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Abstract
Fluidized bed gasifiers (FBGs) and gas engines (GEs) could be available as waste-to-energy technology, because most small- 
and medium-scale municipal solid waste treatment plants have low electricity generation efficiencies. As feedstock composi-
tion vary widely based on regional characteristics, clarifying the relationship between gas and tar generation behaviors and 
feedstock is useful for the design of the GE generation process to predict gas and tar yields and compositions. To understand 
the synergistic effect of feedstock characteristics in fluidized bed gasification, flash pyrolysis of wood pellet, polyethylene, 
and polypropylene at 900 °C was conducted. Yields and compositions of gasses and tar from single and co-pyrolysis were 
investigated. The results reveal that co-pyrolysis increases the gas yield because of oxygenates and moisture present in the 
wood pellet. Tar yields found to decrease while polycyclic aromatic hydrocarbons (PAHs) are not reduced even during co-
pyrolysis. That is because most chain hydrocarbons of tar are converted to CmHn gases and PAHs.
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Abbreviations
FBG	� Fluidized bed gasifier
GE	� Gas engine
MSW	� Municipal solid waste
PAHs	� Polycyclic aromatic hydrocarbons
PE	� Polyethylene
PP	� Polypropylene
TIC	� Total ion chromatograph
RPF	� Refuse paper and plastic fuel

Introduction

It was estimated that in 2017 in Japan, 86% of the 9.03 
million tons of plastic from both municipal and industrial 
waste streams was recycled, of which the highest percent-
age (58%) was attributable to thermal (energy) recycling, 
followed by material (mechanical) recycling at 23%, and 
chemical recycling at 4% [1]. As an example of thermo-
chemical recycling technologies for plastics waste stream, 
Lee et al. [2] conducted circulating fluidized bed gasi-
fication to study complex hydrodynamic characteristics 
by numerical modeling and simulation using computa-
tional fluid dynamics (CFD). There is a need to design 
efficient reactors to improve effective resource utilization 
with fluidized bed technology. Currently in Japan, only a 
few small- and medium-scale (i.e., capacity below 100 t/
day) municipal solid waste (MSW) treatment plants can 
produce electricity because such plants have low electric-
ity generation efficiency [3, 4]. The use of fluidized bed 
gasifiers (FBGs) and gas engine (GEs) could potentially 
enhance this efficiency. The lower heating value of product 
gas, the concentrations of tar and char, and impurities are 
important factors for the stable operation of GE and for the 
design of gas treatment processes. These factors depend on 
operational conditions and feedstock characteristics. How-
ever, as MSW consists of varying fractions of different 
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components such as paper, food, plastics, wood, and rub-
ber; therefore, it is difficult to estimate the composition 
of the product gas and by-products, such as tar, char, and 
impurities, generated via pyrolysis.

Pyrolysis tests conducted in previous studies are sum-
marized in the supplementary materials. The typical pyroly-
sis temperature range for thermal processes is between 350 
and 900 °C [5]. The pyrolysis mechanisms of biomass and 
plastics have also been studied [5–11]. Based on the rate 
of heat transfer to the materials, pyrolysis technologies are 
generally categorized into slow pyrolysis, fast pyrolysis, and 
flash (very fast) pyrolysis [12]. Slow pyrolysis involves a low 
heating rate (approximately 10 °C/s) within a temperature 
range of 400–500 °C and long residence time (5–30 min). 
The heating rate and residence time of fast pyrolysis are 
approximately 100 °C/s at 400–650 °C and 0.5–2 s, respec-
tively, while those for flash pyrolysis are above 500 °C/s 
at 700–1000 °C and below 0.5 s, respectively [13]. Slow 
pyrolysis typically forms solid products with low oil pro-
duction, while fast pyrolysis and flash pyrolysis generate 
large amounts of gases and oil. Several studies have explored 
different pyrolysis modes for pure and mixed biomass and 
plastics, including slow pyrolysis of pure wood biomass [14] 
and mixed wood biomass with plastics [15–18], fast pyroly-
sis [19], and flash pyrolysis for pure wood biomass [20], 
pure plastics [21, 22] and mixed wood biomass with plas-
tics [23, 24]. Furthermore, several studies have conducted 
the co-pyrolysis of wood biomass and plastics for a wider 
temperature range (450–750 °C) and investigated the yield 
and composition of the target products (gas, tar, and char) 
to understand the interaction between these two feedstock 
types [15–19, 23, 24]. However, product type and propor-
tion and the mechanism of product formation for different 
modes of single and co-pyrolysis require further clarifica-
tion. Furthermore, knowledge of the yield and composition 
of gas and tar, and their behaviors and interactions during 
flash co-pyrolysis remains limited.

