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The reduction of CO2 emissions and solid waste disposal are critical issues with high importance for the
environmental protection. Gasification is a promising process for sustainable energy production, because
it can produce a versatile gaseous fuel starting from a wide range of organic feedstocks, and with reduced
greenhouse gas emissions compared to combustion. Lignite is an abundant carbonaceous resource in
Europe and in this work, gasification tests were carried out with lignite and a lignite and Solid
Recovered Fuel (SRF) mixture, to evaluate the quality of gas produced from co-gasification of waste mate-
rials, in view of the final uses of the gas. Experimental gasification tests were carried out in a bench scale
fluidized bed gasifier at different operating temperatures; the results were evaluated in terms of gas com-
position, tar content and conversion rates. In addition, characterization analyses were carried out on
materials before and after the tests, and pressure fluctuation signals were analysed in order to evaluate
the fluidization quality of the bed inventory.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access articleunder the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The reduction of fossil CO2 emissions and the valorisation of
waste materials are crucial goals to reduce the effects of climate
change (Meylan et al., 2015; Singhabhandhu and Tezuka, 2010).
Attention is thus being focused on sustainable routes for energy
production such as gasification, a very promising process that
can be used instead of combustion for the production of energy
from carbon-based materials, such as lignite, which is a very abun-
dant resource in Europe (European Association for Coal and Lignite,
n.d.). Gasification is a process able to convert solid organic materi-
als to produce an H2-rich gaseous fuel. The product gas generated
from gasification is a versatile fuel that can be exploited for a wide
range of final uses, such as the production of electricity in inte-
grated gasification combined cycle systems (IGCC) or in fuel cells,
or for the synthesis of liquid fuels, i.e. Fischer-Tropsch or methanol
synthesis (Venvik and Yang, 2017; Wang et al., 2017).
In 2016, 2.01 billion tonnes of solid waste were generated
worldwide, and the annual waste production is expected to
increase up to 3.40 billion tonnes by 2050 (The World Bank,
2019). Moreover, around 45.7% of the wastes generated in EU in
2016 were disposed of in landfills (Eurostat, 2019); it is thus
evident that the issues of management, recycling and valorisation
of waste have to be tackled (Bosmans et al., 2013; Hervy et al.,
2019).

An interesting option of feedstock for the gasification process
could be to combine lignite (with its advantageous features of high
heating value and low volatiles content) with solid waste (Pinto
et al., 2003), in order to integrate waste disposal and valorisation
into energy production technologies. Municipal Solid Waste
(MSW), which is in fact a resource exploitable for energy produc-
tion (Arena, 2012; Belgiorno et al., 2003; Lombardi et al., 2015),
can be processed into Solid Recovered Fuel (SRF), a fuel with a
fairly homogeneous composition intended for use in energy recov-
ery facilities (Patel et al., 2012).

For blended feedstocks with generally high ash content, as in
the case of lignite and SRF, an appropriate gasification technology
must be chosen, to avoid technical issues. For this process, the flu-
idized bed technology can be a suitable solution (Arena et al.,
2015), because it provides high conversion rates, high fuel flexibil-
ity, and operating temperatures that are generally below the ash
melting point.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.wasman.2020.07.016&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.wasman.2020.07.016
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:esavuto@unite.it
https://doi.org/10.1016/j.wasman.2020.07.016
http://www.sciencedirect.com/science/journal/0956053X
http://www.elsevier.com/locate/wasman


Nomenclature

Symbols
d3,2 Average particle diameter from particle size distribu-

tions
Fgas;out Total dry N2-free volume gas flow rate produced
Ffuel;in Mass flow rate of the input fuel in the gasifier
_mwater;in Mass flow rate of water input
_mwater;out Mass flow rate of water output

