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a b s t r a c t

During an eight day trial automotive shredder residue (ASR) was added to the usual waste feed of a
Fluidized Bed Combustor (FBC) for waste-to-energy conversion; the input waste mix consisted of 25%
ASR, 25% refuse-derived fuel (RDF) and 50% wastewater treatment (WWT) sludge. All inputs and outputs
were sampled and the concentration of the 17 PCDD/Fs with TEF-values was determined in order to obtain
“PCDD/F fingerprints”. The ASR contained approximately 9000 ng PCDD/Fs/kgDW, six times more than the
RDF and 10 times more than the WWT sludge. The fingerprint of ASR and RDF was dominated by HpCDD
and OCDD, which accounted for 90% of the total PDDD/F content, whereas the WWT sludge contained
relatively more HpCDFs and OCDF (together 70%). The flue gas cleaning residue (FGCR) and fly and boiler
ash contained approximately 30,000 and 2500 ng PCDD/Fs/kgDW, respectively. The fingerprints of these
outputs were also dominated by HpCDFs and OCDF. The bottom ash contained only OCDD and OCDF, in
total 8 ng PCDD/Fs/kgDW. From the comparison of the bottom ash fingerprints with the fingerprints of
the other output fractions and of the inputs, it could be concluded that the PCDD/Fs in the waste were
destroyed and new PCDD/Fs were formed in the post combustion process by de novo synthesis. During
the ASR-co-incineration, the PCDD/F congener concentrations in the fly and boiler ash, FGCR and flue gas

were 1.25–10 times higher compared to the same output fractions generated during incineration of the
usual waste mix (70% RDF and 30% WWT sludge). The concentration of the higher chlorinated PCDD/Fs
increased most. As these congeners have the lowest TEF-factors, the total PCDD/F output, expressed in
kg TEQ/year, of the FBC did not increase significantly when ASR was co-incinerated. Due to the relatively
high copper levels in the ASR, the copper concentrations in the FBCs outputs increased. As copper catalysis
the de novo syntheses, this could explain the increase in PCDD/F concentrations in these outputs.
. Introduction

In a waste incineration process, waste, for the sake of clar-
ty called primary waste, is transformed into other waste, called
econdary waste, under emission of CO2 and pollutants. State-of-
he-art waste incineration aims not only at reducing the primary
aste volume but also at destroying the toxic organic substances
n this waste and at recovering energy. Waste may contain indeed
ighly toxic persistent organic pollutants (POPs) such as poly-
hlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans
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E-mail address: jo.vancaneghem@cit.kuleuven.be (J. Van Caneghem).
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© 2011 Elsevier B.V. All rights reserved.

(PCDD/Fs) and polychlorinated biphenyls (PCBs) and a wide range
of other toxic substances e.g., polyaromatic hydrocarbons (PAHs),
phtalathes and polybrominated diphenylethers (PBDEs) [1–7].
However, during the cooling of the combustion gases, new POPs,
mainly PCDD/Fs and PCBs are formed from precursors or through
de novo synthesis [2,3,8–11]. These PCDD/Fs and PCBs are not only
present in the flue gases emitted at the stack, but also in the sec-
ondary waste, predominantly in the fly and boiler ash and in the
flue gas cleaning residue (FGCR).

Automotive shredder residue (ASR) is a waste stream known

to contain high concentrations of PCDD/Fs, PCBs and also plas-
ticizers such as di-2-ethylhexyl-phtalate (DEHP) [12–15]. ASR is
the fraction that remains at the end of the end-of-life vehicle’s
(ELV’s) dismantling and recycling process, typically consisting of
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ismantling of reusable and/or hazardous parts, shredding of the
ar hulk followed by mechanical recovery of metals and in some
ases plastics. It is a heterogeneous mixture of inert and com-
ustible materials (both representing about 50%) including plastics,
lass, fabric, wood, rubber, etc. ASR accounts for 10–25% of the ini-
ial ELV’s mass and is mostly sent to landfill [16–20]. The European
irective 2000/53/EC, which was adopted in 2000, implies a “reuse
nd recovery” rate for ELVs of 95% to be reached by the year 2015.
ne of the options to increase the actual average European “reuse
nd recovery” rate of approximately 78% is incineration of ASR with
nergy-recovery [16]. In order to investigate the feasibility of co-
ncineration in an existing installation, ASR was added to the usual

aste feed of the SLECO Fluidized Bed Combustor (FBC) for waste-
o-energy conversion during an eight day trial. The usual waste
eed consists of household and similar non-hazardous waste (in
he trial refuse-derived fuel (RDF) was processed) and of wastew-
ter treatment (WWT) sludge. In addition to previous work by Van
aneghem et al. [21], reporting measured PCDD/F, dioxin-like PCB,
CB and PAH concentrations in all input and output streams of the
BC and discussing the mass balance of these pollutants, this paper
ocuses on the PCDD/F fingerprints of the different input wastes
nd of the output fractions of the FBC. The objectives are:

to investigate the differences between the PCDD/F-fingerprints of
the inputs (RDF, WWT sludge and ASR)
to investigate the differences between the PCDD/F-fingerprints of
these inputs and the PCDD/F-fingerprints of the outputs (fly and
boiler ash, FGCR, flue gas and bottom ash) of the FBC, in order
to check the theory that the PCDD/Fs in the waste are destroyed
during incineration and that in the flue gases new PCDD/Fs are
formed
to determine the major PCDD/F formation mechanism
to investigate the influence of the high PCDD/F and copper con-
centration in the ASR on the PCDD/F-fingerprint of the output
streams

. Methods and materials

.1. Installation

The installation in which the experiment was carried out was
escribed in previous work of the authors [21,22]. In the FBC high
alorific RDF from mechanical biological treatment of municipal
olid waste (MSW) affords the heat necessary for drying and incin-
rating low calorific WWT sludge and for steam and electricity
eneration. The installation, constructed in 2005–2006 in Doel in
landers, Belgium, has an annual capacity of 466 × 103 t of mixed
aste, making it the largest and most recent FBC built for this
urpose in Europe. In 2008, 313 × 103 t of RDF and 134 × 103 t of
WT sludge (on average 25% of dry matter) were incinerated. The

BC is of the ROWITEC internal rotating fluid bed type in which
sand mass is fluidized by hot air. The RDF is shredded and iron
arts are removed before it is introduced in the fluidized sand bed,
ogether with the WWT sludge. In the freeboard, a gas tempera-
ure of at least 850 ◦C, a residence time of at least 2 s and an oxygen
xcess of at least 6% are maintained to ensure proper burn-out. The
nergy is recovered in a vertical boiler. The produced superheated
team (40 bar, 400 ◦C) is sent to a turbine (capacity of 34 MW)
or electricity production. The flue gas is dedusted in an electro-
tatic precipitator and flows through a flue gas cleaning installation
onsisting of a semi-dry Circoclear reactor, a baghouse filter and

caustic soda scrubber. A mixture of clay and activated carbon

articles (Dioxorb®) is injected in the semi-dry reactor to adsorb
CDD/Fs. At the bottom of the FBC, the sand and ashes are removed
fter which the sand is sieved of and sent back into the incinerator.
s Materials 207–208 (2012) 152–158 153

2.2. Input waste streams

The RDF incinerated in the FBC is one of the remaining fractions
of mechanical biological treatment of Flemish MSW. In Flanders,
separate collection systems exist for organic kitchen and garden
waste, glass, paper and cardboard, metal packaging (tins and cans),
drink packaging and hazardous wastes (e.g., motor oil, batteries,
paint, pesticides, solvents). The “residual household waste” consists
mainly of non-sorted organic waste (approximately 30%), plastic
packaging (approximately 15%) and paper and cardboard (approx-
imately 10%) [23]. It is generally incinerated directly, typically in a
grate furnace, but part of it undergoes mechanical biological treat-
ment (MBT). The MBT-process of interest here, consists of biological
drying (the shredded waste is put in an insulated bunker during
one week and is dried by the heat resulting from largely aerobic
biological activity) during which the mass is reduced by 25–30%,
followed by mechanical, magnetic, eddy-current and hand separa-
tion. The resulting output streams are inert materials (sand, china,
glass) accounting for 10–15% of the initial waste mass, metals (5%
of the initial waste mass) and RDF containing mainly plastics, paper
and dried organic material (55% of the initial waste mass). The RDF
“as received (AR)” has an average lower heating value (LHV) of
12 MJ/kg.

The second waste stream incinerated in the FBC is WWT sludge.
Approximately 270 × 103 t (dry matter) of sludge are produced
in Flanders each year, approximately 37% is sewage water treat-
ment sludge and approximately 47% is industrial WWT sludge. On
average, 69% of the sludge is (co-) incinerated [24]. The sludge
incinerated in the FBC mainly comes from industrial and municipal
biological wastewater treatment plants. It is a mixture of dewa-
tered and digested sludge with an average dry matter content of
24%. The average LHV (AR) of the sludge incinerated in the FBC is
2 MJ/kg.

The co-incinerated ASR consists of the “heavy” ASR frac-
tion, which is the remaining fraction after separation of ferrous,
non-ferrous and plastic materials and does not include the fluff
collected by the air suction installation at the main shredder.
It contains a mixture of combustible (mainly PU-foam, plas-
tic fibres and foil) and inert materials (sand, small stones, iron
and rust particles). The ASR particle size was reduced in order
to make it suitable for injection in the FBC. The average ash
content of the incinerated ASR is 53%, the average LHV (AR)
is 19 MJ/kg.

In order to maintain a stable temperature in the steam boiler,
practice has shown that the input waste mix should have a LHV (AR)
of approximately 8.5 MJ/kg. During the co-incineration experiment
this was obtained by mixing 25% (mass%) RDF, 25% ASR and 50% of
WWT sludge. The usual waste mix of the FBC consists of 70% RDF
and 30% WWT sludge.

2.3. Sampling and analysis

The concentration of the 7 PCDDs and 10 PCDFs with TEF-values
was determined on samples taken on site of the FBC plant during
the experimental co-incineration of ASR, conducted from 17 to 24
November 2008.

The flue gas was monitored with equipment located on a
measuring platform at the stack. The flue gases were sampled
continuously during the eight days of the trial using sampling
equipment of the AMESA (Adsorption Method for Sampling) type,
according to the EN 1948-1 standard as described in [25]. PCDD/Fs
were subsequently determined by a certified laboratory by GC–MS

according to the EN 1948-2 standard. Clean-up was performed
using a multi-layer column of modified silica gel, followed by
an aluminium oxide and activated carbon column. The detection
limit was 0.001 ng/Nm3. The certified laboratory has to participate
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Fig. 1. PCDD/F congener concentratio

egularly in government-organised inter-comparisons in order to
emonstrate quality.

The different waste types incinerated in the FBC were already
ixed and homogenized at the production location before trans-

ort to the plant. On both 18 and 20 November 2008, a
epresentative 5-l sample was taken from each truck load of the
aste streams. On each day, about 20, 25 and 50 truck loads of
SR, RDF and WWT sludge were delivered, respectively. At the
nd of the day, the samples of each waste stream were thoroughly
ixed and shredded. Part of this shredded mixture was sent to

he certified lab for analysis. In this way, the measured POP con-
entrations could be considered average concentrations for the
astes delivered that day. In the FBC the input wastes are thor-

ughly mixed and the solid residues of the combustion process
re representative of this mixture. On 18 and 20 November 2008,
he residues were sampled at different times and the samples
ere mixed thoroughly before analysis. PCDD/F concentrations
ere determined by GC–MS after soxhlet extraction according

o the German AbfKlärV, Annex1 [26]. The detection limit was
ng/kgDW.

. Results and discussion

.1. PCDD/F fingerprints of the input wastes

During the eight day trial, a mixture of 25% ASR, 25% RDF and
0% WWT sludge was incinerated in the FBC. Fig. 1 shows the

ndividual concentration (ng/kgDW) of the 17 PCDD/F congeners in
hese three waste types. Because of the large differences in the con-

ener concentrations in the ASR and WWT sludge, Fig. 2 also shows
hese concentrations expressed as a percentage of the total PCDD/F
oncentration in the respective waste types. The ASR contains
pproximately 9000 ng PCDD/Fs/kgDW, six times more than the RDF
the different input wastes of the FBC.

and 10 times more than the WWT sludge. The PCDD/F-fingerprint
of the ASR is clearly dominated by the higher chlorinated PCDD
congeners. Indeed, approximately 90% of the total PCDD/F content
of the ASR is accounted for by hepta- and octa-CDD; the PCDFs rep-
resent only approximately 3%, with hepta-CDFs and octa-CDF being
most abundant. The PCDD/F-fingerprint of the RDF is very similar
to the one of ASR: only hepta-CDD (approximately 14%), octa-
CDD (approximately 78%), 1,2,3,4,6,7,8-heptaCDF (approximately
4%) and octa-CDF (approximately 4%) are present in concentrations
above the detection limit. Hedman et al. [27] reported a PCDD/F fin-
gerprint of the textile and leather fraction of RDF from MSW and the
relative contribution of the different congeners to the total PCDD/F
content corresponds very well to the PCDD/F fingerprints of the
ASR and RDF reported here. In general ASR can contain up to 40%
of textile and leather, which suggests that this fraction might be an
important contamination source of PCDD/Fs in ASR [20,28,29]. The
RDF analysed by Hedman et al. [27] contained on average 13% tex-
tile and leather, and because of the high PCDD/F concentrations in
this fraction (expected to originate from pentachlorophenol which
is used as fungicide and is often contaminated by PCDD/Fs [30]),
it contributed for about 91% to the total PCDD/F content of the
RDF. As the amount of textile and leather (%) in the RDF incin-
erated during the co-incineration trial was not determined, it is
difficult to evaluate whether also in this case textile and leather
are the dominant PCDD/F contamination sources. The fingerprint
of the ASR (Fig. 2) also corresponds well to the PCDD/F finger-
print of diesel exhaust reported by Chang et al. [31], indicating
that these exhausts could be another important contamination
source.
In contrast to the ASR and RDF, the PCDD/F fingerprint
of sludge is dominated by PCDFs (representing approximately
70% of the total PCDD/F content), with hepta- and octa-CDF
being the most important congeners, indicating that WWT
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Fig. 2. Relative contribution of PCDD/F congeners to the tot

ludge is contaminated by other PCDD/F sources than ASR and
DF.

.2. PCDD/F fingerprints of the incinerator outputs

Figs. 3 and 4 give the PCDD/F fingerprints of the different out-
ut fractions generated in the FBC during the ASR co-incineration
rial. The FGCR and fly and boiler ash contain the highest amounts
f PCDD/F: approximately 30,000 and 2500 ng/kgDW, correspond-
ng to approximately 1600 and 25 ng TEQ/kgDW, respectively. The
CDD/F fingerprints of these outputs are dominated by PCDFs,
ainly hepta- (approximately 20%) and octa-CDF (approximately

5%), which makes them very similar to the PCDD/F-fingerprint
f the sludge, but significantly different from PCDD/F fingerprints
f the RDF and ASR (Figs. 1 and 2). The similarity between the
CDD/F-fingerprints of the fly and boiler ash and of the FGCR,
nd the PCDD/F-fingerprint of WWT sludge could indicate that
he latter is contaminated by particulate emissions of incinera-
ion processes without flue gas cleaning, such as open fires. The
otal PCDD/F-concentration in the flue gas was approximately
.1 ng/Nm3, corresponding to 0.007 ng TEQ/Nm3, which is well
elow the legal limit value of 0.1 ng TEQ/Nm3. The PCDDs and PCDFs
ach account for 50% of the total PCDD/F emission and again the
igher chlorinated congeners are dominant. The bottom ash con-
ained approximately 8 ng PCDD/Fs/kgDW. The PCDD/F-fingerprint
f the bottom ash differs from the one of the other output streams:
nly octa-CDD (approximately 80%) and octa-CDF (approximately
0%) are present above the detection limit. As octa-CDD and octa-
DF are the most dominant dioxin and furan congeners in the waste
ix, respectively, it seems reasonable to assume that they are not

ewly formed but remain from the PCDD/Fs in the incinerated

aste. From the comparison of the input and bottom ash finger-
rints with the fingerprints of the other output fractions, it can
e concluded that the PCDD/Fs in the waste are destroyed. The
CDD/Fs in the fly and boiler ash, FGCR and flue gas are newly
D/F concentration in the different input wastes of the FBC.

formed in the post combustion process. In the flue gas, fly ash
and FGCR, the PCDF/PCDD ratio was 1 or higher, indicating that
de novo synthesis and not homogeneous or heterogeneous for-
mation through precursors is the dominant formation mechanism
[9–11,32–34].

3.3. Influence of the high PCDD/F and copper concentration in the
ASR on the PCDD/F-fingerprint of the outputs

The average copper concentration in the ASR, RDF and WWT
sludge samples taken during the trial was 5940, 310 and
190 mg/kgDW, respectively. Due to the relatively high copper con-
centration in the ASR, the waste mix incinerated during the
co-incineration trial contained about 7.5 times more copper than
the usual waste mix of 70% RDF and 30% WWT sludge. It was proven
that copper is a catalyst of the de novo synthesis [35–38] and the
question could be asked whether the increase of copper concentra-
tion of the waste mix would enhance PCDD/F formation during the
post combustion stage.

Fig. 5 compares the PCDD/F fingerprints of the fly and boiler ash,
the FGCR, the flue gas and the bottom ash generated during the trial
co-incineration of ASR and during incineration of the usual waste
feed. In the fly and boiler ash generated during ASR co-incineration,
the PCDD/F concentrations were 3–10 times higher than in the fly
and boiler ash generated during incineration of the usual waste
mix (Fig. 5a). The highest increase was noted for HpCDD and OCDD,
which are also the dominant congeners in the ASR. This could indi-
cate that very fine ASR particles were elutriated from the fluidised
bed and were collected together with the fly and boiler ash. The fact
that the average copper concentration increased about two times
more in the fly and boiler ash than in the bottom ash, sustains this

elutriation theory.

In the FGCR, the PCDD/F congener concentrations increase
approximately by a factor 2 (Fig. 5b). Fig. 5c shows that the
PCDD/F congener concentrations in flue gas emitted during the
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Fig. 3. PCDD/F congener concentra

o-incineration trial are on average 25% higher than the PCDD/F

ongener concentrations in the flue gas emitted during incin-
ration of the usual waste mix. In the bottom ash, only the
oncentration of OCDD and OCDF could be compared (Fig. 5d),
nd both concentrations were lower in the bottom ash gen-

Fig. 4. Relative contribution of PCDD/F congeners to the total P
in the different outputs of the FBC.

erated during the co-incineration trial. This indicates that the

PCDD/F destruction efficiency of the FBC did not depend on
the PCDD/F concentrations in the input waste mix (which were
approximately 3 times higher during the ASR co-incineration
trial).

CDD/F concentration in the different outputs of the FBC.
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In the fly and boiler ash and the FGCR, the concentration of the
igher chlorinated PCDD/Fs increased most. As these congeners
ave the lowest TEF-factors, the total PCDD/F output, expressed

n kg TEQ/year, of the FBC did not increase significantly when ASR
as co-incinerated [21].

. Conclusions

During an eight day trial ASR was added to the normal waste
eed of a real scale FBC for waste-to-energy conversion. The nor-

al waste feed consists of a mixture of RDF and WWT sludge. All
nputs and outputs were sampled and the concentration of the
7 PCDD/Fs with TEF-factors was determined in order to obtain
PCDD/F fingerprints”.

From the comparison of the fingerprints of the input wastes it
ould be concluded that ASR contained the highest PCDD/F concen-
rations. The fingerprint of ASR and RDF was dominated by OCDD
nd HpCDD, whereas the WWT sludge contained relatively more
pCDFs and OCDF. Of the output fractions, the FGCR contained

he highest PCDD/F concentrations. The fingerprints of the fly and
oiler ash and the FGCR were dominated by HpCDFs and OCDF.

From the comparison of the input and bottom ash fingerprints
ith the fingerprints of the other output fractions, it could be con-

luded that the PCDD/Fs in the waste were destroyed. The PCDD/Fs
n the fly and boiler ash, FGCR and flue gas were newly formed in
he post combustion process. The PCDF/PCDD ratio of the fly and

oiler ash, FGCR and flue gas is higher than 1, indicating that de
ovo synthesis is the dominant PCDD/F formation mechanism.

ASR contains relatively high concentrations of copper, which is a
nown catalyst in de novo synthesis. The PCDD/F congener concen-
generated during trial co-incineration of ASR and during incineration of the usual

trations were 1.25–10 times higher in the fly and boiler ash, FGCR
and flue gas generated during the ASR-co-incineration compared
to the same output fractions generated during incineration of the
usual waste mix. The fact that ASR contains relatively high copper
levels and that HpCDD and OCDD (the dominant congeners in the
ASR) were the congeners with the highest concentration increase
in the fly and boiler ash could indicate that very fine ASR parti-
cles were elutriated from the fluidised bed. In order to sustain this
theory, further research including PCDD/F and copper analysis on
different size fractions of the ASR will be carried out.
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