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This study investigates the production of hydrogen-rich syngas from the co-pyrolysis of lignocellulosic biomass
and plastic solid waste through a comparative analysis of conventional pyrolysis and microwave-assisted
pyrolysis (MAP). The primary objective is to assess the effectiveness of these thermochemical conversion routes
in terms of product distribution, syngas composition, and hydrogen yield, with particular attention to the influence
of feedstock composition and heating mechanisms. Laboratory-scale experiments were performed using
different biomass-to-plastic ratios under inert conditions, ensuring controlled and comparable operating
environments. The results demonstrate that MAP significantly enhances process performance compared to
conventional pyrolysis. In particular, MAP promotes higher gas yields and improved syngas quality, with
hydrogen concentrations increasing by up to 35% and carbon dioxide emissions decreasing by nearly 40%. The
H2/CO ratio obtained under microwave conditions is notably higher, making the resulting syngas more suitable
for downstream applications such as synthetic fuel and chemical production. These improvements are primarily
attributed to the unique heating characteristics of MAP, including rapid and volumetric heat transfer, reduced
temperature gradients, and the formation of localized high-temperature zones that intensify cracking, reforming,
and water—gas shift reactions. Furthermore, the study highlights the presence of significant synergistic
interactions during the co-pyrolysis of biomass and plastics. Hydrogen-rich volatiles released from plastics
enhance the deoxygenation of biomass-derived compounds, while biomass contributes to improved heat
distribution and reaction stability. These interactions result in non-linear increases in gas yield and hydrogen
production, exceeding the expected additive behavior of individual feedstocks. In contrast, conventional
pyrolysis exhibits slower heat transfer and less uniform temperature profiles, limiting both reaction efficiency
and synergy between components. In addition to gas production, notable differences were observed in liquid
and solid product distributions. MAP favors the formation of lighter hydrocarbons and reduces the generation of
heavy wax fractions, improving the quality and usability of liquid products. Overall, the findings confirm that
microwave-assisted pyrolysis is a promising and sustainable technology for the valorization of heterogeneous
waste streams. By enhancing hydrogen production and improving syngas quality, MAP offers a viable pathway
to support circular economy strategies and the transition toward low-carbon energy systems

1. Introduction

In recent years, the transition toward more circular and sustainable energy systems has been the main driving
force to intensify the investigation and innovation of thermochemical processes. In this context, pyrolysis of
lignocellulosic biomass and plastic waste has emerged as a key technology for converting wastes having low
heating values into higher energetic co-products, such as syngas, bio-oil, and solid char. Indeed, the growing
accumulation of biomass and plastic waste and the need to reduce the dependence on fossil fuels further
underlines the importance of developing efficient conversion technologies capable of handling heterogeneous
feedstocks, in order to reduce the variability of process outputs (Kan et al., 2016; Nath et al. 2024). Conventional
pyrolysis has been extensively investigated and applied at both laboratory and industrial scales. However, this
technology suffers from several drawbacks, such as its surface heating mechanisms, relying on conduction and
convection, which often result in slow heating rates and significant temperature gradients within the reactor and
pellet materials. Therefore, when heterogeneous feedstocks, such as biomass-plastic blends, characterized
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also by significant differences in thermal properties, undergo simultaneous thermo-chemical conversion, these
limitations become particularly critical. Indeed, they can lead to incomplete degradation, poor product selectivity
and the formation of undesirable by-products, ultimately reducing process efficiency and economic viability.

In recent years, microwave-assisted pyrolysis (MAP) has been widely investigated at lab-scale as a promising
alternative to conventional thermal processes. In contrast to conventional heating mechanisms, microwave-
assisted pyrolysis enables rapid and uniform heat transfer. The direct interaction between electromagnetic
waves and the material being processed results in higher heating rates, minimized temperature gradients, and
precise control over reaction kinetics. Lignocellulosic biomass is generally characterized by proper dielectric
properties, a feature that makes it suitable for being processed through MAP. Otherwise, plastic materials suffer
from low absorption capacity and therefore require the presence of an appropriate susceptor to achieve efficient
heating. In addition, MAP has shown notable benefits in terms of product yield and composition. According to
literature investigation, Map is able to guarantee higher gas production, increased hydrogen generation, and
lower CO2 emissions compared to conventional pyrolysis. These results could be explained by considering the
occurrence reduction of secondary reactions and the enhancement of more selective cracking pathways under
microwave irradiation. Moreover, it should be considered that co-pyrolysis of lignocellulosic biomasses and
plastics can lead to synergistic interactions: hydrogen-rich volatiles released from plastics enhance the
deoxygenation of biomass-derived compounds, thereby improving syngas quality and increasing overall energy
recovery (Saifuddin et al., 2016). Nevertheless, despite these advantages, some limitations of MAP
implementation and diffusion need to be addressed. Key challenges include reactor design optimization, overall
energy efficiency, scalability of the process and achieving uniform distribution of microwave fields within the
reactor (Guastaferro et al., 2025; Hasan et al., 2025). Furthermore, conducting systematic comparison between
conventional and innovative heating systems, under well-controlled operative conditions, remains a key point to
assess advantages and constraints of both technologies. Within this framework, the present work aims to
provide a comprehensive comparative analysis between one-stage conventional pyrolysis and one-stage
microwave-assisted pyrolysis applied to biomass and plastic waste. Attention is given to process performance
in terms of product distribution, syngas composition and hydrogen production. By highlighting the fundamental
differences between these two approaches, this study seeks to contribute to the development of more efficient
and sustainable waste-to-energy technologies.

2. Materials and Methods
2.1 Materials

The experimental work was conducted using biomass derived from agricultural lignocellulosic residues (RLB)
and plastic solid waste (PSW). The plastic fraction was mainly constituted by polyolefins, since it is generated
from the densified polyolefin production (Guastaferro et al., 2026). Previous analysis, reported in (Guastaferro
et al., 2026), showed the thermal degradation behavior of these feedstocks, under an inert atmosphere,
analyzed by thermo-gravimetric analysis (TGA). Before the experiments, all feedstocks were ground to particles
sizes below approximately 2 mm. This pre-treatment step improves heat transfer and ensures more uniform
reaction conditions during pyrolysis. Moreover, the elemental composition underlines that RLB, due to its high
oxygen content and the presence of polar functional groups, can interact synergistically with plastics, that are
rich in hydrogen (Guastaferro et al., 2026).

2.2 Methods

Conventional pyrolysis experiments were carried out in a batch reactor heated externally, operating under an
inert atmosphere at a temperature of approximately 600 °C. Heat transfer, in this system, occurred mainly by
convection and conduction. In parallel, microwave-assisted pyrolysis was performed using a microwave furnace,
including a vertical quartz tube and a microwave susceptor (charcoal) that was used to improve heating
efficiency. The system operated at 2.45 GHz, with a maximum power range of 2400 W. For each experiment,
about 5 grammes of material, comprising biomass and plastic wastes, were loaded in the reactor and different
RLB-to-PSW weight ratios were investigated. Continuous nitrogen flow of 300 mL/min was applied to maintain
inert conditions and to carry volatile products toward the condensation system. The reaction was considered
complete when the outlet gas stream consisted mainly of nitrogen. Condensable vapors were collected using a
series of condensers operating at controlled temperatures, enabling separation of liquid products such as bio-
oil and wax fractions. Non-condensable gases were captured in Tedlar bags, and gas composition was analyzed
by using a micro gas chromatograph (micro-GC) equipped with two columns for separating permanent gases.
This method allows rapid and reliable quantification of species such as H2, CO, CO2, CHas, and other light
hydrocarbons. It is particularly effective for near-real-time pyrolysis gas analysis. The liquid products were
characterized using a gas chromatography-mass spectrometry (GC-MS), providing both qualitative and semi-
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quantitative information on hydrocarbon composition. Compounds were identified based on their retention times
and mass spectra and grouped into carbon number ranges: gasoline fraction (C5-C9), diesel fraction (C10-
C19), and heavier waxes (C19+). Finally, the solid residue (char) remaining after each experiment was collected
and weighed to complete the overall mass balance.

3. Results and Discussion

This section shows the comparison in product distribution, syngas and oil composition between conventional
and innovative heating system (MAP). The experiments have been carried out processing RLB and PSW by
using the following weight ratios (RLB:PSW): 1:0, 30:70, 50:50, 70:30 and 0:1.

3.1 Product distribution

The product distribution obtained under microwave-assisted pyrolysis and conventional pyrolysis, respectively
reported in Table 1 and Table 2, shows a clear dependence on feedstock composition and operating
parameters. As reported in the following tables, among the two considered processes, significant differences
were recorded in the amount of the recovered three main co-products, i.e., gas, liquid and solid.

Table 1: Yield composition vs biomass content (RLB) in the feedstock by performing microwave-assisted
pyrolysis

RLB wt% 0 0.3 0.5 0.7 1
Gas 7 23 21 19 34
Oil 23 19 34 23 36
Wax 36 28 16 34 0
Solid 6 2 7 4 23

Table 2: Yield composition vs biomass content (RLB) in the feedstock by performing conventional pyrolysis

RLB wt% 0 0.3 0.5 0.7 1
Gas 9 10 1" 12 13
Wax/Oll 30 22 15 9 0
Solid 2 8 12 15 20

Indeed, for the same residence time in the pyrolysis reactor, plastic-rich feedstocks undergo less extensive
devolatilization since, according to TGA (Guastaferro et al., 2026), their degradation begins around 400 °C, and,
consequently, they tend to favor the formation of condensable hydrocarbons, both in conventional and MAP
systems. Otherwise, biomass promotes gas formation, i.e., their degradation occurs around 300 °C, and,
consequently, bio-vapors have undergone cracking reactions for an extended time, enhancing the formation of
incondensable gases, mainly constituted by CO2 due to its oxygenated structure. Char formation is also
relatively high, up to 23 wt%, for biomass processed under conventional and microwave-assisted operating
conditions, due to prolonged exposure to elevated temperatures and to a possible occurrence of secondary
cracking and repolymerization reactions within the reactor. For biomass, gas and charcoal amounts are also
higher during MAP, since local hot spots can be reached in this configuration, further enhancing the kinetics of
cracking reactions. Under conventional pyrolysis conditions, liquid yields, including oils and waxes, are higher
compared to other co-products, accounting for approximately 30-15 wt% of the total recovered fractions, when
mixed biomass and plastic systems are processed (Table 2). These liquids are largely composed of heavy
hydrocarbons and waxes originating from plastic decomposition, particularly in the C15+ range, as confirmed
by GC-MS analysis (Figure 1). The liquid fraction derived from plastic pyrolysis is mainly composed of
hydrocarbons in the C9-C29 range, including alkanes, alkenes, and dienes. Results in Figure 1 indicate that the
diesel-range fraction (C10-C19) constitutes approximately 24 wt% of the liquid product, whereas lighter
compounds (C5-C9) account for around 5 wt%. The remaining portion is largely made up of heavier waxy
compounds (C19+). Moreover, it can be observed that, during conventional pyrolysis, wax and oil cannot be
distinguished anymore since they precipitate together in the first condenser; this result can be explained by
considering that hot spots reaching temperatures higher than 600 °C, during MAP, could also enhance the
waxes cracking reactions into lighter oil fractions. Therefore, conventional pyrolysis tends to promote the
formation of oils with higher viscosity and limited fluidity. In contrast, MAP enhances cracking reactions, shifting
the product distribution toward lighter hydrocarbons and reducing the formation of heavy waxes. This leads to
improved fuel characteristics, such as lower viscosity and greater volatility, which are beneficial for subsequent
upgrading and utilization.
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Figure 1: Compositional analysis of the waxes originating from RLB:PSW equal to 0:1 conventional pyrolysis.

Although waxes and oils are the predominant products of both pyrolysis systems, our focus is on gas production
due to its immediate usability without the need for upgrading. Therefore, the gas compositions was evaluated
for gaseous products collected in both configurations. The gaseous fractions collected in Tedlar bags (as
described in Section 2) were analyzed by micro-GC, allowing volumetric quantification of permanent gases and
light hydrocarbons. The analyses reported in Table 3 and Table 4 highlight the improvement in syngas
composition derived from microwave-assisted pyrolysis compared to conventional thermal pyrolysis. For
RLB:PSW equal to 70:30, hydrogen (H2) concentration reaches approximately 42 vol%, compared to values
around 30-31 vol% obtained under conventional heating conditions, corresponding to an increase of about 35%.
At the same time, carbon dioxide (CO) concentration decreases from approximately 47 vol%, for pure biomass,
down to 17 vol% for the blend RLB:PSW equal to 70:30, representing a reduction of up to 40%. The H2-to-CO
ratio increases from about 1-1.5 in conventional pyrolysis to a value between 2 and 3 in MAP, which are
particularly favorable for downstream synthesis processes, such as methanol synthesis.

Table 3: Gas characterization in terms of vol% for gases produced by performing microwave-assisted
pyrolysis for different weight ratios of PSW:RLB

PSW: RLB  100:0 70:30 50:50 30:70 0:100
H: 56.94 42.12 37.10 35.88 39.06
CH4 12.64 13.63 6.57 9.48 6.40
co 6.86 16.64 32.46 38.24 46.61
CO: 13.06 9.84 16.89 8.52 5.17
C2Hs 5.83 12.68 4.84 4.60 1.81
C2Hs 1.04 1.37 0.48 0.39 0.30
C2H: 2.26 1.90 1.05 2.30 0.43
Cs 1.36 1.83 0.60 0.59 0.21
Gas yield* 6 23 21 19 34
LHV [MJ/kg] 46 29 15 19 17

*Expressed in wt%.

The enhanced H2 generation observed during microwave-assisted pyrolysis (MAP) arises from the combined
effect of several interacting mechanisms. The formation of localized high-temperature zones promotes the
cleavage of C-H bonds, leading to the production of reactive hydrogen radicals (He) that subsequently recombine
into molecular hydrogen (H.). Simultaneously, the rapid and volumetric heating characteristic of MAP favors
endothermic pathways such as dehydrogenation, steam reforming, and the water—gas shift reaction, which are
further supported by the inherent moisture present in biomass and residual char, used as susceptor.
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Compared to conventional heating, the reduced residence time of intermediates under MAP limits secondary
recombination and char-forming reactions, thereby enhancing volatile release and promoting gas-phase
transformations.

Table 4: Gas characterization in terms of vol% for gases produced by performing conventional pyrolysis for
different weight ratios of PSW:RLB

PSW:RLB  100:0 70:30 50:50 30:70 0:100
H: 15 15.2 15.9 15.4 15.5
CHas 8.18 105 11.1 11.8 11.7
co 12.9 22.1 25.7 34.0 37.2
Co; 40.4 32.2 33.6 30.7 33.2
C2Hs 15.4 11.3 7.96 4.04 1.45
C2Hs 5.49 4.47 3.04 2.21 0.95
CzH: 0.44 0.11 0.07 0.04 0.01
Cs 5.65 4.04 2.46 1.71 0.00
Gas yield* 9 10 11 12 13
LHV [MJ/kg] 24 22 18 16 12

*Expressed in wt%.

Further evidence of these mechanisms is provided by charcoal-susceptor gasification experiments conducted
under microwave conditions, which highlight the effect of steam-carbon reactions. These tests, performed by
using only charcoal, produced syngas characterized by high Hz content (up to 60 vol%) and CO, with only few
amounts of CO2. The agreement between water consumption and hydrogen production observed in mass
balance calculations reinforces the role of char-mediated reforming processes. Overall, MAP led to an increase
in hydrogen yield of up to 35% while simultaneously reducing CO2 emissions by nearly 40% compared to
conventional pyrolysis, resulting in a cleaner and more application-ready syngas.

In addition, synergistic interactions between hydrogen-rich compounds derived from plastics and oxygenated
species originating from biomass facilitate deoxygenation reactions, contributing to lower CO, formation and
improving syngas composition. Indeed, the co-pyrolysis of biomass and plastics exhibits distinctly non-linear
behavior, indicating the presence of synergistic effects. The gas yields obtained from mixed feedstocks
overcome those predicted by simple additive models based on the individual components. For example,
mixtures containing 70 wt% plastic and 30 wt% biomass show higher gas production and enhanced hydrogen
concentration than either feedstock processed independently by using those specific amounts. This
phenomenon can be attributed to the complementary roles of the two materials: plastics supply hydrogen-rich
volatiles that enhance cracking and deoxygenation reactions, while biomass improves heat distribution within
the reactor bed and mitigates operational challenges such as agglomeration and coke formation. In contrast,
conventional single-stage thermal processes display weaker synergy due to slower heat transfer and less
uniform temperature profiles, which limit effective interactions between feedstock components.

4. Conclusions

The comparison between one-stage conventional pyrolysis and microwave assisted pyrolysis showed significant
differences in product distribution and overall performance. Although conventional pyrolysis is a well-established
and widely adopted technology, it suffers from several limitations, such as slow heat transfer, thermal gradients
and limited efficiency in converting heterogeneous feedstock (such as, biomass and plastic) in hydrogen-rich
syngas. Indeed, it tends to produce higher liquid yields rich in heavy hydrocarbons, along with increased char
formation and less control over reaction pathways. By contrast, microwave-assisted pyrolysis offers several
advantages due to its ability to promote a rapid volumetric heating, leading to a more homogeneous temperature
profiles, faster reaction kinetics, and shorter residence times. Under these operative conditions, gas production
is enhanced and syngas quality improves; i.e., the resulting H2 enrichment and favorable H2/CO ratios highlight
the suitability of this process for downstream applications, including synthetic fuel production.

The composition of the liquid fraction further supports the benefits of microwave heating, as it promotes more
extensive cracking reactions and thus favors the formation of lighter, higher-value hydrocarbons compared to
the heavier waxes typically associated with conventional processes. At the same time, char yields are generally
reduced, although their characteristics remain dependent on both feedstock composition and operating
parameters. A key finding of this work is the presence of synergistic interactions during the co-pyrolysis of
biomass and plastics under microwave conditions; otherwise, they are completely absent during conventional
pyrolysis. These interactions contribute to enhanced product quality, underlying the importance of feedstock
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coupling in process optimization. Microwave-assisted systems also appear more energetically efficient due to
lower heat losses and more effective energy transfer. In environmental terms, reduced greenhouse gas
emissions and the generation of cleaner, hydrogen-rich syngas further strengthen the case for this technology.
Despite these advantages, several challenges must still be addressed before large-scale implementation
becomes feasible. These include reactor design, scale-up constraints, and the need for suitable microwave
absorbers when processing materials with low dielectric properties, such as many plastics. Overall, however,
the results indicate that microwave-assisted pyrolysis is a promising alternative to conventional methods, with
considerable potential for supporting sustainable waste valorization and advancing circular energy systems.
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