characteristics. A strong correlation between the (Si+ K) mo-
lar fraction and bottom ash particles with a diameter > 500 um
was found. Schwabl et al. investigated severity of bottom ash
slagging during combustion of 14 woody and non-woody
biomass assortments with respect to boiler operation (i.e.,
cleaning intervals, boiler load and combustion temperature,
etc.) using PCA but did not include compositional data of
the bottom ash [71].

In this paper, analysis data of 26 woody and non-woody
biomass fuels and experimental data derived from two com-
bustion test campaigns with an automatically stoked small-
scale boiler was analyzed by PCA to identify the most
influencing factors for the observed bottom ash slagging ten-
dencies. Furthermore, applicability of existing fuel indices for
the prediction of slag formation were evaluated to allow boiler
operators a simple estimation of bottom ash slagging in
practice.

2 Materials and methods
2.1 Fuels

Wood sawdust (W), wheat straw (S), and Miscanthus (M)
were applied to produce blended biomass pellets (fuels
denoted with I to X, Table 1). The wood sawdust was
delivered from a commercial pellet company located in
Germany. The energy crop Miscanthus (Miscanthus X
Giganteus) was grown on a post-mining area, collected
with a forage harvester and purchased as chopped material
(length approx. 30 mm) from Agrarproduktion Elsteraue
GmbH & Co. KG, Zwenkau in Saxony/Germany. Wheat
straw bales were purchased from Agrarhandel &
Transport GmbH, Schafstddt in Saxony-Anhalt/Germany.
Three pure and seven binary blended biomass pellet
batches were produced by PTG Pelletier- und
Transportgesellschaft GmbH, Apolda in Thuringia/
Germany in an industrial ring die pellet press with a nom-
inal capacity of 1 t/h. Each batch had a weight of approx.
500 kg. For fuels denoted with XI to XXV, locally avail-
able forest residue wood chip assortments were subjected
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Table 1 Overview of the applied pure and blended fuels (ratios of raw materials are given in wt%) and six case studies

Object Test campaign Reference Fuel labelling Fuel type Description

I 1 [38, 39] 100W Pellet 100 wt% wood sawdust

I 70W30M Pellet 70 wt% sawdust, 30 wt% Miscanthus

11 50W50M Pellet 50 wt% sawdust, 50 wt% Miscanthus

v 30W70M Pellet 30 wt% sawdust, 70 wt% Miscanthus

v 100M Pellet 100 wt% Miscanthus

VI 70M30S Pellet 70 wt% Miscanthus, 30 wt% wheat straw

vl 50M50S Pellet 50 wt% Miscanthus, 50 wt% wheat straw

VIII 100S Pellet 100 wt% wheat straw

X 50W50S Pellet 50 wt% sawdust, 50 wt% wheat straw

X T0W30S Pellet 70 wt% sawdust, 30 wt% wheat straw

XI 2 [40, 42] 1-R Wood chip untreated fresh wood chips (coniferous residues)

X1 1-E Wood chip pretreated with star screen - rolling bed dryer - jigger screen
X1 2-R Wood chip untreated fresh wood chips (coniferous residues)

XV 2-El Wood chip pretreated with star screen - container dryer

XV 2-E2 Wood chip pretreated with container dryer - star screen

XVI 3-R2 Wood chip pre-dried wood chips (coniferous residues, five month, fleece cover)
XVII 3-E2 Wood chip pretreated with drum screening

XVIII 4-R Wood chip untreated fresh wood chips (coniferous residues)

XIX 4-E Wood chip pretreated with walking floor dryer

XX 5-R2 Wood chip pre-dried wood chips (deciduous residues, five month, fleece cover)
XXI1 5-E2 Wood chip pretreated with pile drying — star screen

XXII 5-E3 Wood chip pretreated with pile drying of pre-dried wood chips

XXIII 6-R Wood chip untreated fresh wood chips (coniferous residues)

XXIV 6-E2 Wood chip pretreated with jigger screen - belt dryer

XXV 6-El Wood chip pretreated with drum screen

XXVI Ref Pellet ENplus wood pellet, class A1l

to different combinations of drying and sieving technolo-
gies (Table 1). All fuels were derived from German bio-
mass terminals in southern Bavaria except for XX to XXII
which were purchased from the east of North Rhine-
Westphalia. Thus, six case studies were performed which
were described in detail previously by Kuptz et al. [42]. In
case studies 1, 2, 4, and 6, one raw material (R) was used
for both combinations of drying and sieving, while for
case studies 3 and 5, two different raw materials (R1
and R2) had been used for fuel processing. For each case
study, a full container load of approx. 30 m® of wood
chips was processed. As reference, commercially avail-
able ENplus wood pellets (i.e., object XXVI) were also
applied for combustion tests in test campaign 2 [72].

2.2 Combustion tests
The combustion tests were performed in two test campaigns
(campaign 1 [38, 39] and campaign 2 [40, 42]), and results of

these studies have been published previously. The experi-
ments were conducted in a commercially available boiler
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dedicated for the combustion of wood pellets, wood chips,
Miscanthus, and cereal grains with a nominal heat capacity
of 30 kW (if used for wood pellet combustion). The heat
output can be modulated in the range between 30 and 100%
of'the nominal heat capacity. The biomass fuel is conveyed via
a feed auger into the combustion chamber where a moving
step grate ensures the transport of fuel and bottom ash which
eventually is collected in the ash pan. With a lambda probe,
the oxygen content can be determined in order to guarantee
optimal air-fuel ratio enabling complete combustion. A speed
controlled chimney fan supplies the combustion air to the
boiler and thus regulates the primary and secondary air supply.
The combustion air ratio can be manually adjusted by a baffle
to direct the primary combustion air to the moving grate and
the secondary combustion air to the post-combustion cham-
ber. Heat exchange was realized using a jacket-and-tube heat
exchanger which was cleaned automatically by moving
turbulators. The boiler was equipped with temperature mea-
surement devices (type K, NiCr-Ni) in the fuel bed and in the
secondary combustion chamber. Fuel bed temperatures were
on average below 1000 °C (i.e., 907 °C+88 K SD) for all
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combustion experiments [38, 39, 42]. For each combustion
test, the boiler was operated at full load and adjusted according
to the specific requirements of the employed fuels aiming for
(1) low CO emissions, (ii) minimized slag formation in the
bottom ash, and (iii) sufficient ash removal into the ash pan.
To fulfill these requirements, adjustments of the primary and
secondary combustion air supply, oxygen set value in the flue
gas, and operation of the grate were necessary.