ni Moles of the i carbonaceous species in the product gas
(CO, CO2, CH4),

nCin
Total moles of C in the feedstock input

Ygas Gas yield
Xc Carbon conversion
gwc Water conversion
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Other works have reported experimental results of gasification
tests of SRF in fluidized bed reactors at different operating condi-
tions: at laboratory scale (Recari et al., 2016), in a pilot scale reac-
tor (Arena and Di Gregorio, 2014), evaluating waste materials with
different compositions (Arena et al., 2010; Arena and Di Gregorio,
2016), and also blending SRF with biomass wastes (Pinto et al.,
2014). However, few studies have been focused on steam gasifica-
tion of SRF (pure or in blends) in fluidized bed reactors, in which
the process could benefit from the advantages of the operating
conditions: the high flexibility of fluidized bed technology and
the high conversion rates obtained with steam gasification. The
aim of the present work is to carry out steam gasification tests of
both lignite and a blend of lignite and SRF (80 wt%-20 wt% respec-
tively) in a bench scale fluidized bed reactor, using lignite ash as
bed material. The mixing of waste with lignite is intended to
exploit its above mentioned features in order to obtain a high qual-
ity syngas, although starting from a blend with a low quality fuel.
The bed material used is the bottom product of the High Temper-
ature Winkler (HTW) gasifier (Krause et al., 2019), residual product
of lignite gasification thus with a high content of ash, which can
have a beneficial effect on the gasification process (Yip et al., 2010).

The present work was carried out within the European project
LIG2LIQ (G.A. n�796585, 2018), in which the objective is to develop
of an economically efficient process for the production of liquid
fuels (Fischer-Tropsch fuels or methanol) from lignite and SRF, by
means of the HTW gasification technology. Initially, the process
of simple lignite HTW gasification was optimized in the same lab-
oratory scale fluidized bed reactor (Savuto et al., 2020); in this
phase steam gasification experiments were carried out with the
mixture of lignite and SRF, using the lignite residual bottom pro-
duct as bed material in order to reproduce the HTW process at a
laboratory scale.

Different operating temperatures (750, 800, 850 �C) were
adopted in the experimental tests, in order to study the best con-
ditions to produce a high-quality syngas; the results were evalu-
ated in terms of syngas composition, tar content, gas yield and
conversion rates. The results obtained were analysed to deduce
the best operating conditions to obtain a product gas with low
tar content and high H2 and CO fractions, suitable for the down-
stream processes of Fischer-Tropsch or methanol synthesis.
2. Materials and methods

2.1. Experimental test rig

The experimental apparatus is composed of a stainless steel
cylindrical bubbling fluidized bed gasifier (internal diameter
100 mm and height 850 mm) externally heated by means of a
6 kW electric furnace. Steam was used as gasification agent and
a flow of N2 was added in order to fluidize the bed; they were
fed from the bottom of the gasifier by percolation through a porous
ceramic plate. The gas residence time, estimated from the input
flows and the volatile fraction of the feedstock, is approximately
0.95 s in the bed and 3.10 s in the freeboard. In previous work car-
ried out with the same experimental set-up and similar operating
conditions (Savuto et al., 2019) the gas compositions obtained
were close to the thermodynamic equilibrium compositions, proof
that the residence times are appropriate to guarantee the gasifica-
tion of the solid feedstock in the bed, and the reforming reactions
in gas phase in the freeboard (Basu, 2006).

The bed material used was HTW (High Temperature Winkler)
bottom product, a solid residue composed by char and ash pro-
duced from the gasification of lignite in the HTW reactor (Herdel
et al., 2017). The height of the bed in the reactor was approxi-
mately 200 mm. The feedstock, consisting of pre-dried Rhenish lig-
nite supplied by RWE AG, simple or mixed with Subcoal� (SRF
supplied by N + P (N+P Subcoal�)), was fed continuously into the
reactor bed by means of a screw feeder and a feeding probe. The
feeding probe was purged with a small N2 flow of 2 Nl/min, in
order to help the fall of the feedstock and to avoid the material
from clogging the tube. A porous ceramic candle was installed in
the upper part of the freeboard inside the reactor; the aim of the
candle is to filter the solid particulate from the product gas, that
is forced to pass through the filter in order to exit the gasifier.

Downstream from the gasification reactor, the product gas
flows through a series of heat exchangers in order to condense
and separate the unreacted water; the flow rate and composition
of the dry product gas stream were measured by means of mass
flow meters and gas analysers. A slipstream of the product gas
was used for tar sampling according to the technical specification
CEN/TS 15439.

Temperatures were measured by three K-type thermocouples,
one in the reactor bed (T1), one in the freeboard (T2) and another
at the head of the candle, just at the outlet of the filter cavity (T3).
The operating temperature was assumed as the average value of
the temperatures measured in T1, T2 and T3. Pressure drops
through the candle (DP1) and through the reactor (DP2) were mea-
sured by pressure probes located at different points in the reactor.

