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Gasification of excavated landfill waste is one of the promising options to improve the added-value chain
during remediation of problematic old landfill sites. Steam gasification is considered as a favorable route
to convert landfill waste into Ha-rich syngas. Co-gasification of such a poor quality landfill waste with
biochar or biomass would be beneficial to enhance the H concentration in the syngas, as well as to
improve the gasification performance. In this work, steam co-gasification of landfill waste with biochar
or biomass was carried out in a lab-scale reactor. The effect of the fuel blending ratio was investigated by
varying the auxiliary fuel content in the range of 15—35 wt%. Moreover, co-gasification tests were carried
out at temperatures between 800 and 1000 °C. The results indicate that adding either biomass or biochar
enhances the H yield, where the latter accounts for the syngas with the highest H, concentration. At
800 °C, the addition of 35 wt% biochar can enhance the H, concentration from 38 to 54 vol%, and
lowering the tar yield from 0.050 to 0.014 g/g-fuel-daf. No apparent synergetic effect was observed in the
case of biomass co-gasification, which might cause by the high Si content of landfill waste. In contrast,
the Haz production increases non-linearly with the biochar share in the fuel, which indicates that a
significant synergetic effect occurs during co-gasification due to the reforming of tar over biochar.
Increasing the temperature of biochar co-gasification from 800 to 1000 °C elevates the H; concentration,
but decreases the Hy/CO ratio and increases the tar yield. Furthermore, the addition of biochar also

enhances the gasification efficiency, as indicated by increased values of the energy yield ratio.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The Enhanced Landfill Mining (ELFM) concept has been gaining
societal interest to replace conventional remediation methods for
problematic old landfills. The state-of-the-art of ELFM involves the
integration of landfill excavation, advanced materials sorting and
processing, and thermal conversion processes for retrieving mate-
rials and energy resources back to society [1]. As a result, it may
contribute to achieving a closed-loop material cycle, as proposed in
the latest circular economy definition [2]. Considering the
tremendous number of old landfill sites in EU (at least 500,000 sites
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[3]), this concept of ELFM has been proposed in various recent EU’s
policy initiatives. These include European Parliament seminars,
briefs, and proposals to the amendment of the Landfill Directive as
an alternative strategy to address unwanted implications of land-
fills while simultaneously reclaiming deposited materials, energy
carriers and land resources [4].

Among various thermal conversion methods in the framework
of ELFM, high-temperature gasification processes (e.g. slagging
gasification) are regarded as viable candidates for combined energy
and material valorizations in the form of syngas and vitrified ash
residue [5]. Besides, gasification is also favored as it can provide a
hydrogen (Hz)-rich syngas when steam is used as the gasifying
agent in the process [6]. The use of steam as a gasifying agent also
results in products with minimal environmental impacts, such as
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Nomenclature and abbreviation

AAEM alkali and alkaline earth metal

ashgis.c  the ash content of the initial sample, wt.%

BET Brunauer-Emmett-Teller

M char matrix

daf dry-ash-free weight basis

ELFM enhanced landfill mining

EY’ energy yield ratio

LHV lower heating/calorific value

LHVjyep the calorific value of the fuel/sample, M]/kg
LHVsyngas the calorific value of the produced syngas, M]J/NM?
m; the initial mass of the sample before gasification, g
mg the final mass of the sample after gasification, g
MSW municipal solid waste

NLDFT non-local density functional theory

RDF refuse-derived fuel

SPA solid-phase adsorption

SPE solid-phase extraction

Vsyngas the total volume of the produced syngas, Nm?

preventing the formation of NOx and producing low CO; emissions
in the gasifier and downstream processes [7—9]. The conversion of
landfill waste into H, may play a significant role in achieving a
circular economy [10].

Hs has been considered as one of the potential energy carriers of
the future [11]. It is gaining a lot of interest due to its flexibility, as it
can be used directly as a fuel in fuel cells, internal combustion
engines, and gas turbines, or as a medium for chemical energy
storage [12,13]. Moreover, Hz is regarded as the most efficient and
environmentally friendly energy carrier due to its high gravimetric
energy storage density and ability to produce no harmful emissions
during its conversion to electricity [14]. Nowadays, almost 99% of
Hj production still relies on the use of non-renewable sources such
as natural gas (76%) and coal (23%) [15]. Hence, new sustainable
processes based on renewable sources and waste for H, production
are highly demanded.

Several studies have demonstrated significant differences be-
tween the fuel characteristics of excavated wastes from landfills
and fresh Municipal Solid Wastes (MSW) [16,17]. The excavated
landfill waste contains typically a high amount of ash, due to the
presence of impurities which mainly appear in the form of dirt or
soil. It is reported that the excavated waste contains 34—60 wt% of
impurities depending on the age of the landfill site and the waste
composition [18]. The high amount of impurities, combined with
the high volatiles content in the waste, reduces the gasification
performance by lowering the thermal output, increasing the ash
clinker formation, and producing higher CO, emission [19]. It has
also been demonstrated that the presence of impurities signifi-
cantly affects the reactivity of the fuel during steam gasification of
landfill waste, where especially a high silica content from the dirt
reduces the fuel reactivity [20]. Additionally, the gasification of
such waste normally produces a high tar content, which hinders
syngas utilization in fuel cells, methanation reactors, and Fischer-
Tropsch processes [21]. It also causes blockage of gas down-
stream, fouling and erosion for equipment [22]. It is known that
current routes of tar reduction can be divided by in-situ or ex-situ
processes. The in-situ reduction is achieved by adjusting the design
and process operation of the gasifiers, as well as by adding addi-
tives/catalysts during operation; thus, tar generation inside gasifier
is minimized [23]. On the other hand, ex-situ tar reduction does not
interfere with the process in the reactor as the tars are removed

from the syngas after gasification, through physical processes,
chemically treated by thermal and catalytic processes, or partial
oxidation [23]. Considering the challenges above, improvements
are needed to avoid unwanted problems when landfill waste is
used as a gasification feedstock, especially due to the high ash and
low carbon contents.

The addition of other fuels has been proposed in several studies
to enhance the gasification performance of MSW exhibiting such
poor properties. Most of those studies utilized biomass as the
auxiliary fuel during the co-gasification of MSW. A study by Pinto
et al. [23] concluded that adding biomass is more effective for
enhancing the syngas quality from gasification of a low-quality
waste fuel (ash > 40 wt%) compared to the addition of natural
minerals, as this dilutes the concentration of unwanted compo-
nents. Moreover, their study observed that additions of biomass
during waste gasification in a fluidized bed gasifier enhances the H;
concentration and lowers the tar yield in the syngas [23]. Cao et al.
|24], who investigated the co-gasification of Chinese MSW and pine
sawdust at various blending ratios, also found that the Hy con-
centration in the syngas increases when adding more sawdust;
whereas, the tar yield decreases with the increased amount of
sawdust. A similar observation was made in another study in which
the addition of wood reduced the tar level during the co-
gasification of a mixture of coal, plastic, and wood [25].

In the case of high-temperature MSW gasifications, the slagging
gasification technology has been considered as a proven technology
for converting ash into slag during gasification of MSW [26]. The
state-of-the-art of this technology is similar to that used in blast
furnaces in the steel industry, where a high-temperature blast
gasifying agent is fed to the bottom part of a shaft furnace. This
technology has been implemented widely, especially in Japan and
South Korea, where it has been employed and operated continu-
ously at more than 40 commercial plants [27]. Classically, this
gasifier relies on the addition of coke as an auxiliary fuel to supply
the heat required to maintain the high-temperature gasification
and ash melting zones between 1000 and 1800 C [26], as well as
maintaining an appropriate gas permeability of the bed. The pos-
sibility to replace coke by carbon-neutral resources, such as biochar,
as the auxiliary fuel in the gasification process would be intriguing
to investigate. Recently, a new 27 million EUR slagging gasification
project to treat MSW has been initiated in Singapore where biochar
will be used as the auxiliary fuel instead of coke [28]. In this project,
a gasification plant with a capacity of 11.5 tons of waste per day has
been built based on the aforementioned shaft furnace technology
[29]. So far, there is no further information available regarding the
related gasification results. Even though the shaft gasifiers above
have shown a promising route to convert MSW into syngas and
slag, they suffer from the high amount of tar generation. Zhang
et al. [30] performed gasification of MSW using a plasma-heated
shaft gasifier and found a high amount of tar generation, which is
ranged between 20 and 40 wt% of the treated MSW. Therefore, in-
situ tar reduction treatments are crucial for these gasifiers.

Biochar is a porous carbon-rich material that can be produced as
a byproduct from pyrolysis. It is considered that further utilization
of this biochar residue in a gasification process provides a highly
beneficial outcome [31]. The steam gasification of biochar has been
regarded as a clean way to produce a syngas rich in Hy, which has a
higher calorific value [32]. Also, compared to raw biomass, most
volatiles has been removed during the transformation to char; thus,
the production of problematic tar can be avoided during gasifica-
tion of biochar [33]. Furthermore, as biochar consists mostly of
fixed carbon, its calorific value is significantly higher compared to
raw biomass, which may be beneficial to treat high-ash feedstocks.
Various aspects of steam gasification of biochar have been reported
[33—37]. Zhai et al. [ 34] investigated the characteristics of rice husk
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char gasification with steam. They found that the temperature is
the main factor that affects the conversion rate of char, whereas the
H; content in the syngas is mainly affected by the steam flow rate.
In addition, the study could produce a syngas containing nearly
47 vol% of Hy at 950 C [34]. Steam gasification in a higher tem-
perature range was also conducted by Zhai et al. [35] by using
sawdust char. This resulted in an even higher H; content of
approximately 60 vol% at 1200 C. The utilization of biochar as a
secondary fuel for co-gasification has also been proposed, espe-
cially in the case of coal gasification [31,38,39]. Yang et al. [38]
found that steam co-gasification of blended wheat-straw char and
lignite coal produces higher H, and CO yields, as well as an
increased carbon conversion compared to the gasification of pure
coal. The high surface area and high alkali and alkaline earth metal
(AAEM) content of the char are the main factors contributing to the
positive results [38]. Shen and Murakami [39] added iron-loaded
biochar during steam gasification of sub-bituminous coal and
found that the H; concentration in syngas increases by 20 vol% after
the addition of 20 wt% char. Nevertheless, to the best of the authors’
knowledge, information regarding the use of biochar in co-
gasification of MSW or landfill waste is very limited.

In this study, excavated landfill waste samples were subjected to
gasification tests under a steam atmosphere with the main objec-
tive to produce a Hy-rich syngas. Biochar was added to enhance the
gasification performance, especially in terms of an increased H»
concentration and a lower tar content in the syngas. Moreover, co-
gasification of landfill waste with raw biomass was performed to
compare its performance with that of the biochar co-gasification.

2. Materials and methods
2.1. Landfill waste and biomass samples

An excavation project was carried out at the Mont-Saint-Guibert
landfill in Belgium, where at least 5.7 million m> of waste was
deposited between 1958 and 1985. Before the excavation, a
geophysical exploration was performed in an area of approximately
2150 m?. Based on the results of an electrical conductivity analysis,
the area was divided into four batches. The material used in this
study belongs to the first batch, which represents a total volume of
130 m®. A two-stage ballistic separation process was then per-
formed by using a commercial scale ballistic separator (STT6000,
Stadler Anlagenbau GmbH). The ballistic separator allows the
recuperation of fractions that are suitable for the production of
refuse-derived fuel (RDF) in addition to other valuable materials,
such as inert, glass and metallic materials. The obtained RDF frac-
tion is relatively more homogeneous with a high heating value.
Hence, the use of such a machine for the primary sorting process
can limit the problems caused by the variability of excavated waste.

As a result of the pretreatment, five fractions were obtained. For
the gasification tests in this study, the RDF fraction consisting of the
light waste fraction (or commonly also known as a 2D fraction)
with a particle size ranging between 90 and 200 mm was chosen as
it has the highest calorific value. In dry mass basis, this fraction
consists of 1% wood, 4% paper, 8% textile, 43% plastics, 10% other
combustible materials, 2% metals, 2% inert materials, and 31% fine
particles as was measured by a hand sorting method by Garcia
Lopez et al. [40]. Additionally, the particle size of the RDF sample
was reduced to a value smaller than 3 mm through a further
comminution process. Further details regarding the excavation,
sorting, and pre-processing of the landfill waste can be found in a
previous study [40]. The samples were then dried in the oven at 105

C for approximately 24 h before the gasification test. This pre-
treated landfill waste fraction is denoted as “RDF-landfill”
throughout the remaining part of this paper.

Lignocellulose sawdust biomass from beech wood was used as
the raw biomass sample and the feedstock to produce biochar. This
biomass was provided by ]. Rettenmaier & Sohne Gmbh, Rosenberg,
Germany. A pyrolysis process was carried out to produce biochar by
using a vertical lab-scale fixed bed reactor, which consists of a
cooling and a heating zone. In the experiment, the biomass was
placed inside a metal basket and kept in the cooling zone while the
temperature of the heating zone was elevated until 500 C. After it
reached this value, the biomass was inserted in the heating zone
and this temperature was maintained for 30 min. Thereafter, an
evacuation of the basket to the cooling zone took place. The pro-
duced biochar was then collected for further gasification tests. The
details of the pyrolysis procedure and reactor have been reported
by Ratnasari et al. [41].

The fuel compositions of RDF-landfill, biomass, and biochar
samples are presented in Table 1. The proximate, ultimate, the
calorific value (lower heating value, LHV), and inorganic content
measurements were performed by a commercial laboratory
(Eurofins Biofuel & Energy Testing Sweden AB, Sweden). The details
of the measurement methods can be found in the previous study
[20]. The results show that RDF-landfill accounts for a significantly
high ash content (46.5 wt%), which is mainly due to the tremendous
amount of dirt/soil in the excavated waste sample. In addition, the
RDF-landfill sample has a low fixed carbon content (1.8 wt%) due to
the high amount of plastics that generally consist of volatile matter
instead of fixed carbon. This high amount of plastic also results in a
greater calorific value of the RDF-landfill sample (22.9 M]/kg)
compared to the biomass sample (18.3 MJ]/kg). On the other hand,
the concentration of carbon in biomass was enhanced (from 49.1 to
79.9 wt%) after the pyrolysis process, which results in a 1.8 times
higher calorific value of the biochar compared to the original
biomass.

Table 1 also shows the composition of the main inorganic con-
tents in the samples. As seen in the table, Si dominates the inor-
ganic contents in the RDF-landfill sample as its amount reaches 16%
of the total sample weight. The significant amount of Si mainly
comes from the dirt or soil that is attached on the surface of landfill
waste materials [20]. Ca accounts for the highest amount among
other AAEM species in the RDF-landfill sample, even though its
amount is much less significant than Si. In contrast, the inorganic
elements in the biomass sample are mainly dominated by Ca,
which is followed by K, Mg, Si, Fe, Na, Al. Also, their values are
significantly lower than that of RDF-landfill sample. Removing
volatile matters of biomass by pyrolysis leads to an increase in the
concentration of the inorganic contents in the biochar. As seen in
the table, the amount of inorganic contents increase in the case of
biochar, and their amounts follow the same order to that of the
biomass sample.

2.2. Steam gasification experiments

The steam gasification tests were performed by using a lab-scale
horizontal tube reactor, as schematically shown in Fig. 1. The
reactor has a total length of 1000 mm and an inner diameter of
25 mm. Blended mixtures of RDF-landfill waste with biomass or
biochar, having different mass ratios (85:15, 75:25, and 65:35),
were subjected to the gasification tests to investigate the syner-
gistic effect of the fuels. The low biomass/biochar blending ratios
(<40 wt%) were chosen as this study focuses on the utilization of
those materials as auxiliary fuels; hence, their proportion should
not exceed that of the main fuel (RDF-landfill). For each experi-
ment, approximately 4 g of sample was contained in an alumina
sample boat which was kept in the cooling zone prior to the gasi-
fication reaction. The furnace was heated up until the target tem-
perature (800, 900, or 1000 C) at a constant nitrogen flow of
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Table 1

Composition of the RDF-landfill waste, biomass, and biochar used for the steam gasification tests.

Compositions RDEF-Landfill waste

Biomass (beech wood) Biochar (beech wood char)

Proximate (wt.%, db)

Volatile matter 553 84.2 269
Fixed carbon 18 15.0 67.3
Ash 46.5 0.8 5.8
Ultimate (wt.%, db)
C 40.5 491 799
H 6.1 6.1 2.6
N 1.10 012 0.29
0 43 438 114
S 0234 0.026 0.051
cl 1.203 <0.01 0.014
LHV (MJ/kg, db) 229 18.3 296
Inorganic (mg/kg, db)
Al 17,700 31 172
Ca 29,800 1880 8480
Fe 21,600 93 405
K 4950 1010 4510
Mg 2470 401 1710
Na 2910 63 543
Si 160,000 140 802
Water from
peristaltic pump i s Tarsamplingmodule
SPAISPE
Sample boat tube

Steam generator

mover

1
I |
! Sample boat

Coolinlg zone Heating element

Nitrogen (purging) Temperature

controller

“_ﬁ—iﬁﬂﬂe pump

H
B i |

Cooling bath Gas meter

]
Acetone

Fig. 1. Schematic diagram of the lab-scale furnace used for gasification tests.

To gas sampling bag

160 ml/min. When the furnace had reached the target temperature,
pre-heated steam with a flow rate of approximately 0.5 g/min was
introduced to the tube reactor. Thereafter, the sample boat was
inserted into the heating zone and the gasification test was main-
tained at this condition for 30 min. During the reaction, the raw
syngas was cooled down to trap the tar content by using a series of
impingers filled with acetone and cooled at —15 C. The volume of
cleaned syngas was measured by a drum-type gas meter (TG1 type,
Ritter, Germany), prior to the gas collection in a 25 L gas sampling
bag. After the gasification was completed, the sample boat was
withdrawn back to the cooling zone. At the same time the steam
flow was shut off, and the nitrogen flow was raised to 320 ml/min
for another 30 min to make sure that all syngas was collected. The
collected syngas was then analyzed by using a micro-gas-
chromatography analyzer (490 Micro GC System QUAD, Agilent)
to measure the concentration of H, CO, CO; and CyHy gases (CHa,
CyHa, CoHa, CoHg, C3Heg, and CsHg). Further details of the setup are
reported by Sophonrat et al. [42]. Furthermore, the liquid solution
which consisted of tar, water, and acetone (contained in the
impingers) was collected and filtered through a filter paper
(8—10 um retention size). Subsequently, the filtered liquid solution
was heated up for 12 h at 40 C and the tar yield of the gasification
was defined as the weight of the remaining dried tar after the
evaporation process. For some co-gasification cases, a tar sample

was collected during the first 5 min of the reaction, and subse-
quently analyzed by using the Solid-phase Adsorption - Solid-phase
Extraction (SPA/SPE) method developed by KTH [43] to investigate
its composition.

2.3. BET analysis of biochar

Brunauer-Emmett-Teller (BET) gas sorptometry measurements
were performed by using a Micromeritics model ASAP 2000 in-
strument to characterize the BET surface area of the raw and gasi-
fied biochar samples. The sample was subjected to a degassing
process conducted at 250 °C for 12 h before the BET analysis. The
test was then performed by using the N, isotherm adsorption
method on the degassed particles at —196 °C. The pore size dis-
tributions of the biochar samples were analyzed by using the non-
local density functional theory (NLDFT) method.

2.4. Evaluation of gasification performance

The conversion rate of the feedstock sample was determined
after each gasification test by using the following calculation,
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my — (m; - ashgs <)

Conwversion rate =
m;+(1 — ashgys -c)

(1)

where m; is the initial mass of the sample before the gasification
test and my is the final mass of the solid residue after the gasifi-
cation test. Furthermore, ashgs .c is the ash content (in wt.%) of the
initial sample, which was measured by combustion at 815 Cas was
also mentioned in Table 1.

In addition, the performance of the gasification tests was
assessed by using the energy yield ratio (EY), which can be
expressed as follows:

. 3 _ LHVsyngasXVsyngas

Energy yield ratio(EY) _W (2)
where, LHVsyngqs represents the calorific value of the produced
syngas (MJ/Nm?), Vsyngas is the total volume of produced syngas
(Nm?), and LHV¢ is the calorific value of the fuel (M]J/kg).

3. Results

3.1. Effect of fuel blending on the conversion rate, syngas yield, and
tar yield

Fig. 2 presents the conversion rate, syngas yield, and tar yield of
steam gasification of RDF-landfill samples with different amounts
of biomass or biochar added at a gasification temperature of 800 C.
In Fig. 2, the yield values are presented based on the dry ash free
weight of the corresponding fuel (g/g-fuel-daf). Moreover, curves
that represent the predicted values of product yield were added to
evaluate the synergetic behavior in the co-gasification system.
Those values were determined based on the weighted average
values from separate gasifications of RDF-landfill, biomass, and
biochar. Steam gasification of the RDF-landfill sample results in
syngas and tar yields of 0.73 and 0.051 g/g-fuel daf, respectively. As
can be seen in Fig. 2(a), adding more biomass during steam gasi-
fication of RDF-landfill increases the syngas yield, which is caused
by the higher volatile and fixed carbon contents of the biomass. In
detail, adding biomass elevates the syngas yield up to 0.83 g/g-fuel
daf at biomass content of 35 wt%. Moreover, the measured values of
the syngas yield are approximately similar to the predicted values
at different biomass contents. This indicates an insignificant inter-
action between landfill waste and biomass during gasification.
Furthermore, no significant differences are found on the values of
tar yield at low biomass proportions. A notable difference is
observed at a biomass share of 35 wt% as the tar yield value is 45%
higher than the predicted value. Finally, there are no significant
changes in terms of the conversion rate as all values are nearly
equal to 1.0 for all cases. This indicates that all samples have been
fully converted into syngas and tar within the investigated reten-
tion time.

In contrast, steam co-gasification of RDF-landfill with biochar
results in different trends with respect to the product yield distri-
bution. Fig. 2(b) shows the yield distribution and fuel conversion
rate for different amounts of biochar. As illustrated in Fig. 2(b), tar
production in RDF-landfill gasification decreases as biochar is
added to the fuel mixture, especially at biochar shares above 25 wt
%. In particular, the tar yield decreases by 63 and 72% in the case of
biochar shares of 25 and 35 wt¥%, respectively. These numbers are at
least 52% lower than the predicted tar yield for the corresponding
biochar contents. This trend indicates that a significant synergetic
effect occurs on the tar generation during the co-gasification pro-
cess. The production of syngas increases following the tar reduction
due to the presence of biochar. As can be seen in Fig. 2(b), the total
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Fig. 2. Product yield distribution and conversion rate of steam gasification of RDF-
landfill with different feedstock shares of (a) biomass and (b) biochar at a gasifica-
tion temperature of 800 C.

mass of syngas raises up to 1.2 g/g-fuel-daf when 35 wt% of biochar
is added. Nevertheless, co-gasification of RDF-landfill with biochar
suffers a low conversion rate which inversely correlates to the
biochar share in the feedstock. Co-gasification with a biochar share
of 35 wt% results in the lowest conversion rate (0.81). This is due to
the low reactivity of heterogeneous reactions, which occur be-
tween char and gasifying agents.

3.2. Effect of fuel blending on the gas yield and concentration

Fig. 3(a—d) illustrate the yield of syngas components resulting
from co-gasification of RDF-landfill with biomass. As can be seen in
Fig. 3, increasing the biomass share in the fuel mixture results in a
higher Hy, CO, and CO; yields. Only CxHy-gases have lower yields at
higher biomass proportions. The measured yield values of those
gases are similar to the predicted values which indicates that there
are no clear synergetic effects. The increase of the CO and CO5 yields
can mainly be attributed to the fact that biomass fuel contains
significantly more oxygen than landfill waste (ten times higher).
Meanwhile the lower yield of CyHy-gases is caused by the lower
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Fig. 3. Gas yield (in g/g-fuel daf) during steam co-gasification of RDF-landfill with biomass (a—d) or biochar (e—f) for different blending proportions at a gasification temperature of

800 C.

concentration of plastic in the waste-biomass mixture. It is known
that the presence of plastic polymers accounts for generation of
hydrocarbon gases in the syngas. For example, the presence of PE,
such as HDPE and LDPE, leads to the production of more ethane,
ethene, and n-butane [20].

The composition of syngas (in vol%) produced from co-
gasification of RDF-landfill at 800 C with different fuels blending
proportions is shown in Table 2. As seen in the table, the concen-
trations of Hy and CO; increase with increasing biomass pro-
portions. The highest H; and CO; concentrations are achieved at a
biomass content of 25 wt% for which their values are approximately

45 and 23 vol%, respectively. Meanwhile, steam co-gasification with
biomass contents of 15 and 25 wt% resulted in lower CO concen-
trations than gasification of only RDF-landfill; even though the
concentration increases at a biomass content of 35 wt%. The con-
centration of GyHy-gases is inversely correlated with the increase of
biomass content as its value decreases from 25.6 to 15.9 vol% when
the biomass is added at 35 wt%.

The syngas components yield from the co-gasification of RDF-
landfill with biochar is presented in Fig. 3(e and f). Fig. 3 demon-
strates that there are significant improvements in the Hy genera-
tion when biochar is added to the gasification process. Specifically,
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Table 2

Steam gasification results of different fuel mixtures at different gasification temperatures.

Sample no. Fuel composition (wt.%) Gasification temp. ( C) Gas concentration (vol%) H2/CO LHV syngas (MJ/Nm?) EY ratio
RDF-landfill Biomass Biochar H, co CO, CxHy
1 100 =] = 800 38.0 179 20.1 256 2.50 240 044
2 - 100 - 800 482 216 225 77 2.40 16.0 1.03
3 = = 100 800 56.6 141 26.2 3.1 4.04 12.6 0.73
4 85 15 - 800 441 14.0 20.1 218 3.70 20.7 0.53
5 75 25 = 800 452 14.6 234 16.8 3.34 18.9 0.55
6 65 35 = 800 426 20.6 20.7 15.9 2.11 21.0 0.69
7z 85 — 15 800 51.2 99 23.7 15.2 5.96 17.1 0.50
8 75 - 25 800 52.6 10.7 220 15.6 5.05 16.2 0.59
9 65 — 35 800 535 104 25.0 11.1 5.36 15.0 0.56
10 100 = — 900 41.1 11.2 155 32.2 412 21.6 0.51
11 100 — — 1000 475 10.3 11.7 30.5 474 20.5 0.54
12 65 35 = 900 455 18.0 18.7 17.8 2.56 19.7 0.80
13 65 35 = 1000 479 20.0 158 163 239 18.7 0.84
14 65 = 35 900 54.8 13.8 20.6 10.9 3.98 15.6 0.88
15 65 — 35 1000 55.8 201 15.1 9.1 2.78 174 1.11

the yield of H; is nearly doubled (from 0.029 to 0.051 g/g-fuel-daf)
when 15 wt% of biochar is added during co-gasification. Further
enhancements are achieved at higher biochar proportions as the
production yield increases almost three times (to 0.075 g/g-fuel-
daf) for 35 wt% biochar addition. This value is approximately 2.2
times higher than that of co-gasification with 35 wt% of biomass
fuel. Furthermore, the value is also 56% higher than the predicted
value which indicates a significant synergistic effect on the Hj
production. A similar trend is also observed for CO, production as
the yield values elevate more than the predicted values and in-
crease at higher biochar contents. For instance, for a biochar con-
tent of 35 wt%, the measured CO; yield is 53% higher than the
predicted yield. In contrast, the production of CO shows a different
tendency as the measured yields are not significantly different with
that of mono gasification and their values are 6—21% lower than the
predicted yields. Furthermore, the CyHy gases’ yield decreases with
the increase of biochar content. At biochar shares of 25 and 35 wt%,
the yield values can be seen shift to at least 20% higher than the
predicted values.

Overall, the addition of biochar during steam gasification of
RDF-landfill produces a syngas with a higher concentration of H;
compared to biomass co-gasification. At the lowest biochar content
of 15 wt¥%, the syngas contains 51 vol% of Hy. This is nearly 34 and
16% higher than the value from gasification of RDF-landfill only and
biomass added at 15 wt%, respectively. The Hy concentration then
gradually increases and reaches a value of 54% for a biochar content
of 35 wt%. Similarly, the concentration of CO; is also known to in-
crease with an increasing biochar content. In contrast, a significant
reduction is found for the CO concentration, which is almost 10 vol
% for 15 wt¥% of biochar in the feedstock, or 45% lower than that of
pure RDF-landfill gasification. However, the concentration in-
creases slightly (by less than 1 vol%) for biochar contents of 25 and
35 wt#%. Finally, the concentration of CyHy-gases behaves in the
same way as for a biomass co-gasification. Thus, its value decreases
proportionally with an increased in biochar content.

3.3. Effect of temperature on gasification products

Fig. 4(a) presents the product characteristics from steam gasi-
fication of RDF-landfill without any fuel additions at different
temperatures. As can be seen in Fig. 4, raising the gasification
temperature from 800 to 1000 Cslightly increases the syngas yield
from 0.73 to 0.78 g/g-fuel-daf. Furthermore, the H; yield is linearly
correlated to the gasification temperature, increasing from 0.029 g/
g-fuel-daf at a gasification temperature of 800 C to 0.046 g/g-fuel-

daf at 1000 C. On the contrary, the CO and CO; yield decrease as
the gasification temperature increases. Meanwhile, the yield of
CxHy-gases raises with the increase of gasification temperature.
Overall, at 1000 °C, the syngas consists of 47.5 vol% Hz, 10.3 vol% CO,
11.7 vol% COg, and 30.5 vol% CyHy-gases as can be seen in Table 2.

Steam co-gasification of RDF-landfill containing 35 wt% biomass
or biochar were also performed at different temperatures, and the
results are presented in Fig. 4(b and c). As can be seen in Fig. 4(b),
co-gasification of the landfill waste with biomass exhibits signifi-
cant reductions in tar yields at higher gasification temperatures.
Specifically, there is at least a 45% tar yield reduction when the
temperature increases from 800 to 900 C, which is followed by a
further reduction of 42% at 1000 C. At these higher temperatures,
the tar compounds are cracked into smaller hydrocarbon molecules
or non-condensable gases. This contributes to the higher syngas
production at higher gasification temperatures, as also can be seen
in Fig. 4(b). Correspondingly, the H; yield also rises and the highest
value of 0.054 g/g-fuel-daf is obtained at 1000 C. This result leads
to the Hy concentration of 47.9 vol% in the syngas. In contrast,
gasification at higher temperatures produces lower levels of CO;
concentrations, decreasing from 21.0 to 15.8 vol% with an
increasing temperature from 800 to 1000 C. No clear trend is
observed with respect to the concentration of CO and CxHy-gases
and their relations to the gasification temperatures, as the lowest
CO and the highest CxHy-gases concentrations are recorded at 900

C.

On the other hand, the co-gasification of the RDF-landfill and
biochar at higher temperatures also produce higher H; yield values
than that of other fuels. Specifically, the H, yield increases from
0.075 to 0.111 g/g-fuel-daf, when the temperature is raised from
800 to 1000 C. This result responsible for a H enrichment in the
syngas as its concentration elevates from 53.5 to 55.8 vol%. At the
same time, the CO yield also increases with the rise of the gasifi-
cation temperature as its value is 3.4-fold at the same temperature
increment. However, a different trend is observed in the case of CO»
as its yield decreases from 0.761 to 0.662 g/g-fuel-daf with an
increasing temperature from 800 to 1000 C. No notable differ-
ences were observed in the case of CyHy-gases’ yield at higher
temperatures. Lastly, in contrast to the other fuel mixtures, the
production of tar during steam co-gasification of RDF-landfill with
biochar exhibits higher yield values at higher gasification temper-
atures. As can be seen in Fig. 4(c), the tar yield rises to 0.020 and
0.023 g/g-fuel-daf at 900 and 1000 C, respectively, from its initial
value of 0.014 g/g-fuel-daf at a temperature of 800 C.
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3.4. Ho/CO ratio

The molar ratio of Hy/CO is a critical parameter to match with
the end-use product processing requirements of syngas, such as for
methanol, ammonia, and synthetic fuels through Fischer-Tropsch
synthesis [44].Table 2 lists the values of these ratios for steam
gasification of different fuel mixtures at different gasification
temperatures. As can be seen in Table 2, the values of the ratios Ha/
CO of the syngas produced from steam gasification of the RDF-
landfill in the temperature window 800—1000 C varies between
2.5 and 4.74. A higher gasification temperature favors a higher Hy/
CO value.

At 800 C, steam co-gasification of RDF-landfill with biomass at

lower blending ratios (<35 wt%) results in higher Hy/CO values
compared to that of pure RDF-landfill. However, at a biomass pro-
portion of 35 wt%, the value is found to be lower due to the high CO
production originating from the biomass. A significantly higher Hy/
CO value (2.4 times higher than in the case without biochar) is
observed in the case of co-gasification of RDF-landfill with biochar.
Specifically, the Hz/CO ratio ranges between 5.05 and 5.96, where
the biochar content of 15 wt% accounts for the highest value.

In contrast to gasification at 800 C, syngas produced during
gasification of the RDF-landfill sample only exhibits higher H,/CO
values than that of samples with biomass or biochar addition at
higher gasification temperatures. Specifically, the H,/CO ratio
values of the syngas are 4.12 and 4.74 when gasification occurs at
900 and 1000 C, respectively. This is mainly caused by the ten-
dency of lower CO concentration at higher gasification tempera-
tures. Meanwhile, at higher temperatures, gasification of the RDF-
landfill with a biochar content of 35 wt% tends to produce a syn-
gas with lower H/CO ratio values as the values are 3.98 and 2.78 at
900 and 1000 C, respectively. However, these values are still
higher than those of biomass co-gasification at the same
temperatures.

3.5. Syngas calorific value and EY ratio

Table 2 also presents the syngas calorific value (LHV) as well as
the Energy Yield (EY) ratio achieved through gasification of the
different fuel mixtures at different gasification temperatures. As
can be seen in Table 2, gasification of the RDF-landfill sample
produces a syngas with higher LHV than all co-gasification cases
regardless of the gasification temperature. The values varies be-
tween 20.5 and 24.0 MJ/Nm®. This is mainly due to the high con-
centration of heavy hydrocarbon gases (CxHy-gases) present in the
syngas produced from landfill waste. For similar reasons, gasifica-
tion tends to generate a syngas with higher LHV values when
biomass is added as the auxiliary fuel compared to biochar
regardless the blending ratio and the gasification temperature.

Even though their syngas has a relatively high calorific value, the
gasification of RDF-landfill samples suffers from low EY values as a
result of a low syngas yield and eminent chemical energy losses in
the form of tar. The EY value is 0.44 at a gasification temperature of
800 C, which rises to 0.54 at 1000 C. The use of biomass or bio-
char as an auxiliary fuel could enhance the gasification perfor-
mance as indicated by higher EY values. Specifically, at 800 C, one
can see that the value of the EY ratio increases proportionally with
the amount of biomass content in the fuel, as its maximum value
(0.69) is obtained at a biomass content of 35 wt%. In contrast, the
optimum EY value in the case of biochar co-gasification is obtained
at a 25 wt% biochar content. Greater amounts of biochar reduce the
EY value, due to the low conversion rate of biochar at a low gasi-
fication temperatures. Nevertheless, co-gasification of 35 wt% bio-
char exhibits better gasification performance at higher
temperatures than that of other fuel mixtures. At 1000 C, this
gasification has an EY value of 1.11, whereas gasification of RDF-
landfill without any fuel addition and with 35 wt% biomass addi-
tion only show EY values of 0.54 and 0.84, respectively.

4. Discussion

The results in Figs. 2—3 demonstrate that no apparent synergetic
effects are observed during the co-gasification of RDF-landfill with
biomass concerning the H; yield. This finding is in contradiction
with other studies related to the gasification of such feedstock
mixtures. For example, previous studies that investigated the co-
gasification of pure plastics and biomass often observed a syner-
gistic effect between them [45—47]. Those studies claimed that
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radicals released by one component enhancing decomposition of
the other component in the feedstock. Specifically, it begins with
the release of volatiles from biomass, which starts before radical
formation in plastics [46]. After that, the release of more H and OH
radicals from plastics act as hydrogen donor species, promoting the
cracking of the aromatic compounds in the biomass [46]. This then
typically leads to a higher syngas yield than the predicted value.

The absence of the synergetic effects in this study might be
explained by several reasons. The high amount of inorganic mate-
rials in the RDF-landfill, especially Si, could be one of the reasons.
As mentioned previously, the synergistic effect between plastic and
biomass occurs as the biomass typically releases volatiles earlier
than that of plastics. At the same time, the release of volatiles from
biomass can be affected by the presence of inorganic elements.
According to previous studies, the presence of inorganic elements
such as Si, could inhibit the devolatilization rate of biomass and
cause the degradation of biomass to start at a higher temperature
[48,49]. Correspondingly, the release of volatiles from biomass
might be delayed due to the addition of high inorganic materials
from RDF-landfill. This event then probably causes the disappear-
ance of synergetic effects between plastics and biomass. Further-
more, Si has been known as an inhibitor during steam gasification
itself. Rizkiana et al. [50] investigated the effect of adding biomass
ash during the steam gasification of a low-rank coal. They found
that the presence of Si in the ash could inhibit the reactivity of the
sample so that the gasification rate is decreased. This inhibition
would eventually lead to the reduction of gas yield, especially H,
[50]. Therefore, the results of this study suggest that the synergetic
effect due to plastic-biomass interaction during co-gasification
might be cancelled by the greater effect of inhibition by Si.

Apart from the explanation above, it should be considered that
this study only focused on the co-gasification at low biomass pro-
portions (<35 wt%). There is a possibility that the synergistic effects
can only be observed at a high range of biomass proportions.
Nevertheless, more investigations should be done to verify the
phenomenon mentioned above.

On the other hand, the synergetic effects observed in the case of
biochar co-gasification can be explained by the heterogeneous re-
actions during the tar reforming process over biochar particles. It is
known that the rate of heterogeneous tar conversion on the char
surface is higher than the homogeneous tar reforming (R4 — R6),
especially at temperatures lower than 1000 °C [51]. The main
mechanisms of tar reforming over biochar consist of tar adsorption,
dehydrogenation to form soot on the char surface, and soot gasi-
fication [52]. The performance of these mechanisms is significantly
affected by the porosity of biochar. In Fig. 6, it can be noticed that
the raw biochar has a relatively low porosity as indicated by the low
BET surface area of 10.1 mzjg. This value is comparable with the BET
surface area values for different biochar samples generated from
pyrolysis at +500 °C by previous studies, which include biochar
samples made from hornbeam sawdust (32 mzfg) [53], lignin
(9.8 m?/g) [54], corn straw (9.95 m?/g) [55], and cotton stalk
(11.63 m?/g) [56].

As illustrated in Fig. 5, the initial process begins when the tar
released from the waste particles come into contact with the active
sites on the biochar surface. The tar is then adsorbed into the bio-
char matrix, in which the H; is released through polymerization
reactions and leaving soot on the char surface (R7) [52]. After that,
the soot is consumed by H;0 or CO; and transformed into addi-
tional gases. This mechanism explains the synergetic effects that
occur on the Hy and total syngas yields during the RDF-biochar co-
gasification test, as their measured values are higher than the
predicted values and non-linearly increase with the biochar
proportion.

Water gas:

C+ H0 — CO + Hy (R1)
Water gas shift:

CO + Hy0 — COz + Ha (R2)
Boudouard:

C + €O, — 2C0 (R3)

Dry reforming:

CyHyy + nCOz — 2nCO + (mf2)Hz (R4)
Steam reforming:

CyHpy + nH0 — nCO + (n + m/2)H, (R5)

CoHpy + 2nH20 — nCO; + (mf2+2n)H; (R6)
Coking reaction:

C,Hy, — C,Hy (coke) + (m-x)[2H, (R7)

The inherent AAEM particles on the surface of biochar have a
crucial role in enhancing the tar reforming process. Ca and K are
among the most catalytically active AAEM [20], and their amount
are the highest compared to other AAEM in the biochar used for
this study (as seen in Table 1). In a high-temperature steam at-
mosphere, the AAEM species's bond with the char matrix’s (“CM")
becomes less stable, which leads to the breakage of the bond to
generate active sites along with the release of oxygenated (e.g., CO,)
or aliphatic (e.g., CH,) species [57,58]. These mechanisms can be
described by R8 — R9 in the case of K [59]. Thereafter, the released
AAEM radicals can combine with the tar fragments, which cause
lower stability of the combined tar-AAEM fragments. In a high-
temperature, H;O molecules are ionized to forms O, OH, and H
free radicals [44]. These O/H/OH free radicals then can easily
replace the AAEM and crack the tar into lighter species. After that,
new CM-AAEM bonds can be formed through recombination of the
remaining metal species (R10) [59]. The process mentioned above
might be one of the reasons that cause the higher measured CO;
and C,Hy gases’ yield values than their predicted values, especially
during co-gasification at higher biochar contents. During the gasi-
fication, the tar from waste particles adsorbed into the active char
surface, which then increases the repetition of CM-AAEM bond-
forming and bond-breaking reactions. Accordingly, more CO; and
CxHy-gases can be generated due to these reactions.

(CM—K) = (—CM) + K (R8)
(—CM) = (—CM') + gas (R9)

(—CM’) + K = (CM'—K) (R10)

Table 3 shows the composition of tar obtained from the SPA/SPE
analysis method. As seen in the table, the addition of either biochar
or biomass could shift the tar composition. The presence of biochar
during gasification of RDF-landfill causes the domination of lighter
tars such as benzene (25.6 wt%) and toluene (37.5 wt%); whereas,
notable reductions can be observed for heavier tar species such as
naphthalene. This finding is in accordance with other studies. Ac-
cording to Zhang et al. [60], biochars have a crucial role in the
catalytic cracking of tar, in which they promote the generation of
alkyl mono aromatics (e.g., toluene) and inhibit the formation of
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Table 3

polycyclic aromatic hydrocarbons (PAH) (e.g., naphthalene).
Particularly, the promotion of light tars during co-gasification of
RDF-landfill with biochar could be attributed to the role of K. Feng
et al. [61] carried out a further investigation on the roles of AAEM
on tar reforming with biochar under steam atmosphere. They
suggested that K and Ca have different roles in cracking the
adsorbed tar molecules. The presence of K is mainly responsible for
promoting the in-situ tar cracking into lighter tar species or small-
molecule gases, while Ca accounts for combining the tar into bio-
char structure to achieve the reduction of tar yield. In contrast, the
tar produced from the co-gasification of RDF-landfill with biomass
exhibits a higher concentration of naphthalene and significant re-
ductions of benzene and toluene’s concentrations.

As opposed to the case of co-gasification with biomass, the
contribution of a high amount of Si from RDF-landfill does not seem
to affect notably the tar cracking performance over biochar. As
explained before, the heterogeneous tar conversion over biochar
begins when the tar compounds are absorbed into the biochar
matrix/pores. Therefore, only the inherent inorganic materials

Composition of tar collected through the SPA method during gasification of different fuel mixtures at gasification temperatures of 800 C.

Tar species Formula Species concentration in tar sample (wt.%)
RDF-landfill 65% RDF-landfill + 35% biomass 65% RDF-landfill + 35% biochar

Benzene CgHg 5.0 05 25.6
Toluene C7Hg 355 15 375
m/p-Xylene CgHyo 94 33 5.1
o-Xylene CgHqo 153 279 6.2
Indan CgHio 2.1 2.8 1.0
Indene CgHg 63 10.7 52
Naphthalene CyioHg 12.8 221 8.7
2-Methylnaphtalene Cy1H1o 45 7.1 26
1-Methylnaphtalene Cy1Hio 23 45 1.6
Biphenyl CizHio 14 18 1.0
Acenaphthylene Ci2Hg 0.8 T 13
Acenaphthene Cy2Hyo 1.2 7.8 1.6
Fluorene Ci3Hio 1.7 23 1.0
Phenanthrene Cy4H10 08 13 1.0
Anthracene Cy4H1o 03 0.5 03
Fluorantene CigHio 0.1 27 0.1
Pyrene CigHio 04 05 03
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retained in the interior of the biochar matrix would affect the tar
conversion. The external Si particles coming from the RDF-landfill
might not have a significant influence as they exist in the form of
soil/sand particles. These particles have a larger particle size dis-
tribution than the biochar’s pores; hence, it can not enter into the
biochar matrix without any special treatments.

Table 4 shows the value of the catalytic index for RDF-landfill,
biomass, and biochar samples, which are calculated based on the
formula proposed by previous studies [62] as seen in Eq. (3). This
catalytic index has been used to combine the amount ratio of those
catalytic and inhibitor elements and utilize it as a tool to explain the
role of the inorganic elements on the gasification performance. As
seen in the table, the biochar sample has a lower value than that of
biomass, because some of the AAEM species were released during
the biochar generation process. Nevertheless, this value is still
significantly higher than that of RDF-landfill, and it still indicates
the domination of catalytic elements (K, Ca, Mg, Na, and Fe) over
the inhibitor elements (Si and Al). Therefore, AAEM can still have
significant catalytic effects during the heterogeneous reaction of
tar-biochar, despite the higher Si concentration in the biochar
matrix.

K+ Ca+ Mg + Na + Fe
Si+Al

Overall, raising the gasification temperatures increase the syn-
gas yield regardless of the sample mixtures. In the case of co-
gasification with biochar, the rise of syngas yield could be mainly
attributed to the higher biochar-steam reaction. This is indicated by
the greater conversion rate of the feedstock at higher temperatures
(Fig. 4(c)), which rises from only 0.81 to complete conversion of
1.00, as the temperature is elevated from 800 to 1000 °C, respec-
tively. Hence, the gasification produces more H; and CO owing to
the water gas reaction (R1), which leads to a higher total syngas
yield. Additionally, a higher gasification temperature also favors the
Boudouard reaction (R3) [32]. Hence, more CO and fewer CO, are
produced at higher temperatures.

Even though biochar co-gasification results in a lower tar gen-
eration than that of biomass, its tar cracking performance decrease
at higher gasification temperatures. This phenomenon is mainly
caused by the structural change of biochar and the release of AAEM
species at higher gasification temperatures. According to
Widayatno et al. [63], the promoting effect of tar steam reforming
over biochar raises at first and then decreases with the increase of
the BET surface area of biochar. It is found that at high values of BET
surface area, the content of AAEM species in the biochar could be
decreased [63]. This explanation is in accordance with the findings
in this study. Fig. 6 illustrates the change in the biochar structure
during gasification at different temperatures as indicated by the
shifts in its BET surface area value. As seen in the figure, the surface
area value increases significantly in the first 5 min of the steam
gasification. In specific, the surface area’s value during the gasifi-
cation at 1000 °C is almost doubled (746.3 m?/g) than that of 800 °C
(394.4 m?/g). Nevertheless, after 30 min of gasification, the surface
area of biochar at 1000 °C decreases; whereas, the value increases
in the case of 800 °C, which leads to a similar value for both cases.
This trend implies that at 1000 °C, the biochar experiences a rapid

Catalytic index — (3)

Table 4
The value of the catalytic index for the tested samples.

Samples Catalytic index’s value
RDF-landfill 0.35

Biomass (beech wood) 20.16

Biochar (beech wood char) 16.07

pore growth at the early stage of the gasification, instead of the
latter stage. As seen in Fig. 7(b), mesopores (pore width > 2 nm)
already start to emerge after 5 min of gasification at 1000 °C. After
30 min of gasification, the pore volume decrease as the pores
collapse with the more consumption of carbon by steam. In
contrast, the pore volume distribution of biochar after 5 min of
gasification at 800 °C is still dominated by micropores, with no
larger pore sizes are detected as seen in Fig. 7(a). As the gasification
continues, the pores start to grow and mesopores can be detected
in the biochar at the end of gasification test.

The rapid pore enlargement during gasification at higher tem-
peratures consequently causes the release of more AAEM species.
Fig. 8 shows the amount of AAEM contents in the biochar after
gasification at temperatures of 800 and 1000 °C, which corresponds
to the initial mass of the biochar sample. As seen in the figure, there
is less amount of AAEM species in the spent biochar after gasifi-
cation at 1000 °C, than that of 800 °C. Specifically, the amount of Ca,
K, Mg, and Na decrease by approximately 11, 38, 7, and 34%,
respectively. This trend illustrates that a higher amount of AAEM is
released from biochar with the increase of the steam gasification
temperature. Correspondingly, the release of AAEM as gaseous
species reduces the number of active sites, which leads to the lower
rate of tar cracking reactions during co-gasification at higher
temperatures.

Additionally, the reduction of tar conversion at 900 and 1000 °C
might also be attributed to the higher amount of gases released by
the gasification reaction of H,0 with biochar itself, as mentioned
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Fig. 7. Pore volume distributions obtained by using the NLDFT method for biochar
treated after 5 and 30 min of steam gasification at (a) 800 and (b) 1000 °C.
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Fig. 8. The amount of AAEM contents in the raw and gasified biochar with respect to
the initial mass of raw biochar.

above. Consequently, as there are more gases released from the
particle, the diffusion of tar species to the char active sites could be
hindered. Hence, more tar species could not be cracked due to the
absence of adsorption occurring at the active sites of the char
surface.

5. Conclusions

In this study, the potential of biomass or biochar addition during
steam co-gasification of RDF obtained from excavated landfill waste
to improve its gasification performance is investigated, especially
concerning the Hy yield. The experiments were carried out at
biomass or biochar contents of 15, 25, and 35 wt% at a gasification
temperature of 800 °C. Fuel mixtures with 35 wt% of biomass/
biochar were then subjected to the gasification with temperatures
range between 800 and 1000 °C to investigate the effect of tem-
perature. The following conclusions can be made.

1) The addition of biomass can enhance the H; yield proportionally
with the increase of biomass share. At 800 °C, this result leads to
a maximum H; concentration of 45.2 vol% at 25 wt% biomass
content. No apparent synergetic effects are observed on the H,
yield during co-gasification, which might cause by the high Si
content from RDF-landfill.

2) The addition of biochar produces higher Hy and total syngas
yields than that of biomass co-gasification. The H; yield non-
linearly increases with the biochar proportion, which indicates
the occurrence of synergetic effects. This phenomenon is caused
by the tar reforming reactions over biochar particles. At 800 °C,
the maximum H> concentration of 53.5 vol% is achieved at 35 wt
% biochar content. Further Hy enrichment is obtained at higher
temperatures as the concentration reaches 55.8 vol% at 1000 °C.

3) Biochar can effectively reduce more tar amount than that of
biomass at low gasification temperatures. However, the tar
removal efficiency decreases with increasing gasification tem-
perature, which mainly due to the reduction of active sites of
biochar following the release of more AAEM and the higher rate
of biochar-steam reactions at higher temperatures.

4) The presence of biomass increases CO production, which causes
a lower Hy/CO ratio than that of biochar co-gasification.

5) Both biomass and biochar could improve the efficiency of
landfill waste gasification, as indicated by the higher values of
the energy yield ratio (EY). Additionally, the results from co-
gasifications at higher temperatures indicate higher EY values
in the case of gasification using biochar additions.

In general, the addition of biochar shows a promising result for
enhancing the gasification performance of landfill waste by

increasing its Hy concentration, syngas yield, and efficiency. Further
studies shall be done to optimize the performance by improving
biochar porosity, as well as its metal species concentration.
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