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The increased demand for waste wood (WW) as fuel in Swedish co-combustion facilities during the last
years has increased the import of this material. Each country has different laws governing the use of
chemicals and therefore the composition of the fuel will likely change when combining WW from differ-
ent origins. To cope with this, enhanced knowledge is needed on WW composition and the performance
of pre-treatment techniques for reduction of its contaminants. In this study, the chemical and physical
characteristics of 500 WW samples collected at a co-combustion facility in Sweden between 2004 and
2013 were investigated to determine the variation of contaminant content over time. Multivariate data
analysis was used for the interpretation of the data. The concentrations of all the studied contaminants
varied widely between sampling occasions, demonstrating the highly variable composition of WW fuels.
The efficiency of sieving as a pre-treatment measure to reduce the levels of contaminants was not suffi-
cient, revealing that sieving should be used in combination with other pre-treatment methods. The
results from this case study provide knowledge on waste wood composition that may benefit its manage-
ment. This knowledge can be applied for selection of the most suitable pre-treatments to obtain high
quality sustainable WW fuels.

� 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Waste wood (WW) is wood that has been used for various pur-
poses – for packaging, construction activities or furniture – and
ends up in waste streams. Forestry residues from felling or indus-
trial by-products are not regarded as WW (Värmeforsk, 2012).
While biomass is considered as a biofuel, WW is within the solid
recovered fuels (SRF) because of its high degree of contamination
(CEN, 2011a). The landfilling of sorted combustible waste has been
banned in Sweden since 2002 and, as a result, most of the WW
available in Sweden (Lundin et al., 2013) tends to be used in
waste-to-energy (WtE) conversion processes rather than being
landfilled or recycled. However, the management strategies vary
between different regions. The use of WW as fuel increased from
10% to 40% of the total fuel supply for district heating between
1980 and 2009 (Olsson and Hillring, 2013). Sweden currently has
an incineration overcapacity and its own production of sorted com-
bustible wastes is not enough to fulfill the demand. This fact has
led to an increase on the importation of combustible materials
such as WW. Since different countries have different laws
governing the use of wood preservatives and coatings, variations
in composition and degree of contamination of WW can be
expected.

Waste wood is a highly complex material in terms of chemical
and material composition. Information about the composition of
WW can be found in databases such as Phyllis2 (ECN). Several
authors have discussed its variability and heterogeneity
(Bouslamti et al., 2012; Krook et al., 2006, 2008; Nzihou and
Stanmore, 2013). In addition, it may contain both material and
chemical contaminants (Värmeforsk, 2012) that can compromise
its quality.Material contaminants are material fractions that princi-
pally can be separated from the WW e.g. by sorting or by using
mechanical processes such as sieving, magnetic separation or eddy
current separation. The major material contaminants are plastics,
metals, and concretes; overall, material contaminants can account
for up to 1–2% (by weight) of the WW stream (Värmeforsk, 2001).
Chemical contaminants derive from agents that were used to treat
the timber in order to extend its service life or to prevent physical
damage and pest infestation, but also from pigments used in
paints. They principally cannot be mechanically separated from
the main source.
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http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.wasman.2015.11.048
http://creativecommons.org/licenses/by/4.0/
mailto:stina.jansson@umu.se
http://dx.doi.org/10.1016/j.wasman.2015.11.048
http://www.sciencedirect.com/science/journal/0956053X
http://www.elsevier.com/locate/wasman


312 M. Edo et al. /Waste Management 49 (2016) 311–319
Wood preservatives contribute heavily to the Cu, Cr and As con-
tent of WW due to the widespread use of so-called CCA preserva-
tives, which were widely used for treating timber in Sweden from
the 1950s and over 40 years due to the high durability in residen-
tial construction. Coatings such as pigments are the main sources
of Pb, Co, Zn and Fe in WW, while its N content is primarily due
to adhesives. Both material and chemical contaminants can cause
technical problems in the WtE process. Inorganic materials such
as brick and concrete can damage boilers, Cl from PVC plastics
causes corrosion throughout the system, and Zn plays an important
role in fouling. Some WW contaminants such as Cl, Cu and Fe can
promote the formation of persistent organic pollutants (POPs) such
as dioxins and dioxin-like compounds during combustion (Lavric
et al., 2004). The presence of trace metal contaminants in the
WW fuels compromises the quality of the ashes obtained as by-
product from WW combustion. Trace metals with low volatility
(Ni, Cr or V) end up mainly in the bottom ash together with some
nutrients (Ca, Mg or P), which prevents their use as fertilizer or in
forest and agricultural soils. Trace metals with higher volatility (Zn,
Cd, Hg or As) end up mainly in the fly-ash (cyclone and filter) and
are related to health effects. Such issues can be ameliorated by pre-
sorting the WW at the source, which can greatly improve its fuel
quality in both environmental and technical terms. For instance,
the smallest fraction (particle size <4 mm) of the WW often con-
tains large quantities of environmentally and technically problem-
atic species such as heavy metals and Cl. At least in some cases, the
contaminant content of the fuel has been significantly reduced by
sieving it and removing the fine fraction to yield a higher quality
fuel (Värmeforsk, 2012).

The aims of the present work were to: (i) determine how and to
what extent the material and chemical composition of WW varied
over a nine year study period, and (ii) investigate the effectiveness
of WW pre-treatment by sieving as a means of removing chemical
contaminants.

A data set consisting of 47 chemical and physical parameters
measured in 500 WW samples collected between 2004 and 2013
from a co-combustion power plant located in Nyköping, Sweden,
was analyzed and used to exemplify the variation of the composi-
tion of WW. The data were interpreted using two multivariate data
analysis (MVDA) techniques: principal component analysis (PCA)
and orthogonal partial least-squares discriminant analysis (OPLS-
DA).

A number of studies have examined heavy metal contamination
in WW and biomass-derived fuels. These investigations have
focused on identifying sources of contamination (Krook et al.,
2007, 2004, 2006; Solo-Gabriele et al., 2002; Wikstrom and
Marklund, 1998), assessing the influence of the complex composi-
tion of WW (Bouslamti et al., 2012), and developing improved
technologies for WW combustion (Swithenbank et al., 2011) and
remediation (Janin et al., 2012; Swithenbank et al., 2011).
However, long-term studies are lacking, and this study represents
the first attempt to evaluate a data set covering an extended period
of time (nine years), and considering such a large number of
physical and chemical properties. The results presented herein
elucidate the distribution of contaminants in WW and the
variation in its composition. The knowledge on WW gained by
our study can be used by companies or municipalities handling
WW to improve its management in terms of sorting or
co-combustion efficiency. By selecting the most suitable WW
pre-treatment(s) (e.g. drying, grinding, metal separation, extrac-
tion of recyclables), the quality and sustainability of WW fuels
may be improved and formation of pollutants during WW
combustion may be reduced or prevented.
2. Materials and methods

2.1. Description of the sampling site

The sampling site for this studywas the Idbäcken co-combustion
power plant in Nyköping (Sweden), which is owned by the Swedish
energy company Vattenfall. One of the boilers at the Idbäcken plant
is a combined heat and power boiler with a bubbling fluidized bed
using WW as its main fuel. It has an annual fuel consumption of
about 450 GW h (120 ktons of WW). The whole plant consumes
about 600 GW h of fuel (including WW) each year. WW originally
consisted primarily of large pieces of woody material such as items
of furniture or fiber board, which had to be crushed at the collecting
center before shipping in order to reduce transportation costs. At
present, Vattenfall’s suppliers are responsible for crushing, chipping
and for performing a preliminary sieving of theWW to remove fines
(particle size <4 mm). Once the material arrives at the plant, it is
sieved again to remove particles bigger than 250 mm (which consti-
tute approximately 1 %wt. of the delivered material) from the fuel
line.

Over this study’s nine year sampling period, new technologies
and international suppliers were introduced. These are the most
relevant changes that occurred:

– Only 29% of the plant’s fuel was imported until 2008;
– Until 2011, WW > 250 mm was crushed at the plant and
returned to the fuel-line;

– From 2011, WW > 250 mm was removed from the fuel line,
crushed by an external contractor and then sent back to the
plant and returned to the fuel line;

– In 2011 international suppliers started to sieve (particle size
<4 mm) the material before transporting it to the plant;

– 85% of the plant’s fuel was imported in 2012.

2.2. Sampling methodology

The sampling methodology used is based on the
EN-15442:2011 standard (CEN, 2011f). Depending on how the
material was delivered to the facility, samples were collected in
two different ways: (i) Transportation by truck: a 5 L sample was
randomly collected from each newly delivered batch, then split
into ¼ in volume (roughly) and stored in supplier-specific barrels.
The total combined sample in each supplier-specific barrel varied
in size depending on how frequent deliveries were made, and
was sent for analysis once per month. (ii) Transportation by boat:
10 L samples were randomly collected at the dock from every
100 tons of delivered material. The combined sample, normally
between 150 and 300 L, was sent for analysis. In total 500 samples
were collected over nine years from September 2004 to March
2013. The sampled deliveries included both domestic and
imported WW.