Pressure fluctuation signals inside the gasifier were also
acquired, with a vertical probe in the freeboard, connected to a
pressure transducer (P/E); each signal was then amplified, digitally
converted and stored in a PC. The frequency of data acquisition was
100 Hz, much higher than those typically observed in the gas-
fluidised bed under study (less than 10 Hz); the duration of each
acquisition was of 2–3 min, to ensure their repeatability and signif-
icance (Gallucci et al., 2002). Signals were processed and analysed
to obtain their power spectral density functions (PSDF) by fast
Fourier transform (Gallucci and Gibilaro, 2005); in this way the fre-
quency of the erupting bubbles can be estimated and the fluidiza-
tion quality of the bed can be evaluated. A scheme of the
experimental set-up can be found in Fig. 1.

The test campaign was carried out using HTW bottom product
as bed material, with fixed values of feedstock and steam feeding
rates, in order to have a Steam/Fuel ratio always equal to
0.5 (g/g). The value of steam/fuel was chosen in compliance with
the typical values used for steam gasification reactions, usually
chosen between 0 and 1, as reported in literature (Karimipour



Fig. 1. Scheme of the experimental gasification test rig.
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et al., 2013; Pinto et al., 2003; Tursun et al., 2013); moreover,
higher steam/fuel ratios could enhance conversion rates but will
cause a decrease in the gasifier efficiency. Some operating param-
eters were changed in the experimental tests: the temperature
ranged between 750 and 850 �C, while the feedstock was simple
lignite or a mixture of lignite (80 wt%) and SRF (20 wt%). The pro-
portion 80%-20% was chosen for the first waste co-gasification test
campaign in our bench scale experimental set-up; the moderate
percentage of waste in the feedstock was chosen to avoid possible
issues related to SRF and its heterogeneous composition (for exam-
ple clogging of the feeding probe, ash melting in the bed etc.).
Operating temperatures of tests #1, #2 and #3 were 750, 800
and 850 �C respectively, with lignite as solid feedstock; tests #4,
#5 and #6 were carried out at the same conditions adopted in
those first 3 tests, but using the mixture of 80 wt% lignite and
20 wt% SRF as feedstock.

2.2. Analysis of products

A slipstream of approximately 1 Nl/min of the dry, cooled pro-
duct gas was sent to online analysers for the evaluation of the gas
composition. Online analysers allow detecting H2, CO, CO2, CH4,
H2S and NH3 (ABB URAS, LIMAS, CALDOS and ULTRAMAT 6
Siemens).

The water content in the product gas was calculated from the
quantity of water collected in the flasks connected to the steam
condensers. The water conversion gwcð%Þ was thus calculated as:

gwc ¼
_mwater;in � _mwater;out

_mwater;in
x100 ð1Þ

where _mwater;in and _mwater;out are the mass flow rates of water input
and output, respectively.

The dry product gas flow rate, measured by means of a mass
flow rate controller, allowed calculating the gas yield
YgasðNm3=kgfeedstockÞ:

Ygas ¼ Fgas;out

Ffeedstock;in
ð2Þ
where Fgas;out is the total dry N2-free volume gas flow rate produced,
and Ffeedstock;in is the mass flow rate of the input feedstock.

By measuring of the product gas composition and the carbon
content in the feedstock, together with their flow rates, it was pos-
sible to calculate the carbon conversion Xc %ð Þ:

Xc ¼ nCO þ nCO2 þ nCH4

nCin

x100 ð3Þ

where ni are the moles of the i carbonaceous species in the product
gas (CO, CO2, CH4), and nCin

are the total moles of C in the feedstock
input.

The tar samples, collected by impinger bottles in the tar sam-
pling unit, were analysed offline in a GC-MS (GC7890A Agilent
with a MSD-Triple Axis Detector 5975C) and in a HPLC (Hitachi
‘‘Elite LaChrom” L-2130) for the identification and quantification
of the tar compounds in the product gas.
3. Results and discussion

3.1. Analysis of materials

The main materials used in the experimental tests are lignite,
HTW bottom product and SRF. The particle size distribution of
lignite and HTW bottom product before use are reported in
Fig. 1S. The average d3,2 diameters of lignite and HTW bottom pro-
duct before use given by the particle size analysis are 20.66 and
441.93 lm, respectively.

