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The valorisation of heterogeneous waste streams represents a key challenge for the transition towards circular
and sustainable energy systems. Among these, mixtures of plastic and lignocellulosic residues are particularly
relevant due to their high energy content and widespread availability. Microwave-assisted pyrolysis (MAP) has
emerged as a promising alternative to conventional thermal technologies, offering rapid and volumetric heating,
although its industrial application remains limited. In this work, an integrated modelling framework for the
microwave-assisted co-pyrolysis of plastic waste and biomass is developed based on experimental data. A
representative mixture (70 wt% plastic and 30 wt% biomass, dry basis) is used to simulate a small-scale
industrial plant designed according to a short supply chain approach. The system includes drying, microwave
pyrolysis, condensation, char gasification and combined heat and power generation. The model is scaled to a
dry feed rate of 846 kg/h, corresponding to a syngas production of approximately 200 kg/h with a lower heating
value of about 30 MJ/kg. The resulting energy flow enables the generation of 0.81 MWe of net electrical power,
corresponding to an electrical efficiency of approximately 48 % relative to the syngas energy, while the overall
conversion efficiency from feedstock to syngas is about 25 %. The results demonstrate that the proposed
configuration can achieve full thermal self-sufficiency, through effective internal heat recovery. In addition, the
integration of char gasification enhances overall energy efficiency and reduces solid residues. The study
provides a structured approach for the scale-up of MAP systems and supports their potential role in
decentralised waste-to-energy applications.

1. Introduction

The increasing generation of heterogeneous waste streams, particularly mixtures of plastic and lignocellulosic
residues, poses a significant challenge for sustainable waste management and energy recovery. At the same
time, the growing global demand for energy, combined with environmental concerns and the progressive
depletion of fossil fuel reserves, highlights the urgent need for alternative and sustainable energy pathways (Liu
et al,, 2020). The extensive use of fossil resources has led to severe environmental impacts, including
greenhouse gas emissions and climate change (Lin and Ullah, 2024), while also creating economic and
geopolitical dependencies linked to their uneven global distribution (Zhou et al., 2024). In this context, carbon-
based renewable resources are of particular interest, as they can provide both energy carriers and chemical
intermediates. Biomass represents a strategic feedstock due to its abundance, renewability and near-neutral
carbon balance (Liu et al., 2023). Moreover, it is the only renewable source of carbon, making it essential for
replacing fossil-based raw materials in both energy and chemical sectors. Biomass, mainly composed of
cellulose, hemicellulose and lignin (Chen et al., 2018), can be converted into valuable products through
thermochemical processes, among which pyrolysis plays a key role (Vuppaladadiyam et al., 2022). Pyrolysis
enables the conversion of carbon-rich feedstocks into a spectrum of products including permanent gases, liquid
fuels and solid char. Compared with combustion and gasification; it operates under milder conditions and allows
a higher degree of control over product distribution. However, conventional pyrolysis technologies are typically
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limited by slow conductive and convective heat transfer mechanisms, which can reduce process efficiency,
hinder temperature control and limit scalability (Shen, 2025). Microwave-assisted pyrolysis (MAP) has emerged
as a promising alternative heating technology capable of overcoming these limitations. By enabling volumetric
and selective heating, MAP allows faster reaction rates, improved temperature uniformity and potentially higher
energy efficiency (Su et al., 2022). These advantages are related to the interaction between electromagnetic
fields and microwave-susceptible materials, which convert electromagnetic energy directly into heat (Ren et al.,
2022). Such features make MAP particularly suitable for complex systems, including the co-processing of
biomass and plastic waste. In addition to biomass, plastic waste represents a major environmental challenge.
Global plastic production has increased dramatically over the last decades and is expected to continue growing,
while recycling rates remain low. Mechanical recycling alone is often insufficient due to contamination and
material degradation. In this context, thermochemical conversion processes such as pyrolysis offer a viable
route for transforming plastic waste into valuable products. The co-pyrolysis of biomass and plastics has gained
increasing attention due to the potential synergistic effects between these feedstocks. Plastics, characterised
by high hydrogen content, can enhance the quality of pyrolysis products by reducing oxygenated compounds,
increasing energy density and improving overall process performance (Ma et al., 2024). This makes mixed
waste streams particularly attractive for integrated waste-to-energy and waste-to-chemicals applications.
Despite these advantages, most studies on MAP remain confined to laboratory-scale investigations, and the
modelling and design of industrially relevant systems are still limited. In particular, the integration of MAP into
decentralised configurations based on short supply chains, where waste is processed close to its generation
site, remains largely unexplored. Such configurations can reduce transportation requirements, mitigate
feedstock variability and improve process reliability, especially for heterogeneous waste streams. These
considerations highlight a significant research gap: the lack of integrated modelling approaches capable of
linking experimental data, process design, energy performance and scale-up strategies within realistic operating
conditions. In this context, the present work develops an integrated modelling framework for the microwave-
assisted co-pyrolysis of mixed plastic and lignocellulosic waste. The study aims to represent a small-scale
industrial system designed according to a short supply chain approach, focusing on process integration, internal
heat recovery and energy self-sufficiency. The objective is to provide quantitative insights into the performance
and feasibility of MAP technologies, supporting their transition from laboratory-scale concepts to decentralised
industrial applications. The relevance of the present study for scale-up should therefore be intended in terms of
preliminary process-scale assessment rather than full technological scale-up of the microwave reactor. In
particular, experimentally derived yields and gas compositions obtained from real waste feedstocks are used to
develop mass and energy balances for a continuous process configuration. This allows the estimation of feed
rates, product flows, heat recovery potential and energy performance at an industrially meaningful throughput.
Although electromagnetic field distribution, microwave penetration depth, reactor geometry and continuous
feeding behaviour require dedicated pilot-scale investigation, the proposed approach represents a first step
towards bridging laboratory-scale MAP experiments and process-level design.