2.3. RW characterization

WW characterization tests were performed by BELAB AB and
ALS Scandinavia according to European standards and EPA meth-
ods. Up to 47 parameters, including particle size and the levels of
chemical and material contaminants were determined. Unfortu-
nately, not all the parameters were measured during the 9 year
study period. From 2004 to 2013, ash content and trace metal were
analyzed in all the samples (Table 1). From 2008, moisture content,
energy content, material contaminants and particle size were
included in the characterization of the materials.



Table 1
Sampling period and number of samples used in each part-study discussed in this paper.

a LHV: Lower heating value.
b The trace elements considered were Cl, Al, Ca, Fe, K, Mg, Mn, Na, P, Si, Ti, As, Cd, Co, Cr, Cu, Hg, Ni, Pb, S, V, and Zn.
c Four different particle size ranges were considered: Fines; 4–25 mm; 25–50 mm; and >75 mm.
d This analysis focused on the fuel’s content of the previously mentioned trace elements along with Mo, Ba and ash.
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2.3.1. Determination of ash content, moisture content and calorific
value

The analyses were performed as follows:

– Moisture content (%) was determined at 105 �C based on EN-
15414:2011 (CEN, 2011e).

– Ash content was determined at 550 �C according to EN-
15403:2011 (CEN, 2011c) and reported as a percentage of dry
samples mass.

– The Lower heating value (LHV) of the WW fuel was determined
according to EN-15400:2011 (CEN, 2011b).

2.3.2. Determination of material contaminants
Material contaminants (% by weight) were separated from the

fuel by hand, weighed, and classified into 17 different categories:
impregnated wood, textile, rubber, plastic, tar board, gypsum, con-
crete, brick, clinker, tile, stone, glass, brass, copper, aluminum, iron
and other metals.

2.3.3. Analysis of trace elements
After removal of the material contaminants from the fuel

source, 22 trace elements that are seen as chemical contaminants
were analyzed: S, Cl, Al, Ca, Fe, K, Mg, Mn, Na, P, Si, Ti, As, Cd, Co,
Cr, Cu, Hg, Ni, Pb, V and Zn.

– The Cl and S contents of the WW samples (%dry sample) were
determined according to the EN-15408:2011 standard (CEN,
2011d).

– Trace element concentrations (mg/kgdry sample) were deter-
mined by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) and inductively coupled plasma mass
spectrometry (ICP-MS) following EPA methods 200.7 (US EPA,
2001) and 200.8 (US EPA, 1994), respectively. Before analysis,
most samples were subjected to HNO3/H2O2 microwave diges-
tion. HNO3/HCl digestion was used to prepare samples for Sb
determination.

2.3.4. Particle size distribution
WW samples were sieved and classified into 17 different parti-

cle size categories covering diameters ranging from 0.5 mm to
200 mm.

2.4. Multivariate data analysis (MVDA)

Multivariate techniques are very efficient for analyzing large
data sets in environmental case studies involving many variables
(Jansson and Andersson, 2012; Jansson et al., 2009). In this study,
MVDA was used to evaluate and visualize changes in the composi-
tion of the WW over the study period and to determine which
parameters had the greatest influence on this variation.
Two multivariate techniques were used to analyze the data:
principal component analysis (PCA) and orthogonal partial least-
squares discriminant analysis (OPLS-DA). PCA is a well-known
non-supervised MVDA method that is used to summarize system-
atic variation from a large number of variables (Eriksson et al.,
2006). PCA is useful for obtaining an overview of the data that
reveals patterns and outliers. OPLS-DA on the other hand is a
supervised method used for discrimination and classification
(Bylesjö et al., 2007). In the context of two-class separation, the
predictive components generated by OPLS discriminate between
the two classes whereas the orthogonal components describe
within-class variation. This greatly facilitates interpretation.

PCA was applied to particle size data for 329 samples collected
between 2008 and 2013 to study the variation in the WW particle
size during this time period (Table 1). Four variables (size cate-
gories) were considered: the masses of the fines fraction (particles
of <4 mm diameter); the 4–25 mm fraction; the 25–75 mm frac-
tion; and the >75 mm fraction (Table 1). The relationships between
the observations (WW samples) and the variables (size categories)
were visualized using score and loading plots. In general, the score
plot reveals relationships among the observations while the load-
ing plot summarizes the variables and is mainly used to interpret
patterns observed in the score plot.