The particle size distribution of SRF, carried out with sieves, is
reported in Table 1S. The average d3,2 diameter of SRF resulting
from the particle size analysis is 1836 lm.

The characterization analyses of lignite and SRF, supplied by
ICHPW, and of the HTW bottom product before use are reported
in Table 1.

The CHNS analysis of HTW bottom product before use, which is
the solid residue produced in theWinkler gasifier, shows that it has
still a very high carbon content, despite the high C conversion rate.
The inorganic ash content, equal to 9.48 wt%, was measured
according to the standard ISO 1171:2010 (ISO, 2010).



Table 1
Characterization analyses of lignite, SRF and HTW bottom product.

Lignite SRF HTW b. p. before use HTW b. p. after use

Total Moisture content (wt %) 10.60 3.30 – –
Ash content (dry basis) (wt %) 3.80 14.40 9.48 34.32
Volatile matter (dry basis) (wt %) 50.31 76.30 – –
C (dry basis) (wt %) 67.30 53.70 74.35 71.66
H (dry basis) (wt %) 4.79 7.56 1.32 0.22
N (dry basis) (wt %) 0.84 0.59 0.09 0.02
S (dry basis) (wt %) 0.35 0.21 0.52 0.65
Cl (dry basis) (wt %) 0.022 1.93 – –
O* (dry basis) (wt %) 26.70 36.01 23.72 27.45

*Oxygen content is calculated by difference
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The HTW bottom product was analysed with SEM/EDS before
being used as bed material in the gasification reactor (Fig. 2): a
shell-type structure with several holes appeared; the micro-
analysis highlights the presence of C in the structure, and Mg
and Ca as typical elements contained in the ashes. The morphology
observed by SEM could be related to the process of formation of the
ash in the HTW gasifier, in which O2 is used (together with steam)
(Herdel et al., 2017; Krause et al., 2019), that could have caused a
fast release of the gases from the material, thus creating the shell-
shape structure.
Fig. 2. SED/EDS of HTW bottom product before use (350x).
Samples of lignite ash and SRF ash were analysed by ICP-OES, in
order to identify the inorganic compounds present in the feed-
stocks and in the HTW bottom product used as bed material; the
results are shown in Table 2S.

3.2. Gasification results

Each of the gasification tests was carried out continuously,
without interruptions or changes in the configuration. The
steady-state was reached after some minutes, as proofed by the
gas compositions and flow rates acquired online, which showed
constant values during the tests. Even though the bed material
has a high content of carbon, the results show that smooth gasifi-
cation of the continuously fed material took place, therefore allow-
ing to obtain a steady-state gasification process. Moreover, the
weight of the bed material extracted from the reactor after each
test was approximately the same of the quantity inserted before
the test, further proof that the steady-state was reached in the
experimental runs.

Fig. 2S shows the time resolved gas species and gas flow rates,
analysed online during test #2 and test #5, as representative cases;
for the other tests the trend during the time was similar, showing
no relevant variations in the results analysed online.

The results obtained from the gasification tests are shown in
Table 2.

The values chosen as operating temperatures were 750, 800 and
850 �C; in Table 2 the measured values of temperatures during
each test are shown, just a few degrees (�C) different from the
set points chosen.

The results displayed in Table 2 show that for higher tempera-
tures, the gas yield and the in H2O and C conversions are increased,
while CH4 and tar content is decreased. The H2 vol% in the dry N2

free gas is decreased for tests at higher temperature, however the
H2 production in terms of Nl/min is increased. This is due to
increased gas yield at higher temperatures, so in the higher volume
of total gas produced, despite the slightly lower percentage of H2,
the total Nl of H2 produced in relation to the unit mass of feed-
stock, or time, is actually increased.

Anincrease of CO and decrease of CO2 is also observed at higher
temperatures probably caused by a combination of a reduced
extent of the WGS reaction, and the Boudouard reaction (CO2 + C
? 2CO) that would combine the CO2 in the gas with the C in the
bed material, to produce CO (Lahijani et al., 2015). Furthermore,
the higher contents of CO and H2 could also be caused by the gasi-
fication of some of the C contained in the bed material. Both the
reactions described are indeed favoured with the increase of tem-
perature, which is consistent with the different gas compositions
observed at 750, 800 and 850 �C (Table 2).

