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Abstract

Biomass–plastic co-pyrolysis has emerged as a promising thermochemical route for the
valorization of mixed biomass and plastic waste streams, addressing growing challenges in
waste management and resource efficiency. This review summarizes current knowledge on
feedstock interactions, reactor technologies, operating conditions, and resulting product
distributions. The literature indicates that co-processing biomass with plastics can enhance
process performance compared to single-feedstock pyrolysis. Improvements are mainly
observed in liquid product quality, increased energy content of gaseous fractions, and
modified char properties, although outcomes strongly depend on feedstock composition
and process conditions. Beyond technical aspects, the review highlights the relevance of
co-pyrolysis within circular economy systems. Oil can be considered a secondary feedstock
for the refining and chemical industries, process gas can support internal energy integra-
tion, and char may be utilized in material or environmental applications, contributing
to partial closure of carbon and resource loops. Despite these advantages, the transition
from laboratory-scale studies to large-scale implementation remains the major challenge
for biomass–plastic co-pyrolysis. This limitation is associated with feedstock heterogene-
ity, contamination issues, scale-up difficulties, regulatory uncertainty, and the need for
downstream upgrading of products. Overall, biomass–plastic co-pyrolysis represents a
promising pathway toward circular waste valorization, but its practical relevance depends
on successful system-level integration rather than laboratory-scale performance alone.

Keywords: pyrolysis; co-pyrolysis; circular economy; biomass; plastic waste; thermochemical
conversion; waste management; waste valorization

1. Introduction
Global waste generation continues to increase in both volume and complexity, driven

by population growth, industrial development, and rising consumption of short-lived
materials. Among the most challenging fractions are heterogeneous waste streams com-
bining biogenic residues (e.g., lignocellulosic biomass from agriculture, forestry, and food
processing) with synthetic polymers, particularly post-consumer plastics. These two waste
categories differ fundamentally in chemical structure, degradation pathways, and con-
ventional treatment routes, which complicates their joint management within existing
waste infrastructure. As a result, significant fractions of both biomass and plastic waste are
still directed to landfilling, low-efficiency incineration, or mechanically limited recycling
pathways that fail to recover their full material and energetic value [1–3].
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At the same time, global resource constraints and environmental pressures are in-
tensifying. Dependence on virgin fossil resources for chemicals, fuels, and materials is
increasingly recognized as unsustainable due to associated greenhouse gas emissions,
geopolitical supply risks, and finite resource availability. Parallel to this, inefficient man-
agement of biomass residues leads to methane emissions from decomposition or CO2

emissions from uncontrolled combustion, while plastic waste contributes to persistent
environmental pollution, including microplastic accumulation in terrestrial and aquatic
systems [4,5]. These issues highlight the need for integrated approaches that simultane-
ously address waste mitigation and resource recovery, rather than treating biomass and
plastic streams in isolation.

In this context, the transition toward a circular economy (CE) has emerged as a guiding
framework for rethinking material flows and waste management systems. The circular
economy paradigm prioritizes the retention of material value within economic systems for
as long as possible through strategies such as reuse, recycling, recovery, and upcycling [6–8].
However, practical implementation of CE principles is hindered by the heterogeneity of
waste streams and limitations of existing recycling technologies, particularly when dealing
with mixed organic–polymeric waste fractions. Conventional mechanical recycling is
often unsuitable for contaminated or composite plastics, while biological treatments are
ineffective for synthetic polymers [1,9,10]. Similarly, biomass valorization routes such as
composting or anaerobic digestion are not applicable when significant plastic contamination
is present. These limitations create a clear need for processes capable of handling mixed
feedstocks in a flexible and resource-efficient manner.

Biomass–plastic co-pyrolysis has therefore gained increasing attention as a promis-
ing thermochemical conversion pathway within the circular economy framework [11,12].
Compared with other waste conversion approaches, such as gasification, hydrothermal liq-
uefaction, or advanced chemical recycling, co-pyrolysis offers a flexible route for processing
mixed biomass–plastic streams while generating multiple product fractions. Gasifica-
tion primarily focuses on syngas production through high-temperature partial oxidation,
whereas hydrothermal liquefaction is particularly suitable for wet biomass feedstocks but
requires high-pressure operation. Advanced recycling technologies can recover polymer-
derived chemicals but are often limited by feedstock purity requirements and economic
constraints. In contrast, co-pyrolysis enables simultaneous conversion of heterogeneous
waste streams into liquid, gaseous, and solid products, providing opportunities for both
energy recovery and material valorization.

Pyrolysis, as a thermal decomposition process conducted in the absence of oxygen,
enables the conversion of both biomass and plastic waste into a spectrum of value-added
products, including liquid oils, process gases, and solid char [13–15]. When biomass and
plastic are processed together, interactions between the two feedstock types can lead to
synergistic effects that alter reaction pathways and improve overall product distribution
and quality compared to individual feedstock pyrolysis. In particular, hydrogen trans-
fer between plastic-derived radicals and oxygenated biomass intermediates can enhance
deoxygenation of bio-oil through stabilization and conversion of oxygen-containing com-
pounds, while biomass-derived radicals may influence the cracking behavior of polymer
chains [16,17].

From a system perspective, biomass–plastic co-pyrolysis is increasingly considered
not only as a waste treatment technology, but as a potential enabler of integrated resource
recovery. By converting mixed waste streams into energy carriers and chemical precursors,
the process offers a pathway for partial substitution of fossil-derived inputs in industrial
systems. Moreover, the solid char fraction may find applications in soil amendment,
carbon sequestration, adsorption processes, or energy storage, further contributing to
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material circularity [18–20]. Despite these advantages, the role of co-pyrolysis within
broader circular economy systems remains insufficiently quantified, particularly regarding
its environmental performance, techno-economic feasibility, and integration with existing
waste management and industrial infrastructures. Although numerous studies demonstrate
promising product yields and synergistic effects at laboratory scale, limited information
is available on the overall sustainability performance, resource efficiency, and practical
implementation potential of co-pyrolysis under realistic operating conditions.

This review therefore focuses on biomass–plastic co-pyrolysis as a circular economy-
oriented technology, providing a system-level assessment of its role in mixed waste val-
orization and resource recovery. Unlike previous reviews primarily focused on reaction
mechanisms, product yields, or individual feedstock interactions, this work evaluates
co-pyrolysis within the broader circular economy framework by linking feedstock charac-
teristics, process parameters, product utilization pathways, and challenges associated with
industrial implementation.

2. Co-Pyrolysis in the Context of Circular Economy
Biomass–plastic co-pyrolysis can be interpreted as a thermochemical conversion route

that aligns closely with the principles of the circular economy by enabling the transforma-
tion of heterogeneous waste streams into usable secondary resources. Unlike linear waste
management models, which prioritize disposal or single-step recovery, circular economy
systems emphasize the continuous circulation of materials through multiple life cycles [6–8].
Within this framework, co-pyrolysis occupies a specific niche as a flexible waste-to-resource
technology capable of processing mixed organic and polymeric feedstocks that are other-
wise difficult to recycle through conventional mechanical or biological methods.

2.1. Role in Waste-to-Resource Transition

The primary contribution of co-pyrolysis lies in its ability to convert low-value or non-
recyclable waste into intermediate products with potential economic and environmental
utility. Through thermal decomposition in oxygen-deficient conditions, both biomass and
plastics are broken down into three fractions that can be further used. This transformation
effectively shifts waste materials from the disposal stream into the resource stream, thereby
redefining them as secondary feedstocks [21,22].