2. Method
2.1 Feedstock and experimental methods

The process model developed in this study is based on experimental data from microwave-assisted co-pyrolysis
of plastic waste and lignocellulosic biomass reported in Marchetti et al. (2026), and was implemented through
mass and energy balances in a spreadsheet environment, without the use of commercial simulation software.
The simulations were carried out under the same operating conditions as the experiments, namely a pyrolysis
reactor temperature of approximately 620 °C and atmospheric pressure. The selected feedstock represents a
heterogeneous waste mixture with characteristics comparable to industrial residues, combining a hydrogen-rich
plastic fraction with an oxygenated biomass component. Prior to the experiments, both materials were dried and
milled to a particle size below 4 mm to ensure homogeneous feeding and reproducible conditions. The plastic
fraction exhibited a typical polyolefin composition, characterized by high carbon and hydrogen content and
negligible ash. The biomass showed the expected lignocellulosic structure, with higher oxygen content and
lower heating value. Among the investigated blends, a mixture containing 70 wt% plastic waste and 30 wt%
biomass was selected as reference case for process modelling. This composition provides a suitable balance
between energy density and renewable carbon content, with a lower heating value of approximately 29-30
MJ/kg. Microwave-assisted pyrolysis (MAP) experiments were conducted in a laboratory-scale reactor
consisting of a quartz tube placed inside a multimode microwave cavity. Charcoal was used as microwave
susceptor to enable efficient absorption of microwave radiation, while nitrogen was supplied as carrier gas to
ensure inert conditions. For each experimental run, the yields of non-condensable gas, condensable liquids and
solid residue were determined. The gas composition was analyzed by micro-GC, allowing the quantification of
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major components such as H,, CO, CO, and light hydrocarbons. The experimental dataset highlighted the
positive interaction between plastic-derived radicals and biomass decomposition products, resulting in
enhanced gas production and improved syngas quality. In particular, the selected mixture exhibited high
hydrogen content and reduced oxygenated species, making it suitable for energy recovery applications. Figure
1 summarizes the experimental results used as dataset for the subsequent modelling activity.
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Figure 1: Summary of the feed properties, product distribution, and syngas composition

It should be noted that the reported product distribution is based on experimental measurements and does not
fully close the mass balance. This is mainly due to operational limitations during product recovery. In particular,
part of the solid residue remains mixed with the microwave susceptor and cannot be completely separated after
the experiments. Additionally, a fraction of the condensable products is lost due to deposition along the
condensation system walls. As a result, the missing fraction is attributed to both solid and liquid products. For
modelling purposes, the product distribution was normalised to ensure mass balance closure, resulting in
approximately 72 wt% liquids and 3 wt% residual solid, while preserving the experimentally measured gas
fraction.

2.2 Process Modelling Framework

The experimental data were used as the basis for the development of a conceptual process model representing
a small-scale industrial system designed according to a short supply chain approach. In this context, the model
aims to reproduce a decentralised configuration in which waste streams are treated close to their generation
site, minimising transportation requirements and improving overall system efficiency and operability. The
primary objective of the model is to evaluate the energetic performance, internal heat integration and operational
feasibility of a co-pyrolysis system treating mixed plastic waste and biomass for combined heat and power
generation. Particular attention is given to the assessment of process self-sufficiency, with respect to thermal
energy demands. The model was developed by scaling up the experimental results obtained from microwave-
assisted co-pyrolysis tests, including gas yield and composition, and by translating these data into a continuous
process framework. Mass and energy balances were implemented across all process units under steady-state
conditions, allowing the estimation of flow rates, energy distribution and system performance indicators. A
schematic representation of the plant configuration, including the main process units and material and energy
flows, is shown in Figure 2.

Condensation
Section

Section Q .
&) mee . ) Reaction
] = A 4 Section
Drying | £
Section I o 18 |
| 16 B3 11 ]
| LPT_|HPT I
— . 8 4
_.o;.- | - EP(.-_ o t o Ml 03 Eq — :__Z,T 7—d
{ ] i T k)
\ 14 :_ '. )
] Et R | T
e ae. L WS ol —) C |l = l
(@ Lol f T
S o E2 4 d 1 7 ‘
» a5 - J —_— i i '
» 26 ‘

(" Gassification |
Section

Figure 2: Scheme of the modelled plant for electric power generation
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The plant is structured into five main sections: drying, reaction, condensation, gasification and power generation.
The incoming feedstock, composed of plastic waste and biomass, is first conditioned in a drying unit (B2) at 105
°C followed by a separation device (D2) to reduce the moisture content to the level required for stable operation.
The dried biomass, together with the plastic fraction, nitrogen and a controlled amount of recycled solid material,
is then fed to the microwave pyrolysis reactor (R1) set at 620 °C and 1 atm. The pyrolysis reactor produces a
mixture of permanent gases, condensable vapours and solid residue, whose amounts and compositions are
derived from the experimental campaign. The gas-vapour stream is directed to a condensation section, where
liquid products are separated from the non-condensable gas through a heat exchanger (E3), in which the stream
is cooled down to 15 °C to ensure complete recovery of condensable products, and a phase separator (D3).
The liquid fraction is assumed to be recovered as a secondary product for external upgrading, while the gaseous
stream is sent to the energy conversion section. The energy section consists of a boiler (B1) for syngas
combustion, coupled to a superheated steam cycle. Steam generation, superheating (SH) and reheating (RSH)
are carried out in dedicated heat-exchange surfaces located in the boiler. The steam expands in high- and low-
pressure turbine stages (HPT and LPT), connected to an electrical generator (EPG), while a condenser (E1)
ensures water recirculation in a closed loop. The flue gases undergo successive cooling steps, supplying heat
to the steam cycle and, in the final stage, providing the thermal duty required for biomass drying. The solid
residue is partially recycled to the reactor as microwave susceptor, while the remaining fraction is converted in
a dedicated gasification unit (R2). The additional gas produced is mixed with the primary syngas stream,
increasing the overall fuel availability. Thermodynamic properties are derived from standard correlations, and
typical efficiency values are assumed for turbomachinery and electrical generation. It should be clarified that the
system achieves thermal self-sufficiency, meaning that the heat required for the process is entirely supplied
through internal heat recovery. However, the electrical energy required for microwave generation is not included
in the energy balance and must be externally supplied. In future applications, this demand could be met through
renewable electricity sources.

3. Results

3.1 Energy Performance

This section presents the main outcomes of the process modelling activity reported in Figure 3, focusing on the
energy performance, mass balance consistency and internal heat recovery of the proposed short-supply-chain
system. All results are obtained under steady-state conditions based on the experimental dataset described in
Section 2.
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Figure 3: Schematic representation of the modelling results for the microwave-assisted process in a short-
supply-chain configuration

The process model was applied to a reference feedstock composed of 70 wt% plastic waste and 30 wt%
biomass on a dry basis, consistently with the experimental conditions. Under these assumptions, both plastic
and biomass are considered moisture-free. Based on the experimental gas yield and composition, the system
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was scaled to a total dry feed rate of 846 kg/h, representing the combined mass flow of dry plastic and dry
biomass entering the pyrolysis reactor. This corresponds to a syngas production of approximately 200 kg/h. In
order to represent more realistic operating conditions, the biomass was then considered at its actual moisture
content prior to drying. Assuming an initial moisture content of 40 wt% for the biomass, the corresponding wet
biomass flow increases, while the plastic fraction remains dry. As a result, the total mass flow entering the
process (before the drying stage) reaches approximately 1015 kg/h. This distinction highlights the significant
impact of moisture on the overall mass balance and underlines the importance of the drying section within the
process configuration. The resulting syngas stream is characterised by a high hydrogen content (above 40 vol%)
and a lower heating value of approximately 30 MJ/kg, consistent with values reported for microwave-assisted
co-pyrolysis systems (Rosyadi et al., 2022). This composition reflects the synergistic interaction between
hydrogen-rich plastic fractions and oxygenated biomass components, leading to a fuel gas with enhanced
energetic properties compared to conventional biomass-derived syngas. At the given composition and flow rate,
the syngas stream carries a total thermal power of approximately 1.7 MW,,. When referred to the chemical
energy of the dry feedstock (~6.9 MW,,), this corresponds to an overall conversion efficiency from feedstock to
syngas of approximately 25 %, which is consistent with values reported for similar co-pyrolysis systems.
(Lackner et al., 2024). The combustion of the syngas in the boiler requires approximately 2165 kg/h of air,
assuming a 20 % excess of oxygen, which is typical for industrial combustion systems to ensure complete
oxidation. The resulting flue gas stream amounts to approximately 2365 kg/h and is mainly composed of
nitrogen, carbon dioxide and water vapour. In particular, CO, formation reaches about 182 kg/h, while water
vapour production is approximately 230 kg/h. These values are consistent with the high hydrogen content of the
syngas and confirm the expected stoichiometric behaviour of the combustion process. The thermal profile of the
flue gases plays a crucial role in process integration. The gases leave the combustion chamber at a temperature
of approximately 890 °C and are progressively cooled through the heat recovery sections. After passing through
the superheater and reheater, the temperature decreases to about 640 °C and 549 °C, respectively, and further
drops to around 208 °C at the economiser outlet. Finally, the flue gases reach approximately 105 °C before
entering the biomass drying unit. This wide temperature gradient enables efficient heat recovery at multiple
levels and supports the cascading use of thermal energy throughout the process. When used as fuel in the CHP
unit, the syngas enables the generation of 0.81 MWe of net electrical power. This corresponds to an electrical
efficiency of approximately 48 % relative to the chemical energy of the syngas, which reflects the performance
of the steam cycle. A key outcome of the modelling activity is the demonstration of full thermal self-sufficiency
of the process. The combination of heat recovered from flue gases and condensation processes, estimated at
approximately 6.75%10° kcal/h, is sufficient to fully meet the thermal demand required for biomass drying. In
particular, this energy allows the evaporation of approximately 150 kg/h of water, reducing the moisture content
from 40 wt% to values compatible with stable pyrolysis operation. This result is particularly significant, as drying
is typically one of the most energy-intensive steps in thermochemical conversion systems. The analysis
highlights the effectiveness of a multi-level heat integration strategy. High-temperature heat is primarily used for
steam generation and superheating within the Rankine cycle, while medium- and low-temperature heat is
progressively recovered for feed preheating and drying. This hierarchical utilisation of thermal energy minimises
exergy losses and improves the overall process efficiency. In addition to heat integration, the internal
recirculation of solid residue as microwave susceptor contributes to process stability and reduces the need for
external materials. Furthermore, the gasification of residual char increases the overall fuel yield by converting
the solid fraction into additional syngas, thereby enhancing energy recovery and reducing solid waste
generation. Overall, the system demonstrates thermal self-sufficiency, with no requirement for external heat
input, while external electricity is required for microwave generation.

4. Conclusions

The proposed modelling framework provides relevant insights for the preliminary process-scale assessment of
microwave-assisted pyrolysis technologies under realistic feedstock conditions. In this sense, the contribution
of the study is the translation of experimentally measured product yields and gas compositions into a continuous
process configuration, allowing first-order estimates of mass flows, energy recovery and system performances.
Unlike most existing studies limited to laboratory-scale investigations, this work considers an integrated system
with industrially meaningful throughput and process configuration. The adoption of a short supply chain
approach represents a key element of the proposed design. By locating the conversion unit close to the waste
generation site, the system can reduce transportation requirements, mitigate feedstock variability and improve
overall process reliability. This aspect is particularly relevant for heterogeneous waste streams, whose
composition may fluctuate significantly over time. The results demonstrate that the proposed system can
achieve full thermal self-sufficiency while generating a net electrical output of 0.81 MW for a dry feed rate of
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846 kg/h. Internal heat recovery and the integration of char gasification contribute to enhanced energy efficiency
and reduced solid residues.

Overall, the analysis confirms the potential of microwave-assisted pyrolysis as a viable technology for the
valorisation of mixed plastic and lignocellulosic waste within decentralised, small-scale waste-to-energy
systems. Although further work is required to assess economic feasibility and environmental performance, the
modelling approach developed in this study provides a solid basis for future techno-economic and life cycle
analyses, supporting the advancement of industrial MAP applications.
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