Tests carried out withthe blend of lignite and SRF (#4, #5, #6 in
Table 2) gave in general similar results to the corresponding test
with only lignite (#1, #2, #3 in Table 2). Only slight differences
appeared in the presence of SRF: the gas composition showed



Table 2
Results of gasification tests.

Test #1 #2 #3 #4 #5 #6

Feedstock Lignite Lignite + SRF
Feeding rate (g/min) 12.9 10.4
Bed Temperature (�C) 745 ± 1.3 802 ± 2.0 841 ± 6.8 759 ± 2.3 802 ± 3.3 843 ± 1.3
Avg Temperature (�C) 757 ± 1.6 806 ± 1.5 843 ± 5.0 751 ± 2.2 797 ± 3.6 844 ± 1.4
Steam/Fuel (g/g) 0.52 0.51 0.50 0.58 0.58 0.57
Test duration (min) 58 51 47 59 60 58
H2O conversion (%) 71.03 84.13 94.62 69.83 85.32 85.51
C conversion (%) 48.31 64.17 68.71 55.59 65.73 74.73
Gas yield (Nm3/kgdaf) 1.42 ± 0.13 1.73 ± 0.15 1.79 ± 0.19 1.50 ± 0.09 1.69 ± 0.16 1.94 ± 0.12
H2 (vol%) dryN2free 56.34 ± 0.75 54.61 ± 0.74 53.61 ± 1.06 56.35 ± 1.78 54.74 ± 2.07 54.76 ± 1.87
CO (vol%) dryN2free 27.32 ± 1.51 35.64 ± 0.84 40.33 ± 0.84 25.12 ± 0.74 33.57 ± 0.95 35.40 ± 1.14
CO2 (vol%) dryN2free 14.04 ± 0.61 7.66 ± 0.39 4.18 ± 0.42 14.21 ± 0.49 8.48 ± 0.49 6.53 ± 0.63
CH4 (vol%) dryN2free 2.29 ± 0.22 2.09 ± 0.23 1.88 ± 0.19 4.32 ± 0.44 3.21 ± 0.38 3.31 ± 0.31
H2S (ppm) dryN2free 636 ± 37 143 ± 15 114 ± 10 1663 ± 135 502 ± 54 555 ± 45
NH3 (ppm) dryN2free 1792 ± 71 1620 ± 86 756 ± 49 1360 ± 100 1696 ± 126 1232 ± 94
H2 (Nl/min) 9.11 11.24 11.53 8.25 9.10 10.32
H2 (Nl/gfeed daf) 0.82 1.01 1.03 0.74 0.82 1.16
Tar content HPLC (mg/Nm3) 2140 1176 815 2831 940 1751
Tar content GC-MS (mg/Nm3) 2144 433 220 2509 638 809
Mass balance (err %) 19.06 15.94 18.36 14.62 18.35 11.75
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lower CO content and higher CH4 and CO2 contents, probably
related to the plastic fraction of the SRF (Arena et al., 2015;
Hervy et al., 2019). In particular, the higher production of light
hydrocarbons, such as CH4 in tests #4 to #6, could be related to
the decomposition of more complex hydrocarbons present in the
plastic materials contained in the SRF, as confirmed by (Pinto
et al., 2007). Moreover, the composition of SRF that has a higher
content of elemental oxygen compared to lignite (see Table 1) is
likely the cause of the higher production of oxidized compounds
in the syngas, such as CO2, whose production is 1.19 Nl/min in test
#6 and 0.85 Nl/min in test #3.

Comparing tests #3 and #6, the production of H2 seems to
be lower in test #6 however, considering the lower feed rate
and the higher ash content of SRF, the comparison of H2 pro-
duction should be more correctly evaluated in terms of Nl per
unit mass of feedstock dry and ash free (daf); in this way it
is possible to observe that the H2 production is slightly higher
in test #6.

H2O conversion is lower in test #6 compared to test #3, proba-
bly because of the difference in feed rates that causes a slightly
higher S/F ratio for test #6, maybe resulting in excessive steam
for the relative feedstock. Despite the lower H2O conversion, the
higher H2 content observed in test #6 could be the proof of the
release of H2 from SRF, that in fact has a higher hydrogen content
compared to lignite (see Table 1), and a higher reactivity, as shown
by the higher gas yield. Moreover, the higher H2 production could
be related to dehydrogenation and cracking reactions of the SRF
matrix (Chen and Yan, 1986; Qin et al., 2015).