In our previous fluidized bed gasification experiment [25], 
the composition of generated gas differed not only with change 
in equivalence ratio and temperature but also with changes 
in feedstock characteristics. Gas yield and composition are 
important factors as they significantly affect the amount of 
electricity produced through GE. On the other hand, the 
amount of tar generated from refuse paper and plastic fuel 
(RPF) and wood pellet were similar. However, it was thought 
that their tar compositions differed as the chemical charac-
teristics of the RPF and wood pellet used were different. In 
addition to the amount of tar generated, tar composition is also 
a significant factor for GE operation; for instance, heavy tar 
results in a higher dew point, which causes serious problems. 
It is necessary to properly select the solvent of the gas scrubber 
depending on the composition of tar. As there is an interaction 
between gas and tar generation behavior, which will also be 

affected by feedstock, clarifying such behavior is important 
for process design.

Gasification is a partial oxidation process that is usually 
applied for syngas while pyrolysis is oxidant free process. 
Flash pyrolysis with momentary residence time (below 
0.5 s) generates gas, tar and char. Flash pyrolysis process 
is essential to know the devolatilization characteristics and 
to maximize the evolved volatile gases in high heating rate 
with shorter duration. The process was previously studied 
in several works [26–28] in different reaction furnaces to be 
probably reproduced the reaction conditions closer to those 
encountered as one of the processes in practical fluidized 
bed gasification. Fluidized bed gasification could be attrib-
uted a co-relationship between (1) flash pyrolysis and (2) 
pyrolysis gas partial combustion as it is generally known that 
the gasification reaction in FBG is completed immediately. 
To collect and organize data on the differences among feed-
stocks by fluidized bed gasification, this study first examined 
differences in flash pyrolysis behavior. Through flash co-
pyrolysis of wood pellet, as representative of biomass, and 
polyethylene (PE) and polypropylene (PP), as representa-
tive of plastics, both synergistic and non-synergistic effects 
among difference of feedstock characteristics were observed.

Materials and methods

Feedstock

Wood pellet, PE, and PP were used as feedstock because the 
wood biomass and plastic fractions remaining in MSW after 
the removal of food waste are the main sources for RPF. RPF 
is produced from plastics, paper, and other materials such as 
wood and fabric from industrial wastes and well-separated 
MSW from both municipalities and the private sector [29, 
30]. In addition, PE and PP account for 33.8% and 30.1% 
(total: 63.9%) of the waste plastic stream in Japan, respec-
tively [31]. Although PE and PP have the same chemical 
composition, their structures are different.

The wood pellet was produced from a blend of white 
spruce, red pine, various cedar species and other woods 
without bark. Wood pellet was pulverized and screened to 
obtain particle sizes between 0.6 and 2.0 mm. Commercial 
grade resins of PE and PP with 3 mm were used. The charac-
teristics of the wood pellet, PE, and PP are listed in Table 1. 
The mixing ratios between wood pellet, PE, and PP were 
varied in different tests as listed in Table 2.