In the context of waste-to-resource transition, co-pyrolysis is particularly relevant for
mixed waste fractions that cannot be efficiently separated at source. Municipal solid waste,
agricultural residues contaminated with plastics, pesticides, and soil debris, or plastic-rich
biomass residues represent typical examples where conventional recycling routes fail. By
accommodating feedstock heterogeneity, co-pyrolysis reduces the dependency on high-
purity input streams and expands the range of materials that can be valorized [23,24]. This
contributes to a more inclusive waste management system in which material recovery is
not limited by strict feedstock classification.

2.2. Integration into Circular Economy Framework (R-Strategies: Recover, Recycle, Repurpose)

Within the hierarchy of the circular economy strategies, biomass–plastic co-pyrolysis
is most directly associated with the recover and repurpose levels. Additionally, this process
partially supports recycling objectives through chemical conversion pathways. In contrast
to mechanical recycling, which preserves material structure, co-pyrolysis operates at the
molecular level, enabling the breakdown of complex polymers into smaller hydrocarbon
fractions that can re-enter industrial value chains [11,25,26].

From an R-strategy perspective, co-pyrolysis can also be seen as a complementary
technology to recycling systems rather than a replacement. It provides an alternative
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route for residual streams that remain after mechanical sorting and recycling processes
have been exhausted. In this sense, it strengthens the overall circularity of waste
management systems by addressing the lower-value fraction of waste hierarchies that
is often neglected.

Compared with conventional circular strategies, co-pyrolysis occupies an intermediate
position between material recycling and energy recovery. Mechanical recycling generally
provides higher material retention efficiency but requires relatively clean and homogeneous
plastic streams, limiting its applicability for contaminated or mixed wastes. Biological
treatment methods are suitable mainly for biodegradable fractions and cannot effectively
process plastic components. In contrast, co-pyrolysis enables the conversion of complex
mixed streams into secondary resources, although with higher energy requirements and the
need for further upgrading of products. Therefore, its main advantage lies not in replacing
established circular strategies, but in complementing them by valorizing residual waste
fractions that are difficult to recover through conventional approaches.

2.3. System Value: Closing Carbon and Material Loops

Beyond individual product outputs, the broader significance of co-pyrolysis lies in
its contribution to closing material and carbon loops within industrial systems. Carbon
present in both biomass and plastics is largely retained within the system through their
conversion into usable products rather than being released directly to the atmosphere
through uncontrolled degradation or low-efficiency combustion. Although the exact carbon
distribution depends on feedstock composition and process conditions, co-pyrolysis may
enhance carbon utilization efficiency by increasing the retention of carbon in valuable
liquid and solid products and reducing CO2 formation in the gas fraction, with some
studies reporting reductions of up to approximately 10–15% compared with individual
pyrolysis [27,28]. This controlled transformation enables partial decoupling of carbon
flows from fossil resource extraction, particularly when pyrolysis products displace virgin
fossil-derived inputs [12,16,29,30].

At a system level, co-pyrolysis contributes to circularity by integrating waste man-
agement with energy and materials production pathways. This integration reduces the
overall demand for primary resources while simultaneously mitigating environmental
burdens associated with waste disposal. The environmental benefits are, however, strongly
dependent on process efficiency, energy integration, and the final application of recovered
products, highlighting the need for system-level assessments rather than evaluation based
solely on conversion performance. The co-processing of biomass and plastics further intro-
duces synergistic effects that can improve carbon utilization efficiency, as hydrogen-rich
plastic fractions may enhance deoxygenation of biomass-derived compounds, leading to
higher-quality liquid products [16,30–32].

In addition, the process supports the concept of industrial symbiosis, in which outputs
from one system become inputs for another. Pyrolysis-derived products can be redirected
into refining, chemical manufacturing, or energy systems, thereby creating interconnections
between waste management and industrial production networks. Although the degree of
loop closure depends on downstream utilization pathways and infrastructure availability,
co-pyrolysis represents a technically viable mechanism for increasing material circularity
and reducing reliance on linear fossil-based supply chains.

3. Technological Aspects of Biomass–Plastic Co-Pyrolysis
3.1. Feedstock Characteristics and Compatibility

The efficiency of the co-pyrolysis process and the characteristics of the resulting
products are determined primarily by both the physicochemical properties of the applied
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feedstocks and the mechanisms of their mutual interactions during thermal decomposi-
tion [33–35]. In contrast to the pyrolysis of single materials, the co-pyrolysis of biomass
and plastic waste constitutes a multicomponent system in which the degradation processes
of components with different elemental compositions, structures, and reactivities occur
simultaneously [36,37].

3.1.1. Lignocellulosic Biomass

Lignocellulosic biomass in co-pyrolysis processes serves as a source of carbon, hydro-
gen, and oxygen in the form of functional groups: hydroxyl, carbonyl, and ether groups.
Its chemical composition as well as its macro- and microscopic structure strongly influence
reaction kinetics, the yields of the bio-oil, gas, and solid fractions, as well as the potential for
synergistic effects when combined with synthetic polymers, although these effects are also
highly dependent on process parameters, particularly temperature [38,39]. The literature
indicates that the pyrolysis process, as well as the quality and composition of its products,
are strongly influenced by both feedstock composition (including the proportions of lignin,
cellulose, hemicellulose, and mineral/ash fraction) and operating conditions [40–42]. The
composition of selected types of biomass, often used in the pyrolysis process, is presented
in Table 1.

Table 1. Composition of major lignocellulosic components and ash content in selected biomass feedstocks.

Type of Biomass Cellulose Hemicellulose Lignin Ash/Mineral References

Agricultural biomass and post-harvest residues

Wheat and
barley straw 35–45% 25–30% 10–20% 3–4% [43–45]

Rapeseed
straw 40–49% 17–32% 16–20% 4–8% [46,47]

Maize
stalks 32–37% 37–46% 18–26% 5–8% [48,49]

Sunflower
stalks 30–40% 35–45% 15–20% 8–15% [50,51]

Rice
husks 33–39% 17–21% 17–22% 15–22% [52,53]

Forest biomass and wood waste

Hardwood 40–50% 15–40% 18–25% 0.6–3%

[54–58]Softwood 40–45% 24–37% 25–30% 1–4%

Tree bark 22–29% 10–25% 25–40% 2–5%

Municipal biomass

Sewage
sludge 10–18% 5–15% 9–18% 20–50% [51,59,60]

Food and
household waste 15–45% 9–45% 15–40% 3–10% [13,61,62]

Different types of biomass exhibit significant variation in chemical composition with
respect to the proportions of lignin, cellulose, and hemicellulose. This variability occurs
not only between different categories of feedstocks but also within formally homogeneous
materials, where the content of individual lignocellulosic fractions may fall within defined
value ranges. This is primarily due to differences in cultivation conditions, such as soil
type, nutrient availability, climatic conditions, and the degree of irrigation. In addition,
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factors related to plant variety, maturity stage at harvest, and any pre-processing also play a
role [63–65]. Consequently, the lignocellulosic composition of biomass should be treated as
a variable parameter that must be determined experimentally in each case or expressed as
value ranges, rather than as a constant characteristic of a given feedstock. This variability
is particularly pronounced in the case of household waste and sewage sludge, which
constitute mixtures of many different organic fractions originating from diverse sources.
Their composition depends on the place of generation, season, consumption patterns, and
local operating conditions of sewage systems or waste management infrastructure, leading
to additional material heterogeneity [66–68]. Furthermore, the ash content in biomass may
increase significantly in materials originating from anthropogenically impacted areas, such
as industrial or roadside regions, where plants may accumulate emitted heavy metals and
other mineral elements in their tissues [69–71]. This results in an increased proportion of
the inorganic fraction, which in turn further influences the thermal and energetic properties
of the feedstock.