OPLS-DA was used to evaluate the variation in the composition
of the samples over the investigated time period. OPLS-DA is a dis-
crimination method that uses a binary matrix Y (WW classification
based on chemical composition) to decompose the X data (concen-
trations of chemical contaminants in WW) into two types of infor-
mation – predictive (between-class variation) and orthogonal
(within-class variation). As in PCA, the OPLS-DA score plot shows
the distribution of the observations (i.e. WW samples) while the
loading plot shows the distribution of variables. OPLS-DA was used
to screen the 23 variables (chemical contaminants and ash con-
tent) determined for the WW samples. In order to improve the
interpretability of the plots and more easily visualize the results,
the samples were grouped to enable a comparison between the
early and later years of the sampling period (2008–2009 and
2012–2013, respectively; see Table 1).

All MVDA procedures were performed using the SIMCA P+13
software package (Umetrics AB, Sweden). The data were mean cen-
tered and scaled to unit variance. In addition, logarithmic data
transformations were performed to remove undesired systematic
behavior and improve the interpretability of the results.

3. Results and discussion

The analyses of the samples collected at the plant from 2004 to
2013 showed that WW is a fuel with an average calorific value of
about 13.5 MJ/kg, which is slightly higher than the calorific values
for biomass such as pine chips (12.5 MJ/kg) or municipal solid
waste (9–10 MJ/kg) (ECN). The average moisture content of WW
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samples was 23% (see Table S1) which, as might be expected, is
lower than that of biomass which can vary greatly depending on
the species or the part of the tree selected. However, the moisture
content of WW is strongly dependent on its storage conditions.

3.1. Variation in material contaminant content

The variation in the material contaminant content of WW was
analyzed by examining data for 329 samples collected between
2008 and 2013 (Table 1). Fig. 1 summarizes the distribution of
material contaminants in the WW and the variation in their abun-
dance over the study period. On average, material contaminants
accounted for 1.1% of the WW by weight. Stone (19–44%), plastic
(14–25%) and iron (14–22%) were the most abundant material con-
taminants (by mass) in the studied samples. The relative abun-
dance of plastic, glass and brick increased after 2009. Small
amounts of copper were also found; these probably originate from
electrical wires. Most of the identified contaminants seem to
originate from demolition and construction activities, such as
impregnated wood, concrete, gypsum, brick, glass or metals.

3.2. Variation in trace element content

The concentrations of 22 trace elements were determined in 500
WW samples collected between 2004 and 2013 (Table 1). The
observed maximum, minimum, and mean concentrations of each
trace element in each year of the study are shown in Fig. 2. Particular
attentionwas paid to the levels of volatile metals and Cl due to their
importance in the formation of chlororganic pollutants. The concen-
trations of all contaminants varied widely. Elements with particu-
larly variable concentrations included As (0.10–270 mg kg�1

ds ), Pb
(1.80–2900 mg kg�1

ds ), Cu (3.6–3200 mg kg�1
ds ), V (0.05–22 mg kg�1

ds ),
and Cr (1.5–313 mg kg�1

ds ). Clearly, chemical contaminations of WW
fuels varies extensively between sampling occasions, which is in
agreement with the high variability reported in previous studies
(Krook et al., 2004, 2006).

Si was the most abundant trace element in theWW samples: its
highest measured concentration was 44,600 mg kg�1

ds in 2012. The
next most abundant elements were Ca (whose concentration peaked
at 17,600 mg kg�1

ds in 2013) and Fe and Al, which were determined at
around 17,200 and 9220 mg kg�1

ds in 2008 and 2012, respectively.
The levels of Mg, Mn, K, Ti and Na did not change much over the
study period.
Fig. 1. Variation in the abundance of material contaminants (%wt.dry basis of t
Fig. 3 presents the average concentration (mg kg�1
ds ) of each

trace element in each year of the study, while Table S3 shows the
corresponding relative standard deviations (%). As mentioned above,
Cr, Cu and As are associated with the widely used CCA
wood-preservative formulations. While the average concentrations
of Cr and As showed a decreasing trend over the years until 2011,
the average concentration of Cu fluctuated (Fig. 3c). Given that CCA
formulations were banned in Sweden in 1992 and the lifespan of
CCA-treated wood is around 20–25 years, one might not expect
any decrease in CCA concentration due to the ban to become appar-
ent until 2012. At the same time, the ban might have changed the
fate of CCA-treated wood from being reused or recycled to be com-
busted as well. This fact might explain the increase of the concentra-
tion of As, Cu and Cr from 2011. However, the increasing importation
of WW from other countries with different laws governing the use of
wood preservatives makes it difficult to make specific predictions
concerning CCA concentrations without knowing the national ori-
gins of each sample. As pointed out in Section 3.1, Cu contamination
can also derive from electronic scrap and wire residues that are
present in WW as a result of demolition activities. This may explain
the fluctuations in Cu concentration.

Ni, V and Co are metals with very similar chemical properties;
their average concentrations ranged from 1 to 4 mg kg�1

ds . Finally, Cd
and Hg had similar average concentrations (0.5–1 mg kg�1

ds ) whereas
the concentrations of Zn were in the range of 300–600 mg kg�1

ds . The
average concentrations of Zn and Cd exhibited a decreasing trend
between 2004 and 2012, although the trend was briefly reversed in
2011. However, the average concentrations of Hg remained stable over
the study period.

The S content of the WW was low but steady over the study
period, at around 0.1 %wt.db. The average concentration of Cl
ranged from 0.07 to 0.13 %wt.db over the same period; this range
is within the limits specified in European Directive 2000/76/EC
(European Comission, 2003).

The results that we have presented in this section clearly
illustrate the large variability in the chemical contamination of
WW fuels.
3.3. Changes in particle size over the years

The fines fraction (particle size <4 mm) contains the bulk of the
paint flakes and small pieces of plastic, metal, and similar materi-
als. It therefore has a high concentration of chemical contaminants
he total material contaminant content) in WW fuels from 2008 to 2013.



Fig. 2. Variation in the concentrations of chemical contaminants in WW samples used as fuel at the plant and collected between 2004 and 2013. The minimum, maximum
and mean concentrations of each trace element are shown. Concentration in mg/kgdry sample except for Cl and S in %dry sample.
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such as Cl and Pb (Värmeforsk, 2001, 2012). The concentrations of
Cl and Pb in the WW decreased by 45% and 30% respectively
between 2010 and 2012 (Fig. 3b); this coincides with the imple-
mentation of WW sieving at the suppliers’ collecting plants before
sending material to the power plant.

The particle size distribution of the WW changed over the study
period (Fig. S1). Between the years 2008 and 2013, <100 mm par-
ticles accounted for around 80% of the WW by weight; particles of
>200 mm accounted for only 2 %wt. The fines fraction (<4 mm)
accounted for between 17 and 26 %wt. over the study period.

Particle size data were analyzed by PCA to visualize the size
distribution, yielding a model with one principal component that
explained 62% (R2) of the variance in the WW samples. The score
plot (Fig. 4a) shows the principal component (t1) along the Y axis.
Since the model generated only one significant principal compo-
nent, the samples are distributed along the X axis according to



Fig. 3. Average concentrations of trace pollutants (mg/kgds) in waste wood chips used as fuel at the plant from 2004 to 2013. (a) Ca and Si; (b) Pb, P and Cl; (c) As, Cu and Cr;
(d) Ni and V and (e) Hg, Co, Cd and Zn and (f) Al, K, Mg, Na, Ti, Mn, Fe. S concentration was almost constant (0.01 mg/kgdb).
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their year of collection. The variability in the data set clearly
increases over the study period because the observations are much
more vertically spread out on the right hand side of the score plot.
The variables that influence the distribution observed in the score
plot are revealed by the loadings plot (Fig. 4b), which indicates that
the positioning of variables in the upper part of the scores plot is
largely due to the >75 mm and 25–75 mm variables (which repre-
sent the contribution of >75 mm and 25–75 mm particles to the
total mass of the WW, respectively), while the 4–25 mm and fines
variables govern the positioning of observations located in the
lower part of the plot. The loadings plot (Fig. 4b) also showed that
the 25–75 mm and >75 mm variables were positively correlated
with one-another and inversely correlated with the fines and
4–25 mm variables.

The gradual increase in the spread of the observations (WW
samples) from 2008 to 2013 can be interpreted as an increase in
the proportion of large particles in the fuel source, i.e. an increase
in the size heterogeneity of the WW material. Particles <16 mm
accounted for an absolute majority of the samples’ mass in 2008,
whereas all size fractions contributed appreciably to the total in
2013. As noted previously, the fines fraction has a high content
of elements such as Cl and Pb (Värmeforsk, 2012), so the suppliers
were asked to sieve theWW prior to delivery in order to reduce the
levels of these pollutants in the fuel. While sieving and the removal
of fines should in principle make the remaining WW more
homogeneous, it is possible that the sieving process itself could
cause some mechanical breakage of the RW and thus make the dis-
tribution of particle sizes more heterogeneous.

3.4. Changes in WW composition over time

The final part of the study concerned the changes in the com-
position of the WW supplied to the plant between the earlier
and later years of the study period. These changes were evalu-
ated by OPLS-DA modeling, yielding a model that had one pre-
dictive and one orthogonal component with good predictive
ability (Q2Y = 43%) and total explained variance (R2X = 52%). The
predictive component (t[1]) grouped the samples into two clus-
ters as shown in Fig. 5a – one containing samples from 2008 to
2009 and the other containing samples from 2012 to 2013. How-
ever, the clusters were not fully separated. A comparison of the
score and loading plots (Fig. 5a and b, respectively) showed that



Fig. 4. Score plot (a) and loading column plot (b) for the principal component generated from the PCA model based on four different particle size fractions in the WW fuel
samples collected between 2008 and 2013. Each point represents an independent sample in the score plot and each column represents a particle size category in the loading
plot. Standard errors are indicated by error bars.
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WW samples from the early sampling years (2008–2009) con-
tained more Zn, Cd, Hg, Co and As. As discussed in Section 3.3,
the high levels of these elements are linked to the dominance
of the fines fraction in the WW supplied during this period.
The similarity in the modeling behavior of As and Cu is reason-
able because both elements are used in wood preservative
formulations.

On the other hand, WW fuel samples collected during the later
years (2012–2013) contained much more mineral matter as indi-
cated by their high levels of elements such as Si, Ca, Mg, Na and
Ba. Similar trends were also observed for Pb and Cl; these two ele-
ments were located in close proximity in the loadings plot (Fig. 5b),
indicating that they are highly correlated. However, they were sep-
arated from the other elements on the positive side of the plot,
which may indicate that they originate from different sources.
The vertical spread of the elements in the loadings plot reflects
inter-group differences in concentration.

The OPLS-DA and PCA models both provided support for a close
link between the particle size distribution of the WW samples and
its composition, which would explain the observed differences
between samples collected in different years.

The material sieving process introduced in 2011 to remove
fines before delivery to the plant reduced the concentrations of
some elements such as Cl and Pb. However, the levels of these
elements in the WW remained high and never fell back to the
comparatively low values seen before 2010. It may be necessary
to adopt even stricter processing requirements to obtain WW of
the quality that was achieved when the majority of the material
was sourced from within Scandinavia. This may involve
introducing maximum particle size limits, requirements for metal
separation (using magnetic separation or eddy currents), or new
regulations governing storage conditions.

Our findings demonstrate that sieving alone is not an effective
treatment for reducing the levels of contaminants in WW. Sieving
removes the fine fraction and thereby also the content of environ-
mentally hazardous compounds present in this fraction. However,
the sieved WW fuel still retains pollutants at a level that may give
rise to undesirable emissions when it is combusted.



Fig. 5. OPLS-DA score (a) and loading (b) plots derived from the analysis of the WW samples from 2008 to 2009 and 2012 to 2013. Each circle and square in the score plot
represents a WW sample from the early sampling years (2008 and 2009); each star and triangle represents a sample from the late sampling years. Every individual square in
the loadings plot represents an element that was determined in the WW.
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4. Conclusions

The increasing importation of WW to be used as fuel in co-
combustion processes makes reassessment of the material and
chemical composition of WW fuels a necessity. This knowledge
could be used to select the most suitable WW pre-treatment in
order to get a fuel with higher quality and lower potential for the
formation of pollutants when combusted.

The data evaluated in this study showed that stone, plastic and
iron were the main material contaminants found in fuel source, all
of which presumably derive from demolition and construction
activities. The concentrations of every chemical contaminant
investigated varied widely, confirming the great variability in the
composition of WW fuels. This study also shows that sieving by
itself was not an effective method for reducing the content of
chemical contaminants in the WW.

Naturally, a case study gives information about a specific situa-
tion. However, the information gained can be extrapolated and
used to understand more general situations. We think that our
findings highlight the importance of assessing the chemical com-
position of the WW, specifically in the current globalization of
the WW market. This study brings to light the high variability of
the composition of the WW over time. There is an urgent need to
adapt pre-treatment techniques applied to WW in order not to
compromise its quality WW and minimize environmentally haz-
ardous emissions.
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