The observations made regarding the influence of temperature
on the gas quality can also be applied to the tests with lignite
and SRF.

The best results for gasification of lignite were obtained at
850 �C (test #3 in Table 2), with 54 vol% of H2 and 40 vol% of CO
on a dry N2 free basis, and a gas yield of 1.79 Nm3/kgdaf. Similarly,
for gasification of lignite and SRF, the test carried out at 850 �C (test
#6 in Table 2) gave H2 55 vol% and CO 35 vol% on a dry N2 free
basis, and a gas yield of 1.94 Nm3/kgdaf.

The NH3 content in tests with only lignite (#1, #2, #3 in Table 2)
at 750 �C and 800 �C has values around 1800 ppm and 1600 ppm
on dry N2-free gas, respectively. At 850 �C, the content of NH3 is
much lower than the previous values, around 750 ppm. However,
the total amounts of NH3 produced per mass unit of feedstock
are 1.75E-3, 2.16E-3 and 1.14E-3 NlNH3/gfeedstock for tests at 750,
800 and 850 �C, respectively.
NH3 in the tests with SRF and lignite (#4, #5, #6 in Table 2)
showed values in the same order of magnitude of those obtained
in the tests without SRF, around 1000–2000 ppm. It is observed
that, similarly to the previous tests, NH3 content is the highest at
800 �C, equal to 1696 ppm. The amounts of NH3 per mass unit of
feedstock are 1.73E-3, 1.89E-3 and 1.43E-3 NlNH3/gfeedstock obtained
at 750, 800 and 850 �C, respectively.

It is thus observed that the NH3 content has its highest value at
800 �C, and then decreases for higher temperature, as also
observed by Xie at al. in gasification experiments on coal macerals
(Xie et al., 2005). It is possible that the trend noticed results from
the combination of two effects related with increasing tempera-
ture: the higher production of NH3 from the N-containing struc-
tures in coal enhanced in steam gasification (Chang et al., 2006;
Li and Tan, 2000; Tian et al., 2007) and the thermal decomposition
of NH3, as found in literature (Zhou et al., 2000).

The H2S content measured in the test carried out at 750 �C with
simple lignite has an average value of 630 ppm, on dry N2-free gas;
in the tests with simple lignite at higher temperatures, the H2S
content is much lower, 143 ppm at 800 �C and 114 ppm at
850 �C. It seems that, for temperatures higher than 800 �C, the
H2S concentration in the gas is greatly decreased. The H2S content
in the tests with SRF has a very similar trend to that observed for
the tests with simple lignite, with generally higher values; the con-
tent is the highest at 750 �C, around 1660 ppm, and it greatly
decreases for higher temperatures, down to values of approxi-
mately 500 ppm, as also found in literature (Borgwardt, 1984),.
In the literature (Galloway et al., 2015; Hu et al., 2006), CaO con-
tained in the ash of the bed material has a good affinity with
H2S, that probably causes the reaction CaO + H2S ? CaS + H2O,
which would allow the retention of S in the ashes and the decrease
of H2S in the syngas. The presence of CaO in the bed material is wit-
nessed by the ICP-OES analyses of lignite ash and SRF ash
(Table 2S), both showing an evident concentration of Ca; these
results support therefore the hypothesis of the S retention in the
ashes by means of the Ca compounds. The above mentioned reac-
tion is inhibited by the presence of H2O; in the tests at higher tem-
peratures, the H2O conversion is much higher and the residual
steam in the syngas is lower; this could cause a higher extent of
the reaction between CaO and H2S thus explaining the lower con-
tent of H2S in the tests at higher temperatures.

Tar contents were analysed with two instruments, an HPLC and
a GC-MS; the results obtained for all the tests are compared in
Fig. 3.



Fig. 3. Tar contents obtained with HPLC and GC-MS analysis in tests 1, 2, 3 (a) and tests 3, 4, 5 (b).

Table 3
Tar compounds analysed by GC-MS.