3.1.2. Plastic Waste

Plastics constitute the second group of feedstocks in the co-pyrolysis process. Their
role primarily involves supplying carbon and hydrogen in the form of stable hydrocarbon
chains, which promotes the deoxygenation of products derived from biomass [72–74].
The physicochemical properties of polymers, such as chain structure, aromatic content,
crystallinity, and the presence of heteroatoms, have a significant influence on the process
pathway and potential synergistic effects. Among the most abundant plastic polymers
found in waste streams are polyethylene (PE), polypropylene (PP), polyethylene terephtha-
late (PET), polystyrene (PS), and polyvinyl chloride (PVC). These polymers represent the
main groups of commonly encountered plastic wastes and exhibit diverse chemical struc-
tures, including polyolefin, aromatic, and heteroatom-containing polymers, which strongly
influence their thermal decomposition behavior and interactions with biomass-derived
intermediates during co-pyrolysis.

Polyethylene (PE) is a saturated hydrocarbon polymer with a linear (HDPE) or
branched (LDPE) structure, characterized by a high H/C ratio and a very high calorific
value of its products. In standalone pyrolysis, it undergoes a single-stage decomposition in
the range of approximately 350–500 ◦C, with virtually no solid residue, generating mainly
aliphatic liquid hydrocarbons and a moderate amount of gases. Under co-pyrolysis condi-
tions with biomass, a reduction in the effective activation energy is observed, along with an
intensification of radical reactions, which promotes a reduction in the oxygen content of
bio-oil and limits char formation [75–77].

Polypropylene (PP) has a chemical nature similar to PE but a more branched chain
structure, which increases its thermal reactivity. In standalone pyrolysis, it rapidly degrades
in the range of 285–500 ◦C, yielding mainly light hydrocarbons (including propylene) and
an approximately 50% oil fraction. In systems with biomass, the process often proceeds
via a two-stage mechanism (first biomass, then PP), which promotes synergistic effects,
increases oil stability, and reduces the proportion of solid phase [75,78,79].

Polyethylene terephthalate (PET) is an aromatic polyester with a high oxygen content
(ester groups) and a high decomposition energy requirement. In standalone pyrolysis, it
undergoes two-stage degradation in the range of approximately 380–580 ◦C, requiring
higher activation energy than biomass, and its products are highly oxygenated (aromatic
acids, esters) with CO and CO2 formation, which reduces the calorific value of the oil.
In co-pyrolysis with biomass, it exhibits pronounced synergistic effects in the range of
300–550 ◦C, leading to increased yield and improved oil quality (higher calorific value,
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lower acid content, and higher ester content under optimal ratios), as well as modification
of char toward a more energy-rich and less hydroxylated structure [80,81].

Polystyrene (PS) is an aromatic vinyl polymer with relatively low thermal stability
within the PE/PP/PS group, resulting from its phenyl ring structure, which facilitates
depolymerization. In standalone pyrolysis, it undergoes mainly single-step decomposition
in the range of approximately 380–500 ◦C at relatively low activation energy, producing
almost exclusively liquid products dominated by styrene and other aromatic compounds,
with oil yields reaching up to 95% under optimal conditions. In co-pyrolysis with biomass,
PS exhibits strong positive synergistic effects, particularly in mixtures with wood or ligno-
cellulosic biomass, where a reduction in activation energy and an increase in liquid fraction
yield and quality are observed, along with an increase in oil calorific value [41,75,82,83].

Polyvinyl chloride (PVC) is a chlorinated polymer whose key feature in pyrolysis is
intensive chlorine release. In standalone pyrolysis, it undergoes multi-stage decomposition
starting at approximately 250–350 ◦C with dehydrochlorination, producing mainly HCl,
followed by degradation of the dechlorinated polymer backbone at higher temperatures
(up to ~500 ◦C). This process results in significant amounts of hydrogen chloride and
chlorinated organic compounds in the gas and liquid phases, which reduces the fuel quality
of the products and complicates their further utilization. In co-pyrolysis with biomass,
partial overlap between the PVC dehydrochlorination zone and biomass degradation
range (approximately 250–580 ◦C) is observed, which may lead to partial immobilization
of chlorine in the solid phase; however, the emission of HCl and the risk of secondary
chlorinated product formation remain significant issues, negatively affecting oil and gas
quality [37,73,82,83].

It should be emphasized that real polymer waste streams rarely occur as homogeneous
materials; instead, they increasingly have a multicomponent and composite character
(e.g., multilayer packaging), which implies substantial variability in chemical composition
and physicochemical properties. The presence of different polymers, functional layers
(e.g., barrier layers), and processing additives (plasticizers, stabilizers, fillers) significantly
affects the pyrolysis process and product distribution [84–86]. An additional factor is the
widespread use of dyes and pigments, often based on metal compounds (e.g., heavy metal
oxides) or organic structures, which may introduce trace elements into the system and
catalytically modify reactions occurring during thermal decomposition [87–89]. As a result,
the heterogeneity of real polymer wastes represents a significant challenge for controlling
the co-pyrolysis process and predicting the quality of the resulting products.

Figure 1 illustrates the dominant influence of major biomass and plastic constituents
on co-pyrolysis product distribution. The scheme summarizes the primary de-composition
pathways of cellulose, hemicellulose, lignin, and common plastics (PE, PP, PS, PET, and
PVC), indicating their predominant contribution to the formation of oil, gas, and char
fractions. It should be noted that all feedstock components may contribute to each product
fraction, while the highlighted pathways represent the most significant tendencies reported
in the literature.

3.2. Thermochemical Interactions

In co-pyrolysis studies, synergistic effects are generally identified when the experi-
mentally obtained product yields or properties differ from the values expected based on
the weighted contribution of individual substrates. Positive synergy is typically associated
with increased yields of desirable products, improved fuel properties, or enhanced conver-
sion efficiency. Such effects are commonly evaluated through deviations in product yield,
composition, elemental ratios, energy content, or reaction behavior between co-pyrolysis
and individual feedstock pyrolysis.
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Figure 1. Dominant contribution of biomass and plastic constituents to co-pyrolysis product distribu-
tion (author’s own elaboration).

Quantitative evaluation of these deviations is often performed using a synergy index
(SI), calculated as the relative difference between experimental values obtained from co-
pyrolysis and theoretical values estimated from individual feedstock contributions. Positive
SI values indicate enhanced formation of a given product or improvement in its properties,
whereas negative values suggest antagonistic interactions. In addition, kinetic analyses
based on apparent activation energy changes are frequently used to assess whether interac-
tions between biomass- and plastic-derived intermediates modify the reaction pathway.

Co-pyrolysis of biomass and plastics leads to pronounced synergistic effects, which
are manifested as changes in decomposition kinetics, product composition, and the quality
of the liquid fraction in a manner that deviates from a simple summation of the effects of
the individual pyrolysis of both components. These phenomena are multivariate in nature;
however, free-radical mechanisms play the dominant role, with their intensity depending
on the type of biomass, the type of polymer, and the process conditions.

The primary mechanism responsible for synergy is hydrogen transfer and radical inter-
actions occurring between the decomposition products of both phases. Hydrocarbon-based
plastics, particularly polyolefins such as PE and PP, act as hydrogen donors, generating
highly reactive hydrogen radicals and hydrocarbon fragments that can stabilize unstable
oxygen-containing radicals formed during biomass degradation [49,73,74,90]. As a result,
the formation of solid residues and highly oxygenated compounds is reduced, while the
proportion of liquid and gaseous fractions with higher calorific value increases. At the
same time, radicals generated from biomass can initiate polymer chain scission, leading to
intensified plastic depolymerization and increased overall process yield [34,38].