Experimental procedure

Test conditions

Flash pyrolysis experiments have been conducted using an 
electric heater at the gasification temperature under an inert 
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atmosphere. A schematic diagram of the flash pyrolysis pro-
cess and the associated experimental apparatus is shown in 
Fig. 1. The heating temperature of the electric furnace was 
fixed at 900 °C to achieve complete volatilization of the sam-
ple based on JIS M 8812:2004. After this set temperature 
was attained, 1.5 g of the sample to be studied was placed 
in a quartz sample boat, which was inserted into the center 
of the furnace, and heated for 120 min. N2 was used as the 
carrier gas at a flow rate of 50 ml/min, regulated using a 

mass flow controller (Model 3660, Kojima Instruments Inc., 
Kyoto, Japan). Each experimental test was done one time.

Gas sampling and analysis

Gas samples were collected using 1  L sampling bags 
every 15 min for 120 min (1, 15, 30, 45, 60, 75, 90, 105, 
and 120 min). These samples were collected after initia-
tion of heating so that all the gas generated in the furnace 
could be captured. The gas samples were analyzed for H2, 
O2, N2, CH4, CO, CO2, and hydrocarbons (CmHn: C2H4, 
C2H6,C3H6,C3H8, i-C4H10, n-C4H10) using a gas chromato-
graph-thermal conductivity detector (GC-TCD, 490 Micro 
GC; Agilent Technologies Japan, Ltd.) with Molsieve 5A 
(Ar carrier) and PoraPLOT Q (He carrier) columns. Further-
more, the gas volume in each gas bag was measured with a 
Pyrex syringe. Product yields were calculated using Eq. 1:

where Py is the product yield, Pw is the product weight, and 
Fth is the fuel throughput.

(1)Py

[

wt%
]

= Pw

[

g
]/

Fth

[

g
]

× 100,

Table 1   Characteristics of feedstock used for flash pyrolysis

Each characteristic is not theoretical but analyzed value

Feedstock Wood pellet Polyethylene Polypropylene

Moisture [wt.%-wet] 8.1 0.0 0.0
Ash [wt.%-dry] 0.4 0.0 0.0
Volatile [wt.%-dry] 85.3 100 100
Fixed carbon [wt.%-dry] 14.3 0.0 0.0
C [wt.%-dry] 51.4 85.7 85.7
H [wt.%-dry] 5.1 14.3 14.3
N [wt.%-dry] 0.5 0.0 0.0
O [wt.%-dry] 42.2 0.0 0.0

Table 2   Mixing ratios between 
wood pellet, polyethylene (PE), 
and polypropylene (PP) for 
different tests

Feedstock Unit RUN1 RUN2 RUN3 RUN4 RUN5 RUN6

Wood pellet [g] 1.5 (100%) 0.0 (0%) 0.0 (0%) 0.75 (50%) 0.75 (50%) 0.75 (50%)
Polyethylene [g] 0.0 (0%) 1.5 (100%) 0.0 (0%) 0.75 (50%) 0.0 (0%) 0.375 (25%)
Polypropylene [g] 0.0 (0%) 0.0 (0%) 1.5 (100%) 0.0 (0%) 0.75 (50%) 0.375 (25%)

Fig. 1   Schematic diagram of flash pyrolysis process



550	 Journal of Material Cycles and Waste Management (2020) 22:547–555

1 3

Tar sampling and analysis

The sampling of tars was carried out in line with the pyroly-
sis experiment. A tar extraction module was fixed to the 
gas discharge side, of the pyrolysis system, before the gas 
sampling bags. The temperature at this point was maintained 
at 300 °C with a mantle heater to prevent tar condensation 
along the path of product gas. The product gas was allowed 
to pass through two impingers filled with 2-propanol in the 
tar extraction module to extract the tar present in the gas 
stream. Both impingers filled with the tar extraction solvent 
(2-propanol) were submerged in an ice cooling bath. The tars 
adhered to the reactor tube inside the furnace were washed 
with acetone and collected in the impingers. The tar extrac-
tion solvent was suction-filtered using a membrane filter 
(0.45 μm) to remove dust. The filtrate was concentrated in a 
rotary evaporator at 55 °C and 20 kPa (abs) to enable deter-
mination of tar yield. Tar components in the solvent were 
identified using a gas chromatograph-mass spectrometer 
(GC–MS; GC: 7820A/MS: 5977B, column: L 30 m × I. D. 
0.25 mm, df: 0.25 μm, DB-5; Agilent Technologies Japan, 
Ltd.). Measurement of tar weight in both qualitative and 
quantitative analysis was carried out based on the guidelines 
provided in the sampling and analysis of tar and particles in 
biomass producer gases version 3.3 [32].

Results and discussion

Mass balance

Table 3 showed gas yield and composition and tar yield of 
each test. Approximately 60–84% of the input (1.5 g) was 
measured as gas, tar, and residue fractions. It was thought 
that there were (1) undetected tar which failed to be captured 
in two impingers and, therefore, partitioned into gas bags, 
and/or (2) volatilized tar fractions with lower boiling point 
such as benzene and toluene during concentrating the filtrate 
in a rotary evaporator at 55 °C and 20 kPa.

Gas yield and composition

Gas yield and composition and tar yield were different for 
pure and mixed feedstocks as listed in Table 3. In the flash 
pyrolysis experiments with pure feedstock (RUN1-3), CO 
was produced from wood pellet, while CmHn was produced 
from plastics. Flash pyrolysis of PE (RUN2) tended to gener-
ate higher levels of C2H4, while that of PP (RUN3) released 
higher amounts of CH4 and C3H6. The total gas yields were 
higher for mixed feedstock (69.6–73.5% in RUN4-6) than 
for pure feedstock (41.7–51.0% in RUN1-3).

The relationship between plastic content and gas yield 
is illustrated in Fig. 2. As shown in Fig. 2a and b, CO and 
CO2 yields increased with a decrease in plastic (PE and 
PP) content. This is derived from the cracking of oxygen 
containing function groups such as carboxyl and carbonyl 
[33]. The effect of water–gas reactions (C + H2O → CO + H2, 
C + 2H2O → CO2 + 2H2) caused by the oxygenates and 

Table 3   Gas composition, total 
gas, and tar yields for each test

Note 1: unit “wt. %” is input feedstock (1.5 g) basis. Note 2: N2 injected as carrier gas and leaked O2 in 
sampling gas was excluded
WP wood pellet, PE polyethylene, PP polypropylene

Unit RUN1 RUN2 RUN3 RUN4 RUN5 RUN6

Feedstock WP wt.% 100 0 0 50 50 50
PE wt.% 0 100 0 50 0 25
PP wt.% 0 0 100 0 50 25

Product
gas

CO wt.% 31.6 1.8 0.0 24.1 24.6 23.9
H2 wt.% 1.2 0.8 0.7 1.4 1.5 1.3
CH4 wt.% 5.2 9.0 13.9 11.5 13.1 12.5
C2H4 wt.% 3.0 18.6 13.7 19.4 12.3 15.5
C2H6 wt.% 0.3 2.5 3.7 2.6 2.5 2.4
C3H6 wt.% 0.3 7.9 16.1 7.9 9.0 7.3
C3H8 wt.% 0.1 0.5 0.7 0.4 0.4 0.3
CO2 wt.% 9.4 0.7 0.8 6.3 6.6 6.3
Total wt.% 51.0 41.7 49.6 73.5 69.9 69.6

Residue wt.% 5.5 0.0 0.0 4.5 4.6 4.5
Tar wt.% 4.3 13.0 8.7 5.5 6.5 5.7
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moisture present in the wood pellet also contributed to it 
[16, 20]. CO and CO2 yields decreased from 31.6 to 9.4 
wt.%, respectively, at 0% plastic content (pure wood pellet) 
to 24.1–24.6 wt.% and 6.3–6.6 wt.%, respectively, at 50% 
plastic content. As plastics do not contain oxygen, CO and 
CO2 yield at 100% plastic content were almost zero.

CH4 is generated by the cracking of methyl and meth-
oxy and methylene groups [34]. As shown in Fig. 2c–e, the 
yields of CH4 and C3Hn from PP were higher than those 
from PE; however, the C2Hn yield from PE was higher than 
that from PP. This difference in CmHn yield may be attrib-
utable to the different structures of PP, which is a polymer 
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Fig. 2   Gaseous yields of a CO, b CO2, c CH4, d C2Hn, e C3Hn, and f H2



552	 Journal of Material Cycles and Waste Management (2020) 22:547–555

1 3

of propylene, and PE, which is an ethylene polymer. The 
study findings confirm that feedstock structure affects syngas 
composition, even if the feedstocks have the same chemi-
cal composition. Furthermore, the methyl group present in 
PP may be converted into CH4 and C3Hn through cracking. 
For fluidized bed gasification process design, not only do 
chemical composition and heating value of feedstocks need 
to be accounted for, but also the chemical structure needs 
to be considered.

The yield of H2 from wood pellet was higher than 
that from plastics (Fig. 2f). This is likely because of the 
water–gas reaction caused by the fixed carbon and moisture 
present in wood pellet. However, the H2 yield was the high-
est (1.3–1.5 wt.%) at a plastic content of 50%. This may be 
because the moisture/steam and oxygen in wood pellet pro-
motes H2 release from the aromatic hydrocarbons present in 
plastics. Hydrogen donor radicals promoted the H2 yield in 
the co-pyrolysis experiments owing to the higher H/C ratio 
of plastics [16].

There are some previous studies to support the results 
observed in this study. Hwang et  al., Nedjalkow et  al., 
and Matsunaga et al. [20–22] conducted flash pyrolysis 
of pure wood biomass and plastics at relatively high tem-
peratures (700–900  °C). Hwang et  al. [20] used wood 
chip, Refuse derived fuel, and RPF (70% paper and 30% 
plastic) as feedstock and observed that H2 and CH4 yields 
increased with increase in temperature. They suggest that 
the increase in the H2 yield was due to dry reforming reac-
tions (CH4 + CO2 → 2CO + 2H2) and that the increase in 
the CH4 yield was because the decomposition of hydrocar-
bons released more CH4 than was consumed during the dry 
reforming reactions. At 900 °C, the CH4 yield from RPF, 
which contains plastic and wood, was higher than that from 
wood chip. While the CO and CO2 yields from woody bio-
mass chip were higher than those from RPF due to oxidation 
and water–gas reactions; as discussed, the CmHn yield of 
wood chip was lower than that of RPF. This suggests that the 
oxygen and/or moisture present in the wood fraction reacts 
with chain hydrocarbons in the tar to form light hydrocarbon 
gases, as described in “Tar yield and composition”.

Kumagai et al. [18] conducted co-pyrolysis of beech 
wood and PE when heating from room temperature to 
650 °C at a rate of 10 °C/min (slow pyrolysis) and reported 
an increased gas yield with increasing beech wood content. 
However, Fujita et al. [17] using the same feedstocks in flash 
pyrolysis and obtained different results. They observed that 
gas yield via co-pyrolysis was higher than that via pyroly-
sis of either beech wood or PE at a constant temperature 
(650 °C, flash pyrolysis). Fujita et al. [17] suggested that 
this difference may be attributable to the stabilization of 
radicals in beech wood due to hydrogen abstraction from 
PE pyrolysates in the vapor phase under rising temperature 
conditions [17]. In contrast, at a constant temperature [17], 

melted PE prevented the aggregation of levoglucosan from 
beech wood and increased levoglucosan yield, which in turn 
increased gas yield. In our study, co-pyrolysis at 900 °C 
improved the gas yield; similar results might be obtained 
even at medium temperatures (above 600 °C), but might not 
be obtained at lower temperatures (450–525 °C), at which 
fixed carbon in the feedstock cannot be decomposed by 
steam from the moisture in wood pellet [20, 23].

Overall, flash pyrolysis in this study confirmed that gas 
yield increases by mixing wood pellet and plastic materials 
because of oxygenates and moisture contents in wood pellet. 
Previous studies have shown a similar trend.

Tar yield and composition

The higher plastic content displayed higher tar yield as 
shown in Fig. 3; tar yields at plastic contents of 0%, 50%, 
and 100% were 4.3 wt.%, 5.5–6.5 wt.%, and 8.7–13.0 wt.%, 
respectively. Plastics are polymers (PE is a polymer of ethyl-
ene and PP is a polymer of propylene), which are hydrolyzed 
to hydrocarbons, including tar; therefore, plastics tend to 
have higher tar yields than do wood pellet. Some previous 
studies reported similar tar yield trends. Increases in tar 
yield with increasing plastic fraction was observed during 
co-pyrolysis of PE-wood and PE-paper mixtures at heating 
rates of 0.1 °C/s and 1 °C/s [15].

Tar composition determined via GC–MS analysis is 
shown in Table S2 of the supplementary materials. The peak 
areas of the total iron chromatograph (TIC) are proportional 
to the respective concentrations; higher peak area values 
mean a higher concentration of that component in the tar. 
Tar composition was different for the different feedstocks. 
However, benzene, toluene, naphthalene, styrene, acenaph-
thylene, and phenanthrene were always common tar com-
ponents. Figure 4 shows the TIC of the tar from wood and 
PP during certain cases of retention time. The results from 
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pure and mixed PE (Fig. S1 of the supplementary materials) 
show similar tendencies.

When pure PP was used as feedstock, several chain hydro-
carbons, which are likely generated via thermal decomposi-
tion of plastic, were detected, as shown in Fig. 4a. Unlike 
PE, PP has a branched structure and contains CH3 and, there-
fore, branched-chain hydrocarbons were detected in tar gen-
erated from PP (see also Fig. S1). According to Murata and 
Makino [6], the by-products of PP thermal decomposition 
retain this branched structure, in which CH3 groups, derived 
from the monomers of PP (C3H6), are regularly arranged. 
Similarly, branched tars with regularly arranged CH3 groups 
were observed in this study. As shown in Fig. 4b, the pure 
PP and mixed PP with wood pellet released higher levels of 
heavy aromatics such as acenaphthylene, acenaphthylene, 
and pyrene as compared with pure wood pellet.

Polycyclic aromatic hydrocarbons (PAHs) are one of the 
major components of tar. As shown in Table S2, the same 
PAHs (naphthalene, methylnaphthalene, acenaphthylene, 
and phenanthrene) reported by Zhou et al. [14] were detected 
in the tar produced from PE in this study. Similarly, wood 
pellet in this study yielded similar PAHs as that reported by 
Zhou et al. [14] for cellulose.

This study confirmed that the tar yield decreases by mix-
ing wood pellet with plastic fractions. Tar compositions 
revealed that most chain hydrocarbons are not observed 
when wood pellet and plastic mixtures are used as the feed-
stock, which implies that PAHs concentrations are relatively 
increased.

Mixture effects and behavior

This study considered the effects and interactive behaviors 
of mixing wood pellet and plastic fractions. Synergistic and 
non-synergistic effects among the different compositions 
(feedstocks) were observed.

Firstly, the two synergistic effects by co-pyrolysis were 
(1) increasing the gas yield, and (2) decreasing the tar yield. 
The gas yields were higher for mixed feedstock (RUN4-
6) than for pure feedstock (RUN1-3) (Table 3; Fig. 2). By 
mixing wood pellet and plastic fractions, the cracking of 
oxygen containing function groups such as carboxyl and 
carbonyl [33] and water–gas reactions (C + H2O → CO + H2, 
C + 2H2O → CO2 + 2H2) [16, 20], which resulted in increas-
ing CO and CO2 yields.

a Chain hydrocarbons b PAHs
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Furthermore, decreased tar was converted into gases. 
GC–MS analysis in this study (Fig. 4a) showed that thermal 
decomposition of plastics alone produces abundant tar as 
chain hydrocarbons, while in co-pyrolysis, there is less tar of 
chain hydrocarbons. This could be because O2 and/or steam 
released from the wood pellet reacted with chain hydrocar-
bons in tar to form light hydrocarbon gases such as C2Hn and 
C3Hn (Fig. 2). Therefore, it contributed to increasing the gas 
yield and reducing the tar yield. As illustrated in Fig. 3, tar 
yield was not proportional to plastic content; tar yield with 
mixed wood pellet and PE (RUN4) was slightly lower than 
at the proportional level with either pure wood pellet or pure 
PE. However, as shown in Fig. 2, gaseous CO and CmHn 
yields with mixed wood pellet and plastics were higher than 
those with either pure wood pellet or plastics. Hwang et al. 
[20] suggested that this behavior was due to oxygen and/or 
moisture in the wood fraction reacting with chain hydrocar-
bons in the tar to form light hydrocarbon gases. It was said 
that potassium in biomass facilitate the cracking reaction 
[35]. Jin et al. [36] also reported that the alkali and alkaline 
earth metals in biomass ash act as catalysts for secondary co-
pyrolysis reactions, such as cracking and dehydrogenation to 
increase gases. According to Zhang et al. [10], as the thermal 
stability of biomass is lower than that of plastics during the 
co-pyrolysis process, free radicals from the degradation of 
biomass (with lignin being the major source) could promote 
the decomposition of plastic-derived macromolecules.

On the other hand, in terms of non-synergistic effects, this 
study revealed that PAHs are not reduced even if wood pellet 
is mixed, which means that the PP or PE fraction was halved 
(Fig. 4 and Fig. S1). It was reported that co-pyrolysis of cel-
lulose and LDPE generate aromatics through Diels–Alder 
reactions followed by dehydration reaction [10]. Diels–Alder 
reactions are cycloaddition in cyclic transition state during 
harsh reaction conditions and formed by the concerted pro-
cess for thermodynamically favoring compact cyclic nature 
such as BTX (benzene, toluene, xylene) and PAHs [10, 14]. 
It was also assumed that cracking of PP led to the removal 
of hydrogen radicals, after which carbon atoms would bond 
to form aromatic structures [10]. It has been suggested that 
dimerization of propargyl radicals (C3H3) derived from CH2 
and C2H2 leads to the formation of benzene rings [37, 38]. In 
mixed wood pellet and PP (RUN5), as chain hydrocarbons in 
tar were converted to not only gases but also PAHs, tar yield 
seemed to the proportional trend (Fig. 4). Thus, the decrease 
in chain hydrocarbons of tars seemingly means that PAHs 
concentration is relatively increased. Moreover, it should 
be noted that increasing concentrations of PAHs derived 
from plastics increases the dew point of the tar, which sig-
nificantly impacts GE operation and, therefore, these PAHs 
should be removed or reformed.

The synergetic effects observed in this study supported 
the results in our previous gasification test in FBG. Win et al. 

[25] showed that RPF tends to produce higher hydrocar-
bon gases than pure wood pellet. Previous gasification tests 
[25] also show similar tar yields among different feedstocks, 
which might be because the tar derived from plastic fractions 
in RPF was decomposed to hydrocarbons and PAHs owing 
to the existence of steam and oxygen.

Conclusions

Clarifying the relationship between gas and tar generation 
behaviors and feedstock is useful for process design of fluid-
ized bed gasification and to predict gas and tar yields and 
compositions, as feedstock compositions vary widely based 
on regional characteristics. To collect and organize data on 
the differences of gas and tar generation behavior among 
feedstocks, flash pyrolysis tests for pure and mixed wood pel-
let, PE, and PP at 900 °C were conducted. As the synergetic 
effects of co-pyrolysis, tar yields were decreased because it 
was converted into light hydrocarbon gases. On the other 
hand, tar composition analysis via GC–MS revealed that co-
pyrolysis did not reduce PAHs because chain hydrocarbons 
were converted into not only gasses but also PAHs.
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