Test #1 #2 #3 #4 #5 #6

mg/Nm3

Toluene 979 120 29 1615 393 416
1-ring compounds 166 16 3 427 53 109
Naphthalene 824 183 83 405 156 200
2-ring compounds 71 73 60 44 31 45
3- and 4- ring compounds 13 34 43 10 4 31
Phenols 91 6 2 8 2 8
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It shows that the tar contents obtained with the different analy-
sis instruments give coherent results, reproducing the same trends
from different tests. Tar contents obtained with HPLC have slightly
higher values compared to the data given by GC-MS, however the
results obtained with the two instruments are in the same order
of magnitude and confirm the coherence of the analysis methods
and the reliability of the obtained trends. Results in Fig. 3 highlight
that for higher temperatures the tar contents are lower, due to the
enhancement of thermal tar decomposition; values obtained for
test #6 are the only points that do not comply with the decreasing
trend observed for higher temperatures. Assuming that no contin-
gent sampling or measurement issues occurred, this could be
explained by the higher C conversion and gas yield of test #6 (as
shown in Table 2) that would cause the development of lighter aro-
matic tar compounds in larger amount (see Table 3).

The tar compounds detected and quantified with the GC-MS are
listed in Table 3. Except from toluene, naphthalene and phenols,
the other tars are lumped in groups according to the number of
their aromatic rings. Based on the compounds detected by the
instrument, 1-ring compounds include styrene, xylene and indene;
2-ring compounds include acenaphthylene, acenaphthene and flu-
orene; 3- and 4- ring compounds include fluoranthene, pyrene,
phenanthrene and anthracene.

The tar compositions displayed in Table 3 show that the heavier
tar compounds (2-ring and higher) are present in very low quanti-
ties in all the 6 experimental runs. In tests carried out with SRF, the
content of lighter tars is slightly higher compared to the equivalent
data in tests without SRF, even if in the same order of magnitude.
This observation is consistent with the results of gas compositions,
in which the higher content of CH4 obtained (and thus light hydro-
carbons in general) was ascribed to the plastic material contained
in the SRF, as also confirmed in literature (Pinto et al., 2007; Valin
et al., 2019).
Overall, results obtained by mixing SRF with lignite show that
the blend of the two materials in the proportion 20:80 wt% respec-
tively, does not cause a significant increase in tar content, that have
a maximum value of approximately 2800 mg/Nm3 obtained at
750 �C, and also does not substantially impact on the product gas
composition Therefore, the addition of 20 wt% of SRF to the lignite
feedstock does not negatively affect the steam gasification process.
Additionally, this proves the feasibility of steam gasification in flu-
idized bed reactors with the environmentally virtuous practice of
SRF blending with a fossil carbonaceous feedstock.

3.3. Pressure fluctuations analysis

More than 50 acquisitions of pressure fluctuations were carried
out during the experimental tests with lignite feedstock, in order to
evaluate the bed fluidization quality. During the preliminary heat-
ing of the reactor, PSDF resulted in dominant frequencies around
2–3 Hz (Fig. 4a), which were compatible with the desired bubbling
fluidization regime (characteristic frequencies lower than 10 Hz).
When gasification started, a series of low-frequency phenomena
(less than1 Hz) took action with high-power-spectral-density;
these phenomena were associated to the peristaltic pump feeding
water and to abrupt devolatilization of solid particles. Portions of
PSDF from gasification sessions were associated to fluidization
phenomena, with locally dominant frequencies between 3 and
4 Hz at 750 �C (Fig. 4b), 800 �C (Fig. 4c), 850 �C (Fig. 4d). Pressure
fluctuations signals acquired after the gasification tests, when
water and lignite were no longer fed, showed that the local domi-
nant frequencies of bubbling bed returned within the range 2–3 Hz
(an example in Fig. 4d), with residual disturbances at frequencies
lower than 1 Hz. In general, the dominant value of the bed inven-
tory was always in the range 2–4 Hz, well ascribable to a bubbling
fluidization regime; this implies that bed particles did not undergo



Fig. 4. PSDF of pressure fluctuations signals from tests with lignite as a feedstock, in linear (first column) and logarithmic (second column) scales: pre-heating under N2,
735 �C (a), gasification at 750 �C (b); gasification at 800 �C (c), gasification at 850 �C (d), post-combustion after test at 850 �C (e).
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modifications able to alter their fluidization quality, such as sinter-
ing or melting with ashes. The results obtained and the related
comments, such as the low frequency phenomena observed when
the feeding started, and the absence of power decay indicating no
sign of defluidization, can be confirmed with other studies on pro-
cessing of pressure fluctuation signals (Johnsson et al., 2000).



Fig. 5. SEM analysis of HTW bottom product after use. Magnification (a): 350x; (b): 1000x; (c): 2500x.
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3.4. Analysis of materials after test

3.4.1. HTW bottom product after tests
Characterization analysis on the HTW bottom product was

repeated after the 6 tests; the result of the particle size analysis
on the HTW bottom product after use is shown in Fig. 1S.

The average d3,2 diameter of HTW bottom product after tests is
109.02 lm, greatly reduced compared to its diameter before the
tests. The lower particle size of the bed material suggests the
absence of agglomeration phenomena, corroborating the infer-
ences from pressure fluctuations analysis about the absence of
de-fluidization phenomena. A possible cause of the reduction of
the HTW bottom product particle size after tests is the attrition
and erosion to which the particles are subject because of fluidiza-
tion. Moreover, the particles during the tests could have lost part of
their mass because of chemical conversion, i.e. their carbonaceous
fraction may have participated in the gasification reactions, as also
observed from the results of gas compositions.

The CHNS analysis on the sample of HTW bottom product was
repeated after the gasification tests, the results are shown in
Table 1: results show that the C content of the HTW bottom pro-
duct after tests is slightly lower than that of the sample before
use (Table 1). This C lowering in HTW bottom product particles
is in agreement with the above-mentioned hypothesis of partial
conversions during the gasification reactions.

The analysis of the HTW bottom product after use (standard ISO
1171:2010 (ISO, 2010)) gives an ash content of 34.32 wt%, much
higher than the value of the material before the tests (9.48 wt%);
probably this increased ash content is due to the accumulation in
the bed material of the inorganic fraction of the feedstock during
the gasification tests.

The use of HTW bottom product as bed material seems to be a
good option for the gasification process, as observed from the high
values of H2O and C conversions, gas yield and CO content, espe-
cially at higher temperatures. This effect could be related to the
ash contained in the bed material, which are rich in alkali com-
pounds that are reported to have enhancing properties in steam
gasification reactions (Yip et al., 2010).

HTW bottom product after the gasification tests was again anal-
ysed with SEM/EDS. The results are shown in Fig. 5.

The SEM images of the HTW bottom product after the gasifica-
tion tests show a foam-like structure with several holes on the sur-
face, particularly evident in Fig. 5c. The several channels on the
surface and the spongy structure could have been caused by a mild
release of gas from the material, due to the fact that the gasification
tests were carried out with steam. This further corroborates the
hypothesis of partial reactivity shown by HTW bottom product
as a bed inventory.
4. Conclusions

Gasification tests were carried out in a bench-scale fluidized
bed gasifier, with HTW bottom product as bed material, in order
to reproduce the HTW gasification process. The effect of tempera-
ture was studied in tests with two solid feed options: simple lignite
or a mixture of lignite and SRF, to assess the feasibility of co-
gasification of waste in a fluidized bed reactor. The results obtained
showed that higher operating temperatures determine a better
quality of the produced gas, in terms of higher conversions, H2

and CO contents, and lower tars content. Gasification of lignite-
SRF mixture produced a gas with composition and tar content close
to the outputs obtained in the gasification tests with simple lignite.
In more detail, tar content, CH4 and CO2 concentrations were
slightly higher in presence of SRF, probably because of its plastic
fraction.
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It was observed that the use of HTW bottom product in the gasi-
fier produces high values of conversions and yields, probably
because of the ash elements contained in the bed material that
could enhance the gasification process; furthermore some of the
C contained in the HTW bottom product probably participated to
the gasification reaction, as observed by the gas composition and
confirmed by the analysis of the material before and after the tests.

The pressure fluctuation analysis did not show signs of de-
fluidization of the bed, and thus it was deduced that phenomena
of ash melting, or agglomeration of the bed material did not take
place during the gasification tests.

To conclude, these gasification tests on a bench-scale demon-
strated that the addition of waste material to lignite does not cause
relevant issues or substantial changes in the gas composition and
tar production. It can be concluded that gasification of 20 wt% of
SRF with lignite as feedstock and HTW bottom product as bed
material, can be operated without issues or significant losses in
gas quality. This points how lignite/SRF co-gasification is a work-
able process option for waste disposal.
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