Phase contact and heat- and mass-transfer phenomena also play an important role.
During heating, plastics melt, enabling physical encapsulation of biomass particles and
increasing the reaction contact surface area [33,34,91]. This phenomenon may initially
limit the diffusion of volatile products (the encapsulation effect); however, in later stages it
promotes secondary cracking and reforming reactions, resulting in an increased share of
light hydrocarbons and improved oil quality. Gas–solid interactions, including reactions on
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the surface of the forming char, further intensify secondary transformations and influence
the final product distribution [33,34].

Another factor enhancing synergistic effects is the catalytic activity of mineral compo-
nents present in biomass, particularly alkali and alkaline earth metals. Elements such as
K, Na, Ca, or Mg can catalyze polymer decomposition and secondary reactions, including
deoxygenation, aromatization, and condensation, leading to a reduction in the effective
activation energy and improved fuel properties of liquid products (oil) [49,73,92].

The main physicochemical mechanisms governing synergistic interactions during
biomass–plastic co-pyrolysis are summarized in Figure 2.

Figure 2. Schematic illustration of the principal mechanisms governing synergistic interactions
during co-pyrolysis of biomass and plastic waste (author’s own elaboration).

The type of plastic used significantly determines the dominant interaction mechanisms.
Polyolefins (PE, PP) primarily promote hydrogen transfer and reduction of oxygen content
in products, resulting in increased hydrocarbon and alcohol fractions and reduced char
formation [73,74,90,93]. Polystyrene (PS), as an aromatic polymer, favors the formation of
aromatic compounds and increases the proportion of hydrogen and methane in the gas
phase [73,91]. In contrast, oxygen-containing or heteroatom-containing polymers such
as PET may introduce additional functional groups (esters, acids), affecting the balance
between dehydration, condensation, and cracking processes, leading to more complex
effects, simultaneously increasing the hydrocarbon content in the oil and promoting char
formation [67,90,93]. In the case of PVC and other heteroatom-containing polymers, ad-
ditional modification of reaction pathways is observed due to the presence of chlorine,
which affects product composition and may reduce overall fuel quality. During pyrolysis,
PVC typically undergoes dehydrochlorination, resulting in the release of HCl and the
formation of unsaturated polyene structures. The generated HCl and chlorine-containing
intermediates can influence subsequent cracking, condensation, and aromatization re-
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actions, promoting the formation of aromatic compounds and potentially reducing the
fuel quality of pyrolysis products due to chlorine-related contamination [82,92,94]. These
effects can be partially mitigated through dechlorination strategies. In situ addition of
calcium- and magnesium-based sorbents (e.g., CaO, MgO, or dolomite) promotes HCl
capture through the formation of stable metal chlorides, thereby reducing chlorine transfer
to pyrolysis vapors. However, the efficiency of sorbent-based approaches depends strongly
on process conditions and reactor configuration. More effective chlorine control can be
achieved through ex situ or two-stage reactor systems, where pyrolysis and subsequent
upgrading/dechlorination steps are separated [95–97].

Process conditions are also important. The strongest synergistic effects are typically
observed at elevated temperatures, where secondary reactions are intensified, and at
moderate heating rates, which facilitate effective phase contact and the development of
radical mechanisms. The biomass-to-plastic ratio is also significant; although many studies
indicate the existence of optimal ranges, there is no universal value, as the effects depend
on the specific feedstock system [49,73,98].

In summary, synergy in the co-pyrolysis of biomass and plastics arises mainly from the
combination of hydrogen transfer, radical interactions, the catalytic role of biomass mineral
components, and phase-contact effects. The type of polymer determines the direction of
these transformations, from strong deoxygenation and hydrocarbon formation in the case
of polyolefins, through aromatization in the presence of PS, to more complex and often less
favorable effects in systems containing PET or PVC, while process conditions modulate the
magnitude and efficiency of these phenomena.

Feedstock Composition and Product Distribution

The proportion of biomass and plastics in the reaction mixture determines the course of
co-pyrolysis, directly influencing the distribution of final products (oil, gas, and char), their
chemical composition, and the magnitude of synergistic effects. The literature emphasizes
that there is no universal optimal feedstock ratio, and its selection depends on the process
objective (maximization of a given fraction or achievement of specific product properties)
as well as the available types of substrates. Moderate plastic additions, generally around
10–30%, are frequently reported as beneficial for improving liquid product quality and
enhancing hydrogen transfer effects, while maintaining a substantial contribution from
biomass-derived compounds [40,99]. Higher plastic fractions (40–60% and above) are
usually applied when maximizing hydrocarbon-rich liquids or gaseous products, although
excessive plastic content may reduce the contribution of char and decrease its quality [100].
Therefore, the optimal ratio represents a compromise between improved product quality,
synergistic interactions, and the desired application of the resulting fractions.

Increasing the share of plastics, especially polyolefins such as PE and PP, typically leads
to an increase in liquid fraction yield and a reduction in char formation. This is due to the
high volatility of plastics, their low ash content, and their ability to supply hydrogen, which
promotes stabilization of liquid products [30,73,101–103]. Even a relatively small addition
of plastic (approximately 10–20%) can noticeably alter the process pathway, resulting in a
reduction of activation energy, an increase in oil yield, and a significant improvement in its
energy quality. For example, in biomass-PS or biomass-PE systems, oil calorific values of
approximately ~28 MJ/kg can be achieved at moderate plastic proportions [104]. In general
terms, a high hydrocarbon fraction favors oil and gas production [38,102,105], whereas
biomass-dominated systems lead to increased solid-phase yield [49,100,101].

The feedstock ratio also significantly affects the chemical composition of the liquid
fraction. Even a small addition of plastic leads to a pronounced reduction in oxygenated
compounds, often exceeding 50%, which results from intensified hydrogen transfer and
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deoxygenation mechanisms [40,73]. As the plastic content increases, the proportion of
hydrocarbons and aromatic compounds rises, particularly in the case of PS, whereas higher
biomass content results in increased levels of acids, aldehydes, and other oxygenated
species. In systems containing PET, an additional increase in ester content is observed,
along with a shift in the balance between aromatic and oxygenated components depending
on the biomass-to-plastic ratio [38,103].

Regarding biochar, small additions of plastic may increase its calorific value and
fixed carbon content, particularly in lignin-rich biomass. However, at higher plastic pro-
portions (≥10%), a decrease in char yield is typically observed, along with changes in
its chemical structure, including increased aromaticity and reduced oxygen-containing
functional groups, which may limit its applicability, for example in agriculture or soil
remediation [49,100,101].

The degree of synergy, understood as the deviation of experimental results from
theoretical values, is strongly dependent on the plastic content in the mixture. In many
cases, an optimal range exists in which synergistic effects are maximized; however, its value
is specific to a given pair or group of feedstocks [49,98,106,107]. At low temperatures and
high plastic content, adverse effects may occur (e.g., physical hindrance of heat transfer by
molten polymer), whereas at higher temperatures and appropriate proportions, positive
effects dominate, driven by intensive hydrogen transfer and secondary reactions [106–109].
Modeling studies and machine learning approaches indicate that the biomass-to-plastic
ratio is one of the most important factors affecting oil yield and the extent of synergy,
comparable in significance to process temperature [105,110].

3.3. Reactor Technologies and Process Conditions

The selection of reactor type in biomass and plastic co-pyrolysis processes is of funda-
mental importance for the reaction pathway, the nature of interactions between components,
and the final product distribution. Different reactor configurations primarily differ in the
mode of heat supply, the intensity of phase mixing, and the residence time of reactants
and volatile products, which directly translates into conversion efficiency and the magni-
tude of synergistic effects. The most commonly used reactor configurations employed in
co-pyrolysis are schematically illustrated in Figure 3.

