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higher operational costs.10,21,24 The costs associated with gas
treatment can be reduced by inhibiting the formation of dioxins,
which can be achieved by varying the amount of oxygen present
during combustion, decreasing the presence of species that
catalyze dioxin formation, and adjusting the reactor temperature
and residence time of the gas during the thermal conversion
process.21 Decreasing the concentration of oxygen in the system
during thermal conversion has been observed to significantly
lower the levels of dioxins, which is why indirect gasification of
ASR is considered to be a relevant technique for the thermal
conversion of ASR.21,23

Indirect gasification is a thermal conversion technique that
separates the exothermic combustion reaction from the
endothermic gasification reaction by employing two separate
reactors (see Figure 1), wherein the heat required for the

endothermic gasification reaction is provided by a circulating
fluidized bed material in a dual fluidized bed (DFB) system. The
bed material in the fluidized bed further increases the contacts
between the fuel particles and the surrounding gas, thereby
enabling the conversion of lower-grade fuels, such as the ASR
fraction. The inorganic ash fraction of the fuel remains within
the system and interacts with the bed material, such that it can
change the properties of the bed. Interactions of fuel ash and bed
material have been extensively studied for biogenic fuels.25−34

Depending on the choice of bed material, agglomeration can
occur when quartz sand (SiO2) is applied. However, in studies
using olivine [(Mg, Fe)SiO4] or feldspar [(K, Na)AlSi3O8] the
formation of an ash layer was reported which exhibits catalytic
activity toward tar reduction in the raw gas. Furthermore,
Berdugo Vilches et al.35 found that longer residence times can
invoke the oxygen-carrying ability of originally inactive material.
This led to a decrease in H2 in the raw gas, decreasing the overall
calorific value of the product.

In the case of the Chalmers gasifier, the combustor is fed with
biomass as the fuel, while air is used as the fluidization gas. The
gasifier side is fluidized with steam, and ASR is utilized as the
fuel. Thus, a low oxygen partial pressure is realized in the reactor
in which the ASR is converted, which decreases the generation of
dioxins. Furthermore, decomposition of the ASR into
monomer-like compounds (such as ethylene and styrene)
occurs during DFB gasification, which makes the product gas
valuable for the petrochemical industry.36 After fuel conversion,
the formed ASR ash, which is rich in transition metals, increases

in concentration throughout the process. Thus, continuously
feeding and converting ASR increases the concentrations of
transition metals in the bed material, and these metals can act as
oxygen carriers so as to increase the oxygen-carrying ability of
the bed. If the oxygen-carrying ability of the bed material
employed in the DFB process is considerable, as is the case with
particles with high contents of transitions metal oxides, the
process turns into a chemical looping gasification (CLG).

Pissot et al.7 studied the thermochemical recycling of ASR
using CLG. Based on the results of the CLG experiments, Fe was
identified as one of the main constituents of the ash and was
considered most likely to be the main oxygen-carrying
compound in the bed. Other compounds that were identified
as having minor contributions to the oxygen transport were Ni,
Mn, and Cu. The study of Pissot et al.7 also showed that the
presence of S in the ash could further add to the oxygen carrying
through cycles of CaSO4/CaS, as described earlier.37 Thus, that
study7 confirmed the beneficial effects of the inherent oxygen
carriers accrued from the ASR ash interaction with the bed
material under CLG conditions. The oxygen-carrying ability of
the bed material was also designated as the parameter of highest
importance for achieving efficient char conversion. However, as
oxygen carriage decreases the calorific value of the raw gas by
converting H2 and CO to H2O and CO2, respectively, this is a
major trade-off for CLG.

To obtain a product gas with high calorific value while at the
same time maintaining a high degree of char conversion, it is
necessary to establish an equilibrium between the oxygen-
carrying properties of the formed ASR ash. Previous studies of
DFB gasifiers have pointed out the importance of the fuel ash
chemistry for process optimization. Understanding the reactions
between the ash and bed material is, therefore, crucial for the
outcome of the process. As ASR is a particularly ash-rich fuel, the
used bed material is expected to be rich in metals that originate
from the ASR, and these metals could potentially be recycled
from the spent bed material.

The material for this study originates from a CLG experiment
by Pissot et al.7 where the focus has been on product gas
optimization. Partial analysis of the material has previously been
conducted by Stanic�ic� et al.38 with the main focus on trace
elements. In the present study, the focus has been on the
morphology and changes in chemical composition of the bed
material as a result of the interaction with ASR ash. The aim is to
elucidate the challenges and possibilities for the bed material,
related to the application of ASR as a fuel in comparison to
biomass for DFB gasification. Results of this study can indicate
whether the bed material forms similar catalytic layers as
observed with biomass which allows the utilization of ASR as a
possible future feedstock.

2. EXPERIMENTAL SECTION
2.1. Materials and Experimental Campaign. The bed material

samples used in this study were obtained in a 2-week-long experimental
campaign carried out in the Chalmers indirect gasifier at Chalmers
University of Technology. The research unit is composed of a bubbling
fluidized bed gasifier (2−4-MWth) integrated with a 10−12-MWth
circulating fluidized bed (CFB) boiler. More details about the research
unit can be found elsewhere.39 The fluidization media used were steam
in the gasifier and air in the boiler. The gasifier was operated during
daytime for the purpose of the research, while the boiler is usually
running continuously, producing heat for the campus. The boiler used
approximately 1500 kg/h of wood chips with about 0.7 wt % ash. As the
bed material, olivine sand with the composition presented in Table 1
was used. The total bed inventory in the system was about 4 tonnes.

Figure 1. Schematic representation of the indirect dual fluidized bed
(DFB) setup used for the gasification of automotive shredder residue
(ASR).
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The ASR, which was provided by Stena Recycling AB and contained
about 47 wt % ash (see Table 2), was fed into the gasifier at a rate of 270

kg/h. The compositions of the ash fractions of both the wood chips and
ASR are listed in Table 3. The main ash elements found in wood chips
are Ca, K, and Mg, whereas ASR ash is most abundant in Si, Fe, and Al.

The focus of the present experiment was on the influence of ash
enrichment of the bed. In order to collect representative bed samples,
the removal and eventual addition of the bed inventory were done only
to the extent that a stable pressure was maintained in the boiler. The
experimental campaign, which was started with fresh olivine as the bed
material and wood chips as the fuel, ran for 1 week in CFB mode.
Thereafter, ASR was fed as fuel into the system on the gasifier side. Bed
samples were extracted from the reactor at four different time points
after the start of ASR addition: day 1, day 4, day 7, and day 13. A
schematic overview of the exposure history and sampling schedule is
shown in Figure 2.

2.2. Material Preparation and Analysis. Scanning electron
microscopy (SEM; FEI ESEM Quanta 200) was conducted on cross
sections of the samples, which were prepared using two different
methods: (1) epoxy embedding and subsequent grinding and polishing
with SiC paper, for overview scans and statistical analysis, and (2) broad
ion beam (BIB; Leica EM TIC 3X) milling, whereby a low number of
particles was fixated with glue between two silicon wafers and
subsequently milled, to achieve better surface quality of the particle
cross section, in order to enhance the imaging resolution.

The contrast generated from backscattered electrons (BSE) was
utilized for particle differentiation, and the acceleration voltage was
usually set to 15 kV.

X-ray diffraction (XRD; Siemens D8) was performed to study the
formed crystallographic phases. Cu−K� radiation was used, and the
scan was recorded for 2� in the range of 10°−90°. The samples were
ground prior to the analysis. To study the impact of reducing conditions
on the crystallographic composition, one sample was exposed for 40 s to
a mixture of 50% CO and 50% N2 in a batch reactor at 850 °C and
analyzed with XRD. Additional information on the reactor design can
be found elsewhere.40

2.3. Thermodynamic Modeling. The FactSage 7.2 software41 was
utilized for the thermodynamic modeling, using the FactPS, FToxid,
and FTsalt databases. The equilibrium calculations were conducted at
850 °C and at a pressure of 1 atm.

Thermodynamic modeling was used to investigate the phase
transformations that the ash particles underwent when they were
cycled between oxidizing and reducing conditions. The oxygen partial
pressure for the oxidizing condition in the boiler was assumed to be 0.2
atm. In the gasifier, the partial pressure of oxygen was calculated to be
on the order of magnitude of 1 × 10−18 atm, given the composition of
permanent gases leaving the gasifier, as reported by Pissot et al.,7 where
the gas composition of the same experiment was investigated.

3. RESULTS AND DISCUSSION

SEM micrographs of cross sections, prepared by epoxy
embedding and grinding with SiC paper, of all four olivine
samples are shown in Figure 3. The olivine particles were
exposed for 7 days to wood chips prior to the experimental
campaign with ASR (see Figure 2). Therefore, the ash layer
formation characteristic of the interaction of olivine with
biomass ash can be seen already in the day 1 sample.26,31,42−44

Table 1. Chemical Composition of the Olivine Particles Used
as Bed Material in the Present Studya

wt %

MgO 49.6
SiO2 41.7
Fe2O3 7.40
Al2O3 0.46
Cr2O3 0.31
NiO 0.32

aThe values shown are in weight percent (wt %).

Table 2. Ash Fractions (Dry Fuel Basis) and Feeding Rates of
the Two Fuels (as Received) Used in This Study

ASR wood chips

ash fraction (wt %) 47 0.7
feeding rate (kg/h) 270−300 1500−2000

Table 3. Compositions of the Two Ash Fractions, Presented
in Atomic Percent (at. %)

ASR wood chips

Na 4.4 1.9
Mg 3.7 10.7
Al 11.8 1.2
Si 31.1 4.3
P 0.6 2.8
S 1.4 6.8
Cl 1.9 3.1
K 1.4 26.4
Ca 9.6 40.7
Ti 1.2 0.2
Cr 0.2 0
Mn 0.3 1.4
Fe 26.1 0.4
Ni 0.1 0
Cu 1.1 0
Zn 4.5 0
Ba 0.5 0.2
Pb 0.1 0

Figure 2. Schematic overview of the exposure history of the samples investigated in this study. Before the start of the addition of ASR to the gasifier, the
particles were exposed to woody biomass for 7 days. The gasifier was fed with ASR for about 6 h during the days of operation, which was interrupted
during weekends. The boiler was fed with woody biomass throughout the entire exposure period.
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Throughout the period of exposure to ASR, an ash layer that is
steadily increasing in thickness forms around the particles. On
day 13, all of the particles are surrounded by a thick ash layer,
which appears bright in BSE contrast.

It can also be seen in Figure 3 that several particles appear
brighter and do not exhibit the typical surrounding layer
structure. The difference in BSE contrast is due to the different
chemical compositions of the particles, whereby a higher average
atomic number (than olivine) gives the appearance of a brighter
contrast. The particles that originate from the ASR ash consist
mainly of Fe. As Fe has a higher average atomic number than
olivine, it may be responsible for the observed brighter contrast.
EDS-point analysis confirmed the presence of a high
concentration of Fe in the brighter particles. These particles
can already be observed after 1 day (Figure 3a) and to a higher
amount after 4, 7, and 13 days (Figure 3b−d). The relative
amount of these particles is significant, which is why they are
discussed separately in section 3.2.

3.1. Layer Formation on Olivine Particles. At the start of
the experiment, the bed material particles were in an “active
state”. “Active” in this case refers to the catalytic activity toward
tar cracking during gasification which the particles exhibit due to
the deposition of ash elements from biomass. The activation of
the particle occurred through exposure of the particles to
biomass as the fuel for 1 week. As a consequence, the particles

exhibited a surface layer that was rich in biomass ash-derived
elements shortly after the ASR was introduced (see Figure 3a).

To characterize the influence of the introduced ASR on ash
layer development, further analyses were performed on the
samples collected on day 1 and day 13 after introduction of the
ASR fraction into the gasifier. Micrographs of the cross sections
of two representative particles are shown in Figure 4. In the
micrographs, it can be seen that both particles are covered with
an ash layer of varying thickness, with the ash layer being thicker
in the particle that had a longer residence time. The formation of
a homogeneous inner layer is well-established in the
literature31,42,45−47 and can be seen also in Figure 4b. After
prolonged exposure to the ASR ash, the layer increases in
porosity; this change can be followed in panels c and d of Figure
4.

EDS mapping was performed on the layer of the particle
exposed for 13 days to the ASR (Figure 5). Similar to the
previously published results on the interaction of olivine with
biomass ash, the homogeneous inner layer is rich in Ca and
Si.31,42 However, in the previous studies, the outermost surface
of the olivine particles that had been exposed to biomass ash
only was found to be enriched for Mg but with a low
concentration of Si.42 A similar layer is observed in the present
study, albeit in the center of the ash layer. Its location is indicated
by the dashed line in Figure 5. Based on the location of this Mg-
enriched layer, it can be speculated that the layer underneath the

Figure 3. SEM cross-sectional overview micrographs of bed material samples extracted on day 1 (a), day 4 (b), day 7 (c), and day 13 (d) of the
experimental campaign.
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