2.3 Analysis methods

Fuel analysis, sampling, and sample preparation were per-
formed in accordance with European standards for solid
biofuels [73—75]. The following parameters were analyzed:
moisture, ash content, ash melting behavior (SST, DT, HT,
and FT), total content of S and CI, major elements (i.e., Al,
Ca, Mg, P, K, Si, Fe, Ti, Mn, and Na), and minor elements
(i.e., Cd, Cr, Cu, Pb, and Zn). The samples were digested in HF
solution and then analyzed by ICP-OES. Furthermore, the
whole bottom ash was gathered after the combustion test and
analyzed in order to estimate the sintering degree in bottom ash
corresponding to each fuel. Thus, the complete recovered ash
samples from the combustion tests were sieved with a circular
mesh with round holes (< 63 mm, <45 mm, and < 16 mm), and
the share of each bottom ash fraction was quantified as weight
percentage of the total amount of bottom ash collected and
evaluated regarding their sintering degree (i.e., bottom ash frac-
tion that forms slag, BAFS) using a method previously devel-
oped by Ohman et al. [23]. Afterwards, the complete bottom
ash samples were grinded and homogenized for analyses of
major and minor elements according to the European standards
for solid biofuels as above [75]. Cl was determined in the eluate
of the bottom ash according to DIN EN 12457-4 [76]. Fuel ash
analyses were additionally performed on fuel samples ashed at
550 °C using the same analysis methods as above. Release
rates of K, Na, S, and Cl were determined according to
Sommersacher et al. [15]. The fuel indices calculated within
this work are listed in Table 2.

2.4 Principal component analysis

Among all chemometric analysis techniques, principal com-
ponent analysis (PCA) is the most commonly used method
[78-81]. The main objective of the PCA is to reduce the size
of large data sets to reveal hidden relationships between ob-
jects and measured variables. Usually, collected data are com-
piled in a matrix X, with rows corresponding to n objects
(herein fuels) described by p variables (herein fuel and ash
analysis data as well as fuel bed temperatures) and calculated
fuel indices) in columns. PCA transforms the set of objects by
an orthogonal transformation into a set of values of linearly
uncorrelated variables called principal components (PCs).
Thus, largest possible variance accounting for the highest

possible variability in the data set will be described. The
PCA was performed in OriginPro 2019. As PCA is sensitive
to the relative scaling of the original variables, all data sets
were normalized prior to the analysis. For PCA analysis, ob-
jects listed in Table 1 and two data sets of variables (Table 3)
were used as input. The first data set of variables used for
PCA-1 included ash content (variable 1), Cl and S content in
the fuel (variable 2 and 3), fuel ash analysis (variables 4—19),
bottom ash analysis (variables 20-37), K, Cl, and S release to
the gas phase (variables 38—40), average fuel bed temperature
(variable 41) as well as characteristic ash melting temperatures
(variables 42—45), and bottom ash fraction that forms slag
(variables 46-49). The second data set of variables used for
PCA-2 was selected to determine most suitable indices for the
prediction of bottom ash slagging, i.e., characteristic ash melt-
ing temperatures (variables 42—45), bottom ash fraction that
forms slag (variables 46—49), and fuel indices (variables 50—
69).

There are several methods for the determination of appro-
priate number of PCs selected as new variables. According to
Kaiser’s rule, PCs with eigenvalues exceeding one should be
retained. Alternatively, PCs which describe at least 75% or
even 80% of the total data variance can be considered [59,
81]. Additionally, in order to interpret the significance of
retained PCs in terms of the original variables, only those
loadings with absolute values exceeding 90% (for PC1) and
60% (for PC2 and PC3) of the maximum coefficient (in abso-
lute value) in each PC were considered. Contributions of the
variables (in percentage) accounting for the variability to a
given PC were calculated using Eq. 1.

_cos2; - 100

Co= Y.cos2; y M)

The cut-off for the contribution of the variables to a specific
PC was evaluated either (i) based on the assumption of a
uniform contribution of all included variables (i.e., for 20 con-
sidered variables, the value would be 1/20 =5%) or (ii) ac-
cording to the average contribution of all considered variables.
A variable with a contribution larger than the cutoff can be
considered as important for contributing to a specific PC.
Loading and score plots are the graphical interpretations of
PCA presenting the relations among variables and the objects,
respectively.

2.5 Input data

The input data, i.e., complete results of the fuel and bottom ash
analysis, were obtained in different research projects and have
been reported and discussed previously [38, 39, 42]. Selected
data from those publications and additional fuel indices used
for the PCA are listed in Tables 4 and 5. The results from the
bottom ash analysis are listed in Table SI1. To enable the

@ Springer
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Table 2  Calculation of fuel indices used for principal component analyses (* total S in fuel is defined as volatile S)
Field of application Index Formula Unit Reference
Indices developed for (K+Na)/(2S +Cl) gst:\g mol/mol [15]
biomass combustion Si/(Ca+Mg) CaiiM . mol/mol [15,31]
; Si+P+K
(Si+P+K)/(Ca+Mg) Cjﬂ\t[g mol/mol [15,32]
Si/K 8 mol/mol [14]
28/Cl B mol/mol [77]
Al/200 o g/g [12]
Fe/Mn % g/g [12]
: Si0; +AL 03 +Fe; 034+ TiO,
DAI coefficient DAI'= cao+Mg0+Na§g+§4n&1§zofpzos+c120+so3 gg [13]
Cl ratio Clratio = m)# g/g [28]
. S! e+ K204+Na, 0
S ratio Sratio = % g/g (28]
Bed agglomeration index BAI = Naféiolézo g/g [26, 29]
Basic to acidic compounds ratio + P B/A+P= Fe,05 +Cas?gz %gg;)]jaj%gfzoﬂ)zos g/g [19, 26, 30]
Indices developed for Ratio between Si and Al oxides SA = :1‘2%2} g/g [27]
coal combustion :
Basic to acidic compounds ratio B/A = f20 g@aﬁ:ﬁg}ﬁéﬁ”'{zo glg [29]
Babcock index Rs=(B/A)-S g/g [26]
Fouling index Fu=(B/A)-(Na O+K O) g/g [24]
Slag viscosity index Sk = SiO; - m g/g [26, 30]

appraisal of the used data set, selected aspects are emphasized
below. The employed fuels can be categorized as phosphorus
poor biomass because content of phosphor in the fuels was
max. 700 mg/kg d.b. (for object V, i.e., 100M). Blending of
wood with at least 30 wt% Miscanthus or wheat straw signif-
icantly lowered ash melting temperatures HT and DT com-
pared to pure wood pellets (object I, i.e., 100W). A further
increase of the share of Miscanthus or wheat straw in the fuel
blends did not significantly affect DT and HT which remained
below 950 °C and below 1100 °C (except for object V, i.e.,
100M), respectively. For woody biomass (i.e., objects I and XI
to XXVI), DT and HT exhibited temperatures exceeding
1100 °C and 1200 °C (except for objects XIII and XIV),
respectively. Share of bottom ash that forms slag according
to Ohman et al. [23] revealed significant differences between
woody and non-woody biomass. For all woody biomass fuels
(i.e., objects I and XI to XXVI), a negligible slagging indicat-
ed by high share of bottom ash that forms slag < 16 mm was
observed. Bottom ashes from the combustion of wood blend-
ed with Miscanthus or wheat straw (i.e., objects II to IV, IX
and X) were characterized by a share of bottom ash that forms
slag between 30 and 50 wt%. Bottom ashes from the combus-
tion of Miscanthus, wheat straw, and blends thereof (i.e., ob-
jects V to VIII) were characterized by a share of bottom ash
that forms slag between 40 and 65 wt%.

Contamination of the selected fuels can be evaluated using
Al/200 coefficient and Fe/Mn ratio. If values for Al/200 in
combination with Fe/Mn ratio are above 1, at least some soil
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contamination is present in the respective fuels. The reference
fuel (wood pellets, i.e., object I and XXVI) is clearly “uncon-
taminated” according to both indices. Except for object V (i.e.,
100M), all non-woody biomass pellets and their blends with
wood are uncontaminated (i.e., objects II to X). All unpro-
cessed wood chip batches can be attributed either to the area
“contaminated” (i.e., objects XXIII and XX) or “indifferent
soil contamination” (i.e., objects X VI, XIII, and X VIII). Wood
chip processing resulted in all cases in both lower Al/200
coefficients and Fe/Mn ratios indicating a reduction of the
contamination. Accordingly, many of the processed wood
chip batches can almost be attributed as “uncontaminated”
(i.e., objects XII, XV, XVII, XIX, and XXI), while for the
other processed wood chip assortments, some soil contamina-
tion remained after fuel processing.

With regard to bottom ash slagging, blending of wood with
herbaceous raw materials and Miscanthus with wheat straw
led to increased values of the molar ratio (Si+ P+ K)/(Ca +
Mg), i.e., potentially increased risk of bottom ash slagging.
The molar ratio (Si+ P + K)/(Ca + Mg) exceeded 3.3 mol/mol
in all cases. For the wood chip fuels, the highest molar (Si+
P + K)/(Ca+ Mg) ratios were found in the unprocessed wood
chips indicating an elevated risk of slagging within these fuels.
Fuel processing steps such as screening reduced molar (Si+
P + K)/(Ca+ Mg) ratios indicating a lower risk of slagging in
the bottom ash during combustion of these biofuels. However,
all woody biomass assortments were characterized by a molar
ratio (Si+ P +K)/(Ca+ Mg) below 3 mol/mol. For the
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Table 3 List of variables applied for PCA

No. Variables Unit Principal component analysis
1 Ash content wt% d.b. PCA-1

2 Cl in the fuel mg/kg d.b. PCA-1

3 S in the fuel mg/kg d.b. PCA-1

4 Al in the fuel ash mg/kg d.b. PCA-1

5 Pb in the fuel ash mg/kg d.b. PCA-1

6 Cd in the fuel ash mg/kg d.b. PCA-1

7 Ca in the fuel ash mg/kg d.b. PCA-1

8 Cr in the fuel ash mg/kg d.b. PCA-1

9 Fe in the fuel ash mg/kg d.b. PCA-1

10 K in the fuel ash mg/kg d.b. PCA-1

11 Cu in the fuel ash mg/kg d.b. PCA-1

12 Mg in the fuel ash mg/kg d.b. PCA-1

13 Mn in the fuel ash mg/kg d.b. PCA-1

14 Na in the fuel ash mg/kg d.b. PCA-1

15 Ni in the fuel ash mg/kg d.b. PCA-1

16 P in the fuel ash mg/kg d.b. PCA-1

17 Si in the fuel ash mg/kg d.b. PCA-1

18 Ti in the fuel ash mg/kg d.b. PCA-1

19 Zn in the fuel ash mg/kg d.b. PCA-1

20 Cl in the bottom ash mg/kg d.b. PCA-1

21 Al in the bottom ash mg/kg d.b. PCA-1

22 Pb in the bottom ash mg/kg d.b. PCA-1

23 Cd in the bottom ash mg/kg d.b. PCA-1

24 Ca in the bottom ash mg/kg d.b. PCA-1

25 Cr in the bottom ash mg/kg d.b. PCA-1

26 Fe in the bottom ash mg/kg d.b. PCA-1

27 K in the bottom ash mg/kg d.b. PCA-1

28 Cu in the bottom ash mg/kg d.b. PCA-1

29 Mg in the bottom ash mg/kg d.b. PCA-1

30 Mn in the bottom ash mg/kg d.b. PCA-1

31 Na in the bottom ash mg/kg d.b. PCA-1

32 Ni in the bottom ash mg/kg d.b. PCA-1

33 P in the bottom ash mg/kg d.b. PCA-1

34 S in the bottom ash mg/kg d.b. PCA-1

35 Si in the bottom ash mg/kg d.b. PCA-1

36 Ti in the bottom ash mg/kg d.b. PCA-1

37 Zn in the bottom ash mg/kg d.b. PCA-1

38 Kielease from bottom ash wt% PCA-1

39 Clielease from bottom ash wt% PCA-1

40 Sielease from bottom ash wt% PCA-1

41 Thuel bed ’c PCA-1

42 Ash melting temperature (SST) ’c PCA-1, PCA-2
43 Ash melting temperature (DT) °c PCA-1, PCA-2
44 Ash melting temperature (HT) °c PCA-1, PCA-2
45 Ash melting temperature (FT) °c PCA-1, PCA-2
46 BAFS > 63 mm wt% PCA-1, PCA-2
47 BAFS 45-63 mm wt% PCA-1, PCA-2
48 BAFS 1645 mm wt% PCA-1, PCA-2
49 BAFS <16 mm wt% PCA-1, PCA-2
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Table 3 (continued)

No. Variables Unit Principal component analysis
50 K in the fuel mg/kg d.b. PCA-2
51 (K +Na)/(2S + Cl) mol/mol PCA-2
52 Si/(Ca+ Mg) mol/mol PCA-2
53 (Si+P+K)/(Ca+Mg) mol/mol PCA-2
54 SK mol/mol PCA-2
55 2S/Cl1 mol/mol PCA-2
56 Al200 g/g PCA-2
57 Fe/Mn g/g PCA-2
58 DAI g/g PCA-2
59 SA g/g PCA-2
60 B/A+P glg PCA-2
61 B/A glg PCA-2
62 BAI g/g PCA-2
63 Rs g/g PCA-2
64 Fu g/g PCA-2
65 SR g/g PCA-2
66 Cl ratio glg PCA-2
67 S ratio g/g PCA-2
68 SST-DT range °C PCA-2
69 DT-HT range °C PCA-2

investigated fuels, a wide range between 0.4 mol/mol (object I
and XXVI) and 14.6 mol/mol (object XIII) was calculated for
the molar Si/K ratio (Tables 4 and 5). The herbaceous biomass
pellets and their blends with wood were characterized by a
molar Si/K ratio in the range of 1.1 and 1.8 mol/mol, while
object V (100M) exhibited the highest value (i.e., 2.7 mol/
mol). This indicates an increased retention of K in the
bottom ash especially for 100M. In contrast, unprocessed
wood chips were often characterized by a higher molar Si/K
ratio > 5 mol/mol (except for 4-R and 5-R2, object XVIII and
XX, respectively). Wood chip processing reduced molar Si/K
ratio typically between 20 (for 4-E, object XIX) and 80% (for
2-E2, object XV) resulting in molar Si/K ratios below 1.5 mol/
mol (except for 2-E1 and 2-E2, object XIV and XV, respec-
tively) which indicates a facilitated K release for the processed
wood chips compared to the unprocessed wood chips.

3 Results and discussion
3.1 Principal component analysis

In the case of PCA-1, five PCs describe 81.67% of the
total data variance and eight PCs have eigenvalues ex-
ceeding 1 (Table SI2). All eight PCs were retained using
Kaiser’s rule. However, PC4 described only 6.25%, PC5
only 4.94%, PC6 only 3.62%, PC7 only 3.57%, and PCS8
only 2.69% of the total data variance. Therefore, the first

@ Springer

three PCs accounting for 70.48% of the total data variance
were considered for further evaluation.

In Fig. 1, contributions of the variables to the three PCs
within PCA-1 are displayed. The cut-off value calculated as
the average contribution was 2.0%. Calculation of the cut-off
value according to uniform contribution of the 49 variables
resulted also in 2.0%. Accordingly, major ash forming elements
in the fuel ash and bottom ash such as K, Ca, Mg, and Si
(variables 7, 10, 12, 17, 24, 27, 29, and 35) that are particularly
relevant for the ash melting behavior as well as the characteristic
slagging categories (42—46, 48, and 49) are described by PC1.
Interestingly, Cl and S content in the fuel (variables 2 and 3) are
also contributing substantially to PC1. Some further elements
like Ni, Mn, or Cu (variables 11, 13, 15, 30, and 32) are also
above the cut-off value, while e.g., Al (variable 4 and 21) which
has been reported to play an important role in slag formation
processes remains below the cut-off value [37, 82].

Minor ash forming elements in the fuel ash and bottom ash
representing P and heavy metals such as Pb, Cr, Cu, Ti, and
Cd but also S in the remaining bottom ash (variables 5, 6, 8,
11, 16, 18, 22, 23, 25, 28, 32, 33, and 36) are contributing
mostly to PC2. PC3 is mainly described by parameters rele-
vant for soil and contamination such as Fe and Al (variables 4,
9, 21, and 26) and chemically treated biomass such as Ti and
Cr (variables 8, 18, 25, and 36) in the fuel and bottom ash. The
latter contribute with higher values to PC3 compared to PC2
(except for Cr in the bottom ash, variable 25). The K, Cl, and S
release as well as Tgye peg (variables 38 to 41) did not
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Table 4  Ash melting temperatures, slag fractions, and fuel indices of objects I (wood pellets) and II to X (Miscanthus, straw, and blended pellets)

Variable ~ Parameter Unit I I 11 v A% VI Vil VI X X
42 SST °C 820 790 760 720 810 660 670 650 650 690
43 DT °C 1470 990 830 820 930 790 800 770 770 790
44 HT °C 1480 1090 1060 1050 1210 1040 1050 1050 1040 1040
45 FT °C 1490 1110 1230 1100 1310 1120 1090 1250 1070 1130
46 BAFS >63 mm wt% 0 0 8 0 26 17 35 48 14 9

47 BAFS 45-63 mm wt% 0 0 0 10 1 0 1 4 15 25
48 BAFS 16-45 mm wit% 0 33 25 19 17 26 17 11 15 14
49 BAFS <16 mm wt% 100 67 67 71 56 57 47 37 56 52
50 K in the fuel mgkgdb. 497 1850 3840 5270 8210 10,100 11,300 14,500 7640 5850
51 (K+Na)/(2S + Cl) mol/mol 2.3 2.3 2.3 2.5 24 2.8 35 2.7 29 2.8
52 Si/(Ca+Mg) mol/mol 0.2 1.8 3.0 32 8.1 44 4.7 43 4.1 3.7
53 Si+P+K)/(Ca+Mg)  mol/mol 0.8 33 6.0 6.4 11.5 8.0 7.6 6.9 6.6 59
54 Si/K mol/mol 0.4 14 1.1 1.1 2.7 1.4 1.7 1.7 1.8 1.8
55 2S/Cl1 mol/mol 0.8 1.3 1.3 1.0 0.8 0.8 0.9 0.8 1.1 1.0
56 Al1/200 g/g 0.1 0.7 0.6 0.7 32 0.7 0.7 0.6 0.4 0.4
57 Fe/Mn glg 0.3 0.8 0.6 0.8 1.3 0.5 0.2 0.1 0.2 0.2
58 DAI g/g 0.2 1.0 1.1 1.0 2.0 1.3 1.3 1.3 1.4 1.3
59 SA g/g 42 9.3 17 21 14 37 58 85 67 55
60 B/A+P g/g 6.4 1.5 1.4 1.8 0.8 1.3 12 1.2 1.1 1.2
61 B/A g/g 5.7 1.3 1.3 1.5 0.7 12 1.1 1.1 1.0 1.1
62 BAI g/g 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0
63 Rs g/g 0.0 0.0 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.0
64 Fu g/g 188 56 73 97 33 71 66 65 49 58
65 Sk g/g 19 65 77 75 85 81 83 83 82 80
66 Cliatio g/g 2.5 0.8 1.0 1.2 0.6 1.0 0.9 0.9 0.8 0.9
67 Siatio g/g 2.5 0.8 1.0 1.2 0.6 1.0 0.9 0.9 0.8 0.9

considerably contribute to PC1, PC2, and PC3 within PCA-1.
Score and loading plots performed for PCA-1 are presented in
Fig. 2.

Accordingly, score plots (left side of Fig. 2) illustrate
groups of objects while loading plots (right side of Fig. 2)
show the contribution of the variables to each PC. Those var-
iables that are closest to the axes of the corresponding PC and
possessing the longest vector contribute most to this PC. PC1
in PCA-1 described 41.56% of the total data variance. Two
major groups might be distinguished: The first includes wood-
derived samples (objects I and XI to XXVI), and the second
group illustrates similarities between herbaceous biomass and
fuel blends with woody biomass (objects II-X). As evident by
the position close to the x-axis in Fig. 2 (loading plot, top) and
by its positive value, the following variables contribute most
to the position of woody biomass: Ca and Mg content both in
the fuel and bottom ash, deformation temperature (DT), hemi-
sphere temperature (HT), and fraction of bottom ash that
forms slag (BAFS) < 16 mm (variables 7, 12, 24, 29, 43, 44,
and 49). Accordingly, for fuels with wheat straw and
Miscanthus (objects II to X), ash content, S and CI content

in the fuel, and K and Si content in the fuel and bottom ash as
well as fraction of bottom ash that forms slag (BAFS)
> 63 mm and 1645 mm, respectively (variables 1, 2, 3, 10,
17, 27, 35, 46, 48), were the most relevant variables for their
position in score plot (Fig. 2, top). Based on PC2, describing
17.43% of the total data variance, fuel 70W30M (object II) is
more similar to pure wood pellets (object I and XXVI) than to
the any other investigated fuels (object III to XXV). Thus, Pb
and Ti in the fuel ash as well as Cr, Cu, S, and Ti in the bottom
ash (variables 5, 18, 25, 28, 34, and 36) contribute most to the
position of 70W30M (object II), while concentration of Cd,
Cu, Na, and Zn in the fuel ash (variables 6, 11, 14, and 19) as
well as P in the bottom ash (variable 33) are most relevant for
the score of pure wood pellets (object I and XXVI) in Fig. 2
(top). It is apparent that PC1 in PCA-1 is connected with the
slagging behavior. The well-known slagging index (Si+P +
K)/(Ca+Mg), i.e., variable 53, is also represented by the po-
sition of its elements on opposite sides of the plot origin. Al
can be found in the same quadrant as Ca and Mg, though
contribution is lower which is also a consequence to the high
contribution of Al to PC3, which is associated with soil

@ Springer



Biomass Conv. Bioref. (2021) 11:1211-1229

1220

6'S 80 80 €0 Tl I'l 80 01 L0 60 0 0 €0 70 60 €0 33 ong L9
6'S 80 80 €0 Tl I'l 80 01 L0 60 0 0 €0 70 60 €0 33 o) 99
€L 9T LT 9% 0€¢ v 8¢ 43 8% o €S 8t €9 89 ST 0$ 3/3 g S9
99t S S 4! 98 L (34 0L 3% 6S T € Tl LS €9 81 33 ng 9
1’0 00 00 00 10 00 00 00 00 00 00 00 00 00 00 00 33 sd €9
1'0 T0 z0 90 10 1'0 1'0 1'0 1'0 1'0 1'0 0 0 ) 1'0 0 33 vd 9
91 ST LT 01 0°¢ 9T 1'C 97 81 1'C Tl €1 80 S0 v'e Tl 33 v/d 19
'Ll LT 6T 'l S€ 0°¢ €T 0'¢ 07 v'T A Sl 80 90 8¢ Al 33 d+vd 09
S€ 9 €T 81 6'¢ Sy Y 6'¢ S'¢ 9y 96 8L 6 I's LY 9L 33 VS 65
10 v0 v0 'l €0 0 S0 ) 90 S0 80 L0 Tl 8l €0 80 3/3 va 8¢
70 ST A €9 RXS S0 I'1 €0 €0 €0 S0 0 €0 L0 z0 S0 33 LAVEE| LS
10 0T Sl 88 Tt Tl v'T 01 91 01 Tt I'1 67T 0'8 L0 1T 33 0071V 9
60 1T 8T T RXS $'s 6 9y 8y Sy 9 I's Sy ST 6'¢ 'S Jow/jou 10/ST SS
v0 €1 'l 0 a ST 97 Tl 91 4! 0 LT 8v 9l I'l 'S Jow/jou /S S
90 L0 L0 80 60 ¢l Sl 01 4! Tl 8T I'l 1T 6C 90 Sl [ow/jowr (SN +BD)/(N +d +1S) €S
70 v0 €0 L0 S0 L0 01 S0 L0 90 Tt 80 L1 9T €0 €1 Jouy/jou B +©D)1S (49
91 TS vy 9y I's 67 0’ S€ 9¢ oY L€¢ I'e 8T 0°¢ T¢ 0¢ Jou/jot (1D +SO/(EN+3D S
vPy  16v1  LTET  THWOT  €6vT  ¥981  LL6T  €LIT  I€PT  9€€l  €SST 9911  6bpI  06L1  0L6  8I€l QP SyBw [ony oy ur 3 0S
001 001 001 001 00T 001 001 001 001 00 00T 001 L6 001 001  00I LI ww 9] > SV 6
0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 P W Gp - W 9 SAVE 8t

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 %M WU €9 - WW Gy SAVE Ly

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 %I ww €9 < SAVd 9%
09%1 0S¥l  OLPI  O€El 0Tkl  0STI  0€Tl  06€1  09C1  0Zel  OvEl OISl OLIT  0TTl  06v1  0TTI Do L4 St
0S¥l OTvl  09¢I  OI€l  06€l 0Z¢l  0Cel 0SSl Ovcl  olcl  0STl 08Tl 0911 00Tl  06v1  OITI Do LH 44
Obb1  08€1  06EI  08CI  OSEl 00Tl 00Tl  OCEl  0TCl 00Tl 0611 0€Cl  OvIl  OLIT  06v1  00TI Do 1a €p
089 0TIl 0TIl OIZl 0911 086 OCIl  OWOI 0L6 086 OvIl  0I0I 0LOI OIIl 0Tl 0911 Do LSS (47
IAXX  AXX  AIXX XX I[IXX IXX XX XIX HIAX [IAX IAX  AX  AIX  IIX  IIX X nn JoweIR]  S[qRLBA

(s1o110d poom) TAXX pue (sdigo poom passaoordun pue passeoord <o) AXK 03 TX S199[qo Jo seorpur [ony pue ‘suonoey Sefs ‘soimjeroduwo) Sunjow ysy g ajqel

pringer

Qs



1221

Il PC1 @ PC2[]PC3

Biomass Conv. Bioref. (2021) 11:1211-1229

0.4
@ Springer

0.2

0.0
PC 1[41.56%]

-0.2

-0.4

PC 1[41.56%]

(6v) wwg|> Sdve N S
(8y) WwGy - Wwgl S4vE o
(Lp) wwgg - wwsy sdvg S
(9v) wweg < S4ve 8
(Gy) 14 2 &
(%) LH E
(ev) L@ S 2
(zv) 1SS ) 8| =
(1) peg jony | g = S =
((EREETES 2 -
(6€) @sealal [0 2 g
(gg) aseajai ) 3 ~
(L€) use wopoq uz E ro
| (9¢) Use wonoq 1L s
[ (e) use wopoq 1S 5
(v€) use wonoq s P <
Ammv Cwm EOU—«OQ n_ .W. < 9.._ o nh_ 4n.v. < nh_ o n./_ <
(z€) use wopoq IN = o o s s c S o S b2 S
: (1€) yse wonoq eN 2 [%er' 21l 2 Od [%6v'LL] € Od
(0€) use wopoq up 8
M (62) use wonoq B 2 - © =
{ (82) use wopoq no P = % %2 % 2 R s
[ (12) use wonoq 3 = ex'C § L g sl x =
(92) use wonoq 8- g R X2 2 AR
5 (S2) use wonoq 4D ' _E&RE Lo Rl Ny
3 (v2) use wonoq e g sRxs B
(€2) use wopoq po B o X
(z2) yse wonoq qd Z _ 3 _
(12) use wonoq |y b . v 3 |
(01) use wonoq [ = _ - B
(61) use jonj uz = = Ly 8 or
_ { (81) usejenj 1L < 5 552 . " e
3 (11) usejeny 1S £ == Lo § = A
: (91) use jony o £ .3 3
| (G 1) USE [N IN 2 k> Lo =
{ (¥1) use jonj eN z z
= (€1) use jony upy 2 U W, . - : : _ <
H AN_\V r_wm _®3v— m_>_ .hpm u w o] © < N o 9__ 4 6 ! © < N o Q 4
(11) yse jeny Ny - [%ev 2112 0d [%6¥'L1]1 € Od
Mov: yse any y 7
6) yse |an) a4 i) 2
: (8) use fony 10 g ~£3; g
; () use jsny eD z v SBEES
£V a .%o
ﬂ@cmm_mauo m SRS Yo
=] () use pn ad S SE8EET
qu yse [on} I g S22 sl
¢)eny s = 25 3E e
(2) 1ens 10 m wm.m Z 5=
S (1) eyuod ysy m mmmmmM
PEC B
ST e s 33iziif
[%] uonnqLuo9 = TSEEFLE



1222

Biomass Conv. Bioref. (2021) 11:1211-1229

contamination. Finally, PC3 described 11.49% of the total
data variance and highlighted dissimilarities with regard to
possible contaminations between the fuel blends with
Miscanthus and wood (object II to V), soil contaminated
wood chip batch 2-R (object XXIII) and woody biomass (ob-
ject I, XII, and especially XXVI). Contents of Al and Fe both
in the fuel and bottom ash (variables 4, 9, 21, and 26) were the
variables with the highest contribution for wood chips (i.e., 6-
R, object XXIII). For Miscanthus and blends with wood (ob-
jects IT to V), Cr and Ti both in the fuel and bottom ash were
the most important contributors (variables 8, 18, 25, and 36).

For PCA-2, the first three PCs describe 80.52% of the total
data variance and for five PCs eigenvalues exceeding than one
have been calculated (Table SI3). Analogous to PCA-1, only
three PCs were considered for further evaluation as PC4 de-
scribed only 5.76% and PC5 only 3.57% of the total data
variance.

In Fig. 3, contributions of the variables to the three PCs
within PCA-2 are displayed. The cut-off value calculated as
the average contribution was 3.6%. Calculation of the cut-off
value according to uniform contribution of the 29 variables
resulted also in 3.6%. Accordingly, parameters describing bot-
tom ash slagging during biomass combustion such as K in the
fuel, DT, HT, characteristic slagging categories (i.e., BAFS
> 63 mm, BAFS 1645 mm, and BAFS < 16 mm) as well as
DT-HT range, molar ratio Si/(Ca+ Mg), and (Si+ P +K)/
(Ca+Mg) are contributing to PC1 (variables 43, 44, 46, 48,
49, 50, 52, 53, and 69). Both coal indices Si and SA are also
contributing to PC1 (variables 59 and 65). Interestingly, a
rather uniform contribution of all these variables to PC1 was
observed. Indices such as B/A, B/A + P, Rs, Fu, Cl, and S ratio
(variables 60, 61, 63, 64, 66, and 67) are contributing mostly
to PC2. PC3 is mainly described by indices relevant for fuel
contamination such as Si/K, Al/200, Fe/Mn, and DAI (vari-
ables 50, 56, 57, and 58). Also, BAI index (variable 62) is
contributing significantly to PC3. The parameters SST, FT,
BAFS 45-63 mm, and the molar ratio of (K + Na)/(2S + CI)
and Si/K (variables 42, 45, 46, 51, and 55) did not consider-
ably contribute to PC1, PC2, and PC3 within PCA-2.

Score and loading plots for PCA-2 are presented in Fig. 4.
As for PCA-1, two groups, i.e., woody biomass fuels (objects
I'and XI to XXVI) and blended biomass fuels (objects II to X),
can be distinguished. According to PC1, describing 46.01% of
the total data variance, the investigated fuels can be distin-
guished according to indices for bottom ash slagging which
were initially developed for biomass combustion. For woody
biomass, the largest contribution originates from DT, HT, and
negligible slagging indicated by BAFS <16 mm (variables
43, 44, and 49). In contrast, positions of fuel blends with
wheat straw (objects V to X) in the score plot are mainly
influenced by the variable K content in the fuel, Si/(Ca+
Mg), (Si+P+K)/(Ca+Mg), SA and Sk (variables 50, 52,
53, 59, and 65). PC2 accounted for 27.02% of the total data

@ Springer

variance. Interestingly, in PCA-2, blended and herbaceous
fuels (object II to X) scattered much less along PC2 than in
PCA-1. Also for woody biomass, PC2 does not show much
variation except for the pure wood pellets (object I and XX VI)
and for 2-R and 6-R (object XIII and XXIII). Accordingly, it
seems that the slagging indices B/A, B/A + P, SST-DT range,
Rs, Fu, Cl, and S ratio (variables 60, 61, 63, 64, 66, 67, and
68) might not be suitable to differentiate between the investi-
gated biomass fuels. Only for clean wood pellets (object I and
XXVI), these variables resulted in a large variance, which is
probably due to their low Si and Al content relative to the Ca
content in the fuel. PC3 described 7.49% of the total data
variance allowing for the differentiation of the investigated
fuels with respect to indices describing fuel contamination.
Only reference fuel XXVI (wood pellets) and the fuels
100M, 2-R, and 6-R (objects V, XIII, and XXIII) were sub-
stantially different to their PC3 values. This can be rational-
ized by the highest Al/200 values (variable 56) which were
calculated for wood chip batches 2-R and 6-R (object XIII and
XXIII) as well as particularly high values for Si/K and Fe/Mn
(variable 54 and 57). For fuel 100M (object V), A1/200, molar
Si/K ratio, and DAI (variables 54, 56, and 58) are highest
among all blended and herbaceous fuels. In contrast, position
of reference fuel XXVI (wood pellets) in the score plot for
PC3 in Fig. 4 may result from particularly high indices (K +
Na)/(2S + Cl), B/A, B/A +P, Fu, Sg, Cl, and S ratio, though
their contribution to PC3 is rather low (Table 5).

Concisely, PCA results underscore that the molar index
(Si+P+K)/(Ca+Mg), i.c., variable 53, mostly provides a
good indication for the estimation of bottom ash slagging.
However, S and Cl also seem to have a certain relevance in
this context. These elements as well as Al as strong indicator
for soil contamination should also be considered for the fur-
ther development of the slagging index.

3.2 Description of bottom ash slagging

The most commonly used parameters to estimate the po-
tential slagging risk in the bottom ash are the characteris-
tic ash melting temperatures SST, DT, HT, and FT deter-
mined for the fuel ash following standardized procedures
[83]. If DT and HT are well above boiler temperatures,
slagging risk is considered low. However, real slag forma-
tion at certain combustion temperatures is poorly de-
scribed by this method and ash melting may result in
different structures of the slag being more or less critical
for boiler operation. This problem was addressed by de-
fining different sinter categories and determination of slag
fractions by means of sieving [23, 44]. The amount of ash
that potentially forms slags is important in any case.
Inspired by the work of Schwabl et al. [71] and as a result
of the relevance of ash content (variable 1) as well as
bottom ash fraction that forms slag (BAFS, variable 46
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and 49) for PC-1 in PCA-1, the new parameter suscepti-
bility to slag formation (SSF) was developed which is
defined using the normalized ash content (An=Ai/Amax),
normalized bottom ash fraction that forms slag > 16 mm
(SFn=SF;/SFax), and the normalized sinter category
(Sn = Si/Smax) among the investigated fuels and by
implementing the arithmetic mean of the three parameters
(i.e., each parameter has the same importance for the SSF)

(Eq. 2).

A F
SSF = M ] (2)

3.3 Adaption of the slagging index

The ash transformation behavior is yet not fully understood
especially at low oxygen atmospheres (i.e., during pyrolysis
and gasification) influencing the decomposition of the organic
and inorganic fractions, and consequently the release patterns
especially of K, S, and Cl at a given conversion temperature
[84-92]. Especially, K and its association with other ash com-
ponents plays a prominent role during melt formation in the
bottom ash. During combustion, K release is facilitated by the
presence of Cl as KCI or for hydrous systems as KOH.
Potassium, which is retained in the bottom ash, can be incor-
porated in silicate melts or minerals as well as salt melts (with
Cl) and sulfates [14, 85-87, 93].

Attempts to estimate bottom ash slagging in small-scale
appliances with fuel indices provided in several cases contra-
dictory results [15, 18, 21, 43]. Thermodynamic equilibrium
(TEC) calculations are often considered a promising alterna-
tive for the prediction of bottom ash slagging [34, 94].
However, reliable results are strongly depending on the qual-
ity as well as the selection and individual modification of the
thermodynamic databases and assumption of a realistic oxy-
gen atmosphere in the fuel bed, which can have tremendous
impact on the obtained results. A further drawback in
interpreting TEC results is the limitation to fully stable phases
(i.e., with an activity of one) and equilibrium conditions that
cannot be guaranteed in all cases. In order to make these
calculations applicable in a general way, a careful and com-
prehensive validation is still needed. Therefore, despite its
well-reported shortcomings, fuel indices still can provide a
simple and straightforward method to estimate bottom ash
slagging and should be further developed for specific
applications.

Based on the obtained PCA-1 results for wood chips
and pellets, herbaceous biomass (wheat straw and
Miscanthus), and biomass fuel blends, it was shown that
Si, Ca, K, and Mg in the bottom ash (variables 24, 27, 29,
and 35) are relevant components in the context of bottom
ash slagging. The molar ratio (Si+ P + K)/(Ca + Mg), i.e.,

@ Springer

variable 53, seems to be the most suitable fuel index to
estimate bottom ash slagging as also highlighted by PCA-
2. Though correlation of the molar ratio (Si+ P +K)/
(Ca+Mg) with the proposed SSF parameter (Eq. 2) pro-
vides a quite satisfying determination coefficient of 0.83
(Fig. 5, left), the position of some fuels—in particular fuel
V (100M) and VIII (100S)—does not reflect the observed
bottom ash slagging behavior. The most critical slagging
behavior was observed for 100S (fuel VIII) followed by
100M (fuel V) which is well represented by their SSF
values 1.0 and 0.83, respectively. However, according to
the molar ratio (Si+ P +K)/(Ca+Mg), a less severe slag-
ging would be expected.

To improve the applicability of this fuel index, further
elements may be incorporated. Al can be introduced in the
fuel by sand, soil, or clay (e.g., in the form of feldspars or
clay minerals) [17] which can be accompanied by Si
resulting in different Si/Al ratios. However, compared to
Si, Al is more effective in increasing ash melting temper-
atures [95]. Depending on the origin of Al (i.e., as kao-
linite (Al-silicate), K-feldspar, Ca-feldspar, etc.), differ-
ences in the reactivity of Al during ash transformation
reactions and their ability to capture alkali compounds
and influence melt formation might be possible [28,
96-99]. Sommersacher et al. already suggested to include
Al in the molar ratio (Si+P+K)/(Ca+ Mg) for those
fuels containing Al-rich additives such as kaolin [37].
Therefore, the incorporation of Al might also be appropri-
ate for the estimation of bottom ash slagging if fuel con-
tamination is expected, Eq. 3. This is also supported by
PCA-I1.

Si+P+K

Cat Mg+ Al [mol/mol] 3)

slag index,; =

The correlation of the molar ratio (Si+ P +K)/(Ca+
Mg + Al) with the proposed SSF parameter provides a
slightly improved determination coefficient of 0.86.
However, likewise to Fig. 5 (left), the position of some
fuels does still not reflect the observed bottom ash slag-
ging behavior. As shown by PCA-1, Cl and S might also
be relevant for the estimation of bottom ash slagging.
Though Cl was found in some cases in bottom ashes ob-
tained from the combustion of Cl-rich biomasses [93,
100-102], most studies show that it is usually almost
completely released to the gas phase [14, 103—-105]. In
contrast, a high share of K,SO, was found in the slag
and non-slag fraction of bottom ashes especially from
the combustion of Miscanthus and wheat straw which
might additionally be facilitated if conversion tempera-
tures are below 1000 °C [101, 102, 106—108]. With the
Babcock Index (Table 2), an estimation of slag formation
in different ash fractions was suggested for the
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Fig. 5 Molar ratio of (Si+ P + K)/(Ca + Mg), left, and (Si+ P + K)/(Ca +
Mg+ Al) x S, right, versus SSF. Black filled circles: wood pellets and

wood chips (objects I and XI to XXVI); black filled squares: W/M pellet
blends (objects II to IV); black filled triangles: W/S pellet blends (object

combustion of bituminous and brown coal [19]. Likewise,
the molar ratio (Si+ P+ K)/(Ca+ Mg) should be adapted
by S, Eq. 4.

Si+P+K

m) - S [mol/g] (4)

slag index,; g = (

Applying the adapted slag index (Eq. 4) to the SSF, it
becomes apparent that this index can be a useful estimation
tool for bottom ash slagging (Fig. 5) (right).

Compared to Fig. 5 (left), a clear separation between woody
and blended as well as herbaceous biomass fuels becomes ap-
parent. For woody biomass fuels, the determination coefficient is
0.99, while for blended and herbaceous biomass fuels, a deter-
mination coefficient of 0.84 is achieved. Three ranges can be
distinguished for (Si+ P + K)/(Ca+ Mg+ Al) x S:

A. (Si+P+K)/(Ca+Mg+ Al) % S <20 mol/g: low suscep-
tibility to slag formation (i.e., SSF < 0.4, including wood
pellets and wood chips, objects I and XI to XXVI, not
labeled in Fig. 5). Fuels in this range are characterized by
an ash content of up to 7 wt% d.b., BAFS > 16 mm below
5% and a sinter category of 1.

B. (Si+P+K)/(Ca+Mg+ Al) x S=20-75 mol/g: elevated
susceptibility to slag formation (i.e., SSF =0.4-0.6, in-
cluding W/M pellet blends (objects II-IV) and 70W30S
pellet blend (object X). Fuels in this range are character-
ized by an ash content of up to 3 wt% d.b., BAFS
> 16 mm between 30 and 50% and a sinter category be-
tween 2 and 3.

C. (Si+P+K)/(Ca+Mg+ Al)xS>75 mol/g: serious sus-
ceptibility to slag formation (i.e., SSF >0.6), including
100M, 100S, M/S pellet blends, and 30W70S pellet blend

Vil

0.8 R?=0.84

0.6
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044 |
s
.
|
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IX and X); black filled diamond: M/S pellet blends (object VI and VII);
non filled circles: herbaceous biomass pellets, i.e., 100M and 100S (ob-
ject Vand VIII)

(objects V-IX). Fuels in this range are characterized by an
ash content between 4 and 7 wt% d.b., BAFS >16 mm
between 40 and 60%, and a sinter category between 3 and
4.

The transition between ranges A and B can be marked by
object II (which was considered in both correlations in Fig.
5). It was shown by Zeng et al. that this fuel blend (i.e.,
70 wt% wood sawdust and 30 wt% Miscanthus) was char-
acterized by an ash behavior which displays the transition
between wood and straw-like fuels [39]. Accordingly, with
the adapted slag index, the differences in the slagging be-
havior in the bottom ash during the combustion of woody
and herbaceous biomass fuels can be well distinguished and
estimated.

4 Summary and conclusions

In this work, experimental data derived from two combus-
tion test campaigns with an automatically stoked small-
scale boiler were investigated by principal component
analysis. Based on this, the complex interdependencies be-
tween the fuel composition and the resulting bottom ash
characteristics and the applicability of existing fuel indices
were evaluated. The principal component analysis
highlighted that Si, Ca, K, and Mg and also the remaining
Al and S in the bottom ash are crucial fuel components in
the context of bottom ash melting. Thus, the molar ratio
(Si+P+K)/(Ca+Mg) was adapted by Al and S and cor-
related with the susceptibility to slag formation based on
the arithmetic mean of the normalized ash content,
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normalized bottom ash fraction that forms slag > 16 mm as
well as the normalized sinter category among the investi-
gated fuels. Thus, the applicability of the slag index was
evaluated with respect to the bottom ash slagging risk dur-
ing real-scale combustion. Three ranges were distinguished
for the fuel index corresponding to a specific susceptibility
to slag formation (i.e., low <20 mol/g for woody biomass
as well as elevated between 20 and 75 mol/g and serious
> 75 mol/g for straw-like fuels and blends with wood). The
linear regression of the slag index with susceptibility to
slag formation exhibits a high coefficient of determination
(i.e., 0.99 for woody biomass and 0.84 for straw-like fuels
and blends with wood). This fuel index can be applied for
grate combustion in automatically stoked small-scale
boilers fueled with woody biomass, Miscanthus, and wheat
straw as well as blends thereof. In future investigations, the
fuel index may prove to be suitable for further combustion
technologies (and therefore dedicated oxygen atmospheres
during the conversion steps) and other fuel assortments
such as agricultural biomass with critical composition, de-
molition wood, or sewage sludge. The suggested suscepti-
bility to slag formation (SSF) parameter might prove to be
a more suitable parameter for the evaluation of slagging
risk in real-scale boiler operation.
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