Figure 3. Schematic representation of the most commonly used reactor types for biomass–plastic
co-pyrolysis (author’s own elaboration).

The presence of inert gas flow in Figure 3 is explicitly indicated only for fluidized-bed
reactors, where the gas stream is an essential operational element responsible for particle
fluidization and heat transfer. Other reactor configurations may operate under different
conditions, including inert gas flow, vacuum, or closed/pressurized systems depending
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on the specific design and research objective; therefore, gas flow was not included as a
universal element in their schematic representations.

3.3.1. Batch Reactors

Batch reactors are the simplest and most commonly used reactor configuration for
fundamental studies. In this type of system, a defined portion of feedstock is introduced
into the reaction chamber in a single charge, where it is subjected to controlled heating
without continuous feed input and without continuous product removal, except for the
gradual release of gaseous and liquid products during the process. Batch reactors are
characterized by simple construction and excellent control of operating parameters such
as temperature and residence time, making them particularly useful for studying reaction
mechanisms, kinetics, and product composition analysis. At the same time, limited heat
and mass transfer, as well as the absence of intensive mixing and continuous product
removal, promote prolonged contact of secondary vapors with the solid phase, increasing
the tendency for char formation. Therefore, batch reactors are often used in studies focused
on char properties and formation mechanisms [101,111–113].

3.3.2. Fixed-Bed Reactors

Fixed-bed reactors are also among the most commonly used systems in co-pyrolysis
research, particularly at the laboratory scale. In this configuration, the biomass and plastics
mixture is placed in a stationary bed. An inert gas flows through the bed, while the material
is heated under controlled temperatures. The reactor design is relatively simple, and the
absence of bed movement allows stable maintenance of process parameters, facilitating
analysis of the influence of reaction conditions on product composition. Long residence
times of vapors in the reaction zone and limited phase mixing promote secondary reactions
such as condensation, polymerization, and aromatization, making these systems particu-
larly useful for studying synergistic effects. At the same time, such conditions may lead to
an increased yield of char and heavier liquid fractions resulting from further secondary
transformations within the bed [41,114–116].

3.3.3. Fluidized-Bed Reactors

Fluidized-bed reactors operate by maintaining biomass and plastic particles in a
fluidized state through the flow of a carrier gas (inert gas), ensuring intensive phase mixing
and highly efficient heat transfer. Unlike static systems, the material is in continuous
motion, resulting in rapid and more uniform heating of the entire mixture and reduced
local temperature gradients. This characteristic promotes fast pyrolysis processes and
improves control over the decomposition pathway. Due to the high mixing intensity and
good contact between biomass and plastic particles, fluidized-bed reactors are particularly
advantageous in co-pyrolysis, where interphase interactions and radical reactions are of key
importance. These conditions favor increased yields of liquid and gaseous fractions while
simultaneously reducing char formation and intensifying synergistic effects resulting from
hydrogen transfer and secondary gas-phase reactions. For this reason, fluidized systems
are often preferred in studies aimed at achieving high oil yields and potential scale-up to
technical applications [49,73,101,117,118].

3.3.4. Two-Stage Reactors

These reactors consist of two sequentially connected process zones, where the first
stage is responsible for the actual (co-)pyrolysis of biomass and plastics, and the second
serves as a secondary treatment zone, most often catalytic. In the first stage, thermal
decomposition of the feedstock occurs and pyrolytic vapors are generated, which are then
directly transferred to the second chamber, where they undergo further transformation in
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the presence of catalysts (e.g., zeolites such as ZSM-5 or metal oxides). This configuration
allows separation of product formation from upgrading, providing greater control over the
final bio-oil composition. In particular, the second stage promotes intensive deoxygenation,
cracking of heavy fractions, and aromatization, leading to an increased hydrocarbon
content and improved fuel quality. At the same time, the two-stage system enhances
synergistic effects in co-pyrolysis, as it enables utilization of hydrogen released from
plastics in catalytic upgrading reactions, resulting in more efficient biomass conversion and
reduction of oxygenated compounds [42,73,119,120].

From a practical perspective, reactor selection should be determined by the intended
application and desired product outcome. Batch and fixed-bed reactors remain valu-
able for fundamental investigations of reaction mechanisms, feedstock interactions, and
product characterization. Due to their longer vapor residence times and limited mixing,
these configurations may also be advantageous when the production and characterization
of carbon-rich char is the primary objective. However, their limited heat transfer and
scalability restrict their direct, optimal application for large-scale continuous processing.
Fluidized-bed reactors are generally more suitable when the objective is maximizing liquid
and gaseous product yields due to efficient heat transfer and enhanced contact between
biomass and plastic phases. For applications requiring improved oil quality and targeted
upgrading, two-stage reactors offer additional advantages by combining pyrolysis with
catalytic treatment. Therefore, fluidized-bed and integrated two-stage configurations ap-
pear to be the most promising directions for future scale-up, although their implementation
requires further validation under realistic waste-processing conditions.

A comprehensive comparison of reactor types highlighting their influence on heat
transfer, mixing characteristics, and synergistic effects in biomass–plastic co-pyrolysis is
provided in Table 2.

Table 2. Comparison of reactor types for co-pyrolysis and their main properties.

Reactor
Type

Mixing/Heat
Transfer

Residence
Time Advantages Limitations Synergistic

Effect Potential References

Batch
Poor mixing,

limited heat and
mass transfer

Long

Simple design, precise control
of temperature and residence
time, suitable for mechanistic

and kinetic studies

High char formation due to
prolonged vapor-solid

interaction, not suitable for
continuous operation

Low [101,111–113]

Fixed-bed
Limited mixing,
moderate heat

transfer
Long

Simple configuration, stable
operating conditions, useful

for studying reaction
pathways and synergy

Secondary reactions
(condensation,

polymerization), increased
char and heavy fractions

Medium [42,114–116]

Fluidized-bed
Optimal mixing,
highly efficient

heat transfer
Short

Uniform temperature,
enhanced oil and gas yield,

reduced char formation,
strong synergistic interactions

Complex design, higher
operational cost High [49,73,101,117,118]

Two-stage
Moderate mixing,
controlled mass

transfer
Controlled

Improved bio-oil quality,
enhanced deoxygenation,
catalytic upgrading, better

control of product distribution

More complex system design,
higher cost High [42,73,119,120]

3.4. Operating Parameters

Operating parameters characterize the course of co-pyrolysis, determining both prod-
uct distribution and the intensity of synergistic effects between biomass and plastics. The
most important parameters include:

• Reaction temperature;
• Heating rate;
• Vapor residence time;
• Process atmosphere;
• Plastic content in the mixture;
• Physical properties of the feedstock;
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• Presence of catalysts.

Reaction temperature is a key factor controlling the degree of conversion and the
direction of transformations. Co-pyrolysis is typically carried out in the range of 400–700 ◦C,
with the optimal range for maximizing oil yield most often lying between 450–550 ◦C. An
increase in temperature promotes higher yields of liquid and gaseous products and reduces
char formation; however, it simultaneously intensifies secondary reactions such as cracking
and aromatization [30,49,102].

Heating rate: low heating rates (slow pyrolysis) favor char formation due to prolonged
interaction between solid and gas phases, whereas high heating rates (fast or flash py-
rolysis) lead to increased yields of liquid and gaseous fractions. In co-pyrolysis, strong
synergistic effects are often observed under conditions combining high temperature with
moderate or lower heating rates, which provide more time for interphase reactions to
occur [37,49,111,117,121].

Vapor residence time directly influences the extent of secondary transformations. Short
residence times limit secondary decomposition of products and favor the preservation of
light liquid fractions, whereas longer residence times lead to intensified cracking, aromati-
zation, and increased formation of gaseous products and secondary char [26,101,102,117].

Atmospheric conditions also play an important role. Most studies employ an inert
atmosphere (e.g., nitrogen or argon) at near-atmospheric pressure, ensuring controlled
pyrolysis conditions. However, the use of reactive gases such as CO2 or steam can modify
product distribution, increasing the gas fraction and influencing the structure and properties
of the resulting char. Under these conditions, the char may undergo physical activation
through partial gasification reactions, where CO2 and steam react with carbon structures
to form CO and H2, respectively. These reactions consume part of the carbon matrix and
gradually develop additional pores, increasing the specific surface area and improving the
adsorption properties of the resulting carbon material [26,73,101,117].

Physical factors, such as particle size, bed height, and bed characteristics, affect heat
and mass transfer efficiency. Smaller particles and more homogeneous beds promote faster
heating and reduce the formation of undesirable secondary products such as tars or hard
char [101,117,121].

An additional process intensification factor is the use of catalysts, applied either in
situ or ex situ. Catalysts used in biomass–plastic co-pyrolysis can be broadly classified
into three main groups: natural mineral catalysts, zeolitic materials, and metal-based or
composite catalysts. Naturally occurring mineral components, including Ca-, Mg-, and
alkali-containing phases present in biomass ash or introduced as mineral additives, can
promote deoxygenation, cracking, and secondary transformation reactions. Zeolites, par-
ticularly ZSM-5, are widely applied due to their strong acidic properties, which enhance
vapor cracking and aromatization, leading to increased formation of light hydrocarbons
and aromatic compounds. Metal-based and composite catalysts, including Ni-, Co-, and
metal oxide-based systems, are mainly investigated for applications requiring enhanced
hydrogen production, reforming reactions, or deeper upgrading of oxygen-containing
compounds. In biomass–plastic co-pyrolysis systems, catalysts can strengthen synergistic
interactions by facilitating hydrogen transfer, reducing oxygenated compounds, and direct-
ing product distribution toward more desirable fuel fractions [28,73,110]. However, their
long-term effectiveness may be limited by catalyst deactivation phenomena, particularly
coke deposition on active sites and chlorine poisoning in systems containing PVC-derived
compounds. Therefore, catalyst regeneration, stability, and resistance to contaminants are
critical factors for practical implementation. In situ catalytic approaches provide direct
contact between the catalyst and reacting feedstock, which can enhance interaction intensity,
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whereas ex situ configurations allow better control over vapor upgrading and reduce direct
exposure of catalysts to inorganic impurities and solid residues [104,122,123].

Finally, as previously described, the composition of the feedstock mixture, particularly
the proportion and type of plastics, has a significant influence on the process behavior. A
comparative overview of key operating parameters and their impact on product distri-
bution, reaction pathways, and synergistic interactions in biomass–plastic co-pyrolysis is
summarized in Table 3.

Table 3. Effect of operating parameters on product distribution in co-pyrolysis.

Parameter Typical
Condition

Yield of
Liquid/Oil

Yield of
Gas

Yield of
Char

Effect on Synergistic
Interactions

Temperature 400–700 ◦C

Increases initially and
decreases at higher

temperatures due to
intensified cracking
and aromatization

Increases with
increasing

temperature

Decreases as
temperature

increases

Enhanced at higher
temperatures; negative

synergy may occur at low
temperatures

Heating rate Low to high
Increases with higher

heating rates (fast
pyrolysis conditions)

Increases at very high
heating rates

Decreases with
increasing

heating rate

Strong synergistic effects
observed at high

temperatures combined
with moderate
heating rates

Vapor residence
time Short to long

Decreases due to
secondary cracking

reactions

Increases due to
enhanced secondary

reactions

Increases due to
secondary char

formation

Promotes secondary
reactions and enhances
synergistic interactions

Atmosphere
Inert (N2,

Ar)/Reactive
(CO2, steam)

Depends on gas type
and reaction conditions

Increases in reactive
atmospheres

Decreases in reactive
atmospheres

Influences reaction
pathways and product

distribution

Feedstock
particle size Small to large

Increases with smaller
particle size due to

improved heat transfer

Increases due to
enhanced

volatilization

Decreases due to
reduced secondary

reactions

Improves interaction
efficiency between phases

Catalyst Zeolites, minerals,
metal oxides

Improves quality
through enhanced
deoxygenation and

aromatization

Increases formation
of hydrogen and

light hydrocarbons

Decreases due to
enhanced conversion

Strongly enhances
synergistic interactions

3.5. The Influence of Process Parameters on the Pyrolysis Effect

Synergistic effects in the co-pyrolysis of biomass and plastics are strongly dependent
on operating conditions. These parameters govern both radical reaction pathways and the
extent of interactions between the decomposition products of both components.

Temperature and heating rate play a fundamental role in shaping synergy. High
temperatures promote positive synergistic effects by intensifying radical reactions between
volatile products of biomass and plastics as well as secondary cracking reactions [30,34,122].
Synergy is mainly concentrated in the range of 250–580 ◦C, corresponding to the main
thermal decomposition zone. Within this range, a significant reduction in effective ac-
tivation energy is observed, by as much as approximately 30% compared to individual
components, indicating strong chemical interactions [36,79]. At too low temperatures,
negative synergy may occur, where molten plastic surrounds biomass particles, limiting the
release of volatile products [34,78,98]. Only at higher temperatures is this barrier overcome,
leading to a transition toward clearly positive synergistic effects. Heating rate further
modulates these effects by influencing shifts in the decomposition range and the intensity
of interphase interactions.

The residence time of products and reactor characteristics are also important. A longer
vapor residence time in the high-temperature zone promotes secondary reactions such as
cracking, aromatization, and volatile–char interactions, which often enhance synergistic
effects and lead to significant changes in gas and oil composition [83,106,115]. At the same
time, the efficiency of phase contact is a key factor, both solid–solid (molten plastic and
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biomass particles) and gas–solid (volatile products and char surface) [33]. In reactors with
limited mixing, such as conventional fixed-bed systems, mass transfer limitations may
occur, whereas in fluidized systems, enhanced mixing and more uniform heating promote
stronger interactions and higher yields of liquid and gaseous products [117,118].

An additional factor enhancing synergistic effects is the presence of catalysts and
natural mineral components in biomass. Alkali and alkaline earth metals present in
biomass act as in situ catalysts, lowering activation energy and promoting deoxygenation
and aromatization reactions [26,30,34,122]. The use of external catalysts, such as zeolites
(e.g., ZSM-5) or metal oxide systems (e.g., Co/CeO2/Al2O3), further shifts synergy toward
increased production of light hydrocarbons and hydrogen while reducing solid residues. In
this context, improved oil quality refers primarily to reduced oxygen content, lower acidity,
higher heating value, increased hydrocarbon fraction, and enhanced chemical stability,
which improve its suitability for further upgrading or utilization as a fuel or chemical
feedstock. In particular, two-stage configurations enable effective utilization of synergy
between hydrogen donation from plastics and catalytic upgrading of products, leading to a
significant improvement in the fuel quality of oil [38,109].

Feedstock preparation also plays an important role. Pre-treatment of biomass (e.g., dry-
ing, ash removal, or chemical modification) can enhance synergistic interactions by im-
proving contact between biomass and plastic phases, increasing the accessibility of reactive
functional groups, and modifying the catalytic effect of mineral components. For exam-
ple, drying reduces moisture-related limitations during heat transfer, while controlled
ash removal can alter the contribution of inorganic species to secondary cracking and
deoxygenation reactions. Appropriate selection of material pairs with compatible struc-
tural properties can further promote hydrogen transfer and radical interactions between
biomass-derived intermediates and plastic-derived hydrocarbons [124,125].

3.6. Product Yields and Properties
3.6.1. Liquid Fraction (Oil)

The liquid fraction obtained from co-pyrolysis is widely considered the most valuable
product due to its potential use as a fuel precursor and chemical feedstock. In conventional
biomass pyrolysis, the resulting bio-oil typically shows low fuel quality, with a calorific
value (HHV) in the range of approximately 15–20 MJ/kg, often 35–50% oxygen content,
difficulty in ignition, high water content if the feedstock was not completely dry, and
significant acidity and instability [41,57,126]. These properties arise from the decomposition
of lignocellulosic components, which generate large amounts of oxygenated compounds
such as acids, aldehydes, ketones, and phenolics.

The addition of plastics can significantly improve the quality of the liquid product.
Plastics such as PE, PP, or PS contain high hydrogen and carbon contents, which support
hydrogen transfer reactions during co-pyrolysis. As a result, the produced oil often exhibits
a higher H/C ratio, lower oxygen content, improved calorific value, and reduced acidity
compared with oil derived solely from biomass. This indicates that plastic-rich feedstocks
may promote partial upgrading directly during thermal conversion [42,127,128].

Numerous studies have also reported increased liquid yields under co-pyrolysis con-
ditions. The extent of improvement depends on feedstock composition, blending ratio, and
operating conditions. Synergistic effects are frequently observed at intermediate biomass-
to-plastic ratios, where interactions between biomass volatiles and plastic-derived radicals
enhance the conversion of oxygenated intermediates into hydrocarbon-rich condensable
vapors. Plastic type strongly influences oil composition; PS generally favors the forma-
tion of aromatic hydrocarbons [75,128], while PE and PP tend to generate more aliphatic
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compounds and lighter hydrocarbon fractions [129–131]. Therefore, product quality can be
tailored to some extent through feedstock selection and process optimization.

3.6.2. Gas Fraction (Pyrogas)

The gaseous products from biomass–plastic co-pyrolysis are mainly composed of CO,
CO2, H2, CH4 and light hydrocarbons (C1–C4). Compared with single biomass pyroly-
sis, the presence of plastics shifts gas formation toward more reduced species, increasing
the share of hydrogen and hydrocarbon gases while suppressing oxygenated compo-
nents [132–134].

This compositional change is reflected in the energy characteristics of the gas phase.
Reported lower heating values are typically in the range of 14–16 MJ/Nm3, indicating
an improvement in fuel quality. This represents a significant upgrade compared with
biomass-derived gases, which are typically in the range of 6–9 MJ/Nm3 [73,135,136].

Gas yield is strongly dependent on both plastic type and operating severity. Mixtures
containing polyolefins (e.g., PE, PP) generally produce moderate gas fractions, while
systems involving polystyrene may lead to significantly higher gas formation due to
enhanced depolymerization and secondary cracking reactions. At higher temperatures,
the formation of hydrocarbons (alkanes and alkenes) is promoted, whereas the fraction of
oxygenated species such as CO2 and low-molecular oxygenates is reduced [133–135].

Overall, co-pyrolysis improves the energetic quality of the gas phase by increasing its
reducing character and hydrocarbon content, making it a more viable in-process energy
carrier and reducing external energy requirements for the system.

3.6.3. Solid Fraction (Char)

The solid fraction from biomass–plastic co-pyrolysis consists of a carbon-rich char
whose yield and properties depend strongly on feedstock composition and operating
conditions. In biomass-only pyrolysis, char yields are typically in the range of 20–35%,
depending mostly on the temperature of the process [137,138].

Polyolefins such as PE and PP generally favor secondary deposition of hydrocarbon
fragments onto the char surface, which may slightly maintain or moderately increase
char yield (often around 18–28%) while increasing carbon content and reducing oxygen
functionality. This results in lower O/C ratios and higher carbon density compared to
biomass-derived char [100,129,139]. In contrast, oxygen-containing polymers such as PET
tend to influence char formation less through yield changes (~15%) and more through
modification of surface chemistry and structural properties [134,140].

Specific surface area and porosity can also be significantly affected. In some cases,
co-pyrolysis leads to a reduction in surface area due to partial pore blockage by condensed
volatiles, while in others pore development is enhanced depending on temperature and
feedstock ratio. This leads to a decrease in the specific surface area to an order of even
less than 10 m2/g [140,141]. However, with appropriate process conditions and feedstock
combination, the surface can even exceed 450 m2/g [142]. The observed differences are
mainly related to the type of plastic and the balance between pore formation and pore
blockage by plastic-derived carbon species. Polyolefin-based plastics such as PE and PP
may reduce the accessible surface area due to the deposition of hydrocarbon-derived carbon
on char surfaces, whereas oxygen-containing polymers such as PET can promote changes
in pore structure through additional gas-forming reactions [140–142].

Overall, the solid fraction produced via co-pyrolysis shows strong variability in both
yield and physicochemical properties, primarily driven by plastic type and process severity.
A summary of yields and selected properties of co-pyrolysis products, together with the
biomass pyrolysis products themselves, is presented in Table 4.
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Table 4. Distribution and characteristics of co-pyrolysis products compared to biomass-only pyrolysis.

Product
Fraction

Typical Yield Key Property Main Quality
Improvements Sources

Biomass Co-Pyrolysis Biomass Co-Pyrolysis

Liquid 35–55% 40–65% HHV = 15–20 MJ/kg HHV = 25–40 MJ/kg Lower oxygen content, higher H/C ratio,
improved stability and fuel quality [42,57,126,128–131]

Gas 10–20% 10–25% HHV = 14–16 MJ/Nm3 HHV = 6–9 MJ/Nm3 Higher H2 and hydrocarbon content,
reduced oxygen compounds [73,132–135]

Solid 20–35% 15–30% Variable tendency (increase or decrease of selected parameters—surface area, porosity, calorific
value) depending on the type of feedstock)

[100,134,137,138,
140–142]

The notified variations in char properties result from different reaction pathways
during co-pyrolysis. The addition of polyolefins (PE and PP) generally decreases char
yield due to enhanced volatilization and hydrogen transfer, while increasing the carbon
content and calorific value of the remaining solid fraction. In contrast, PET and PVC may
promote condensation and carbonization reactions, contributing to higher char formation.
Changes in surface area and porosity are associated with the balance between pore devel-
opment during secondary reactions and pore blockage caused by deposition of condensed
volatiles [100,134,137,141,142].

Overall, plastic-rich mixtures, particularly those containing PE or PP, generally favor
liquid and gaseous hydrocarbon production due to enhanced hydrogen transfer, whereas
biomass-dominated systems tend to increase char formation. Therefore, the optimal feed-
stock ratio should be selected according to the desired product pathway rather than a
universal composition.

4. Valorization of Co-Pyrolysis Products for Circular Economy Applications
4.1. Bio-Oil as Secondary Feedstock in Circular Carbon Systems

The liquid fraction obtained from biomass–plastic co-pyrolysis should be interpreted
primarily through the lens of circular carbon management rather than conventional fuel
production. Its systemic relevance lies in its ability to act as an intermediate carrier of
carbon that can be reintroduced into industrial value chains. In this sense, bio-oil does not
represent a final product but rather a transitional stream between waste-derived feedstocks
and established petrochemical infrastructures [11,12].

Within circular economy frameworks, the most relevant pathway for co-pyrolysis oils
is their integration into refinery systems, where they may partially substitute fossil-derived
inputs after appropriate upgrading. This substitution potential is particularly important
in the context of reducing dependency on virgin crude oil and improving the circularity
of carbon flows. Although direct use of raw pyrolysis oils is generally limited by their
complexity and lower quality, their role as blending components or chemical intermediates
enables partial closure of material loops that would otherwise remain linear [143,144].

From a system perspective, the significance of bio-oil lies in its ability to bridge waste
management and industrial production sectors. Instead of treating biomass and plastic
waste as end-of-life materials, co-pyrolysis enables their transformation into streams that
can be redistributed across existing industrial networks. This integration reduces the need
for new fossil extraction while simultaneously increasing the functional lifespan of carbon
contained in waste materials. As such, bio-oil acts as a key enabler of circular carbon flow
re-entry into the economy [145–147].

4.2. Gas Fraction in Energy Integration and Process Self-Sufficiency

The gaseous fraction produced during co-pyrolysis plays a fundamentally different
role compared to the liquid product, as its primary value is internal rather than external.
Instead of serving as a marketable fuel, it functions most effectively within the process itself
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as an energy carrier. This internal recycling of energy aligns directly with circular economy
principles focused on minimizing external inputs and maximizing resource efficiency
within industrial systems [32,148].

In practical implementations, non-condensable gases are commonly redirected to
support reactor heating or auxiliary energy demand, thereby reducing the requirement for
external fossil-based energy sources. This internal loop significantly improves the overall
energy balance of the process and enhances operational sustainability. In more integrated
systems, the gas fraction can also be coupled with combined heat and power units, further
extending its role in decentralized energy recovery [32,149,150].

At a broader system level, the gas fraction contributes to energy loop closure within
waste-to-resource pathways. While its economic value may be lower compared to liquid or
solid fractions, its functional importance lies in process intensification and self-sufficiency.
By enabling partial autonomy of the conversion system, it reduces the environmental
footprint associated with external energy supply and strengthens the circularity of the
overall process chain.

4.3. Char in Material Circularity and Functional Applications

The solid fraction generated in biomass–plastic co-pyrolysis represents a stable car-
bon reservoir with multiple potential applications in circular systems. Unlike liquid and
gaseous products, which are primarily associated with energy and chemical substitu-
tion, char is more closely linked to long-term material retention and functional material
applications [23,101].

In circular economy contexts, char can be directed toward several valorization path-
ways depending on its structural and physicochemical characteristics. One of the most
relevant applications is its use in environmental remediation, particularly in adsorption
processes for organic pollutants and heavy metals. In this role, char functions as a low-
cost carbon-based material that replaces more energy-intensive adsorbents, contributing
to resource efficiency. Another important pathway is its use in soil-related applications,
where it may improve soil structure and contribute to long-term carbon sequestration. This
introduces a temporal dimension to circularity, as carbon is not only recycled but also
stabilized within environmental systems for extended periods [100,151–153].

Additionally, char can serve as a precursor for more advanced carbon materials,
including energy storage and water filtration systems, expanding its role from waste-
derived residue to functional industrial input [20,154,155].

From a circular systems perspective, the importance of char lies in its ability to retain
carbon in solid form while simultaneously displacing virgin materials in environmental
and industrial applications. This dual function of carbon storage and material substitution
makes it a key component of solid-phase resource recovery strategies.

4.4. System-Level Circularity of Co-Pyrolysis Products

The evaluation of biomass–plastic co-pyrolysis should not be limited to product yields
or individual material properties, as these parameters alone do not capture its contribution
to circular economy objectives. Instead, the process must be assessed at the system level,
where the interaction between different product streams and their integration into existing
infrastructures becomes the central consideration.

Each product fraction contributes differently to circularity. The liquid fraction enables
partial substitution of fossil-derived carbon in refining and chemical industries, thereby
reducing upstream resource extraction. The gaseous fraction enhances internal energy
efficiency and reduces reliance on external energy inputs, contributing to energy loop
closure within the process boundary. The solid fraction supports long-term carbon re-
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tention and material substitution in environmental and industrial applications. Together,
these pathways form a multi-stream recovery system that extends beyond simple waste
conversion [93,156].

A comprehensive circularity assessment therefore requires moving beyond traditional
yield-based metrics toward system-oriented indicators. These include resource substitution
efficiency, degree of integration into industrial value chains, and overall contribution to clos-
ing material and carbon loops. Such an approach allows for a more accurate representation
of the role of co-pyrolysis within broader sustainability strategies [156–158].

In this context, biomass–plastic co-pyrolysis should be understood not as an isolated
conversion technology, but as a functional component of integrated circular economy
systems that connect waste management, energy production, and material recovery into a
unified framework.

5. Barriers, Challenges, and Future Development of Co-Pyrolysis in
Circular Economy Systems

Despite the growing recognition of biomass–plastic co-pyrolysis as a promising route
for mixed waste valorization, the main barrier to its commercialization is the transition
from controlled laboratory-scale systems to reliable industrial operation. This challenge
is not associated with a single limitation but results from the combination of feedstock
variability, process scale-up difficulties, regulatory uncertainty, and economic requirements
related to downstream product upgrading. While laboratory and pilot-scale studies consis-
tently demonstrate its potential for producing valuable liquid, gas, and solid fractions, the
validation of long-term technical and economic feasibility under realistic waste-processing
conditions remains the key unresolved issue.

One of the primary technical barriers is feedstock variability. In real-world waste
streams, both biomass residues and plastic wastes exhibit significant heterogeneity in com-
position, moisture content, contamination level, and physical form. Biomass may contain
varying proportions of lignocellulosic components as well as inorganic impurities such as
ash [63,64], while plastic waste often consists of complex mixtures of polymers, additives,
dyes, and degradation products. This variability directly affects process stability, product
distribution, and reproducibility of results. Contaminants such as chlorine-containing
plastics (e.g., PVC) or heavy metals in biomass further complicate thermal conversion
processes, potentially leading to corrosion, catalyst deactivation, or the formation of un-
desired by-products [26,139,159,160]. As a result, effective pre-treatment and feedstock
conditioning strategies remain a critical requirement for reliable system operation.

In addition to technical issues, regulatory and market-related constraints significantly
influence the feasibility of co-pyrolysis deployment. In many regions, pyrolysis-derived
products are not yet fully integrated into existing fuel or chemical classification frameworks,
which limits their market acceptance and commercial utilization. Uncertainty regarding
product standards, quality requirements, and environmental compliance creates barri-
ers for industrial investment [16,161]. Furthermore, policy frameworks governing waste
classification and end-of-waste criteria are often not harmonized across jurisdictions, com-
plicating cross-border development of co-pyrolysis technologies. Market competitiveness
is also affected by the relatively low cost of fossil-derived fuels and established recycling
pathways, which may reduce the economic attractiveness of alternative conversion tech-
nologies [162–164].

Another important challenge concerns scale-up and infrastructure development.
While laboratory-scale systems demonstrate controlled reaction conditions and optimized
yields, industrial-scale reactors face difficulties in maintaining heat transfer efficiency, feed-
stock uniformity, and product consistency. The design of reactors capable of handling
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mixed waste streams at high throughput remains a key engineering challenge. In addi-
tion, the integration of co-pyrolysis units into existing waste management and industrial
infrastructures requires significant investment in logistics, preprocessing facilities, and
downstream upgrading systems. Without such integration, the potential benefits of circular
resource recovery remain limited to localized or experimental applications [11,121,165].

Future development of biomass–plastic co-pyrolysis should therefore focus on several
specific research and implementation priorities. First, standardized feedstock characteriza-
tion and improved preprocessing strategies are required to reduce the influence of waste
variability on process performance and enable more reliable comparison between studies.
Second, catalyst development should focus not only on improving product selectivity
but also on long-term catalytic stability, resistance to deactivation, and practical regener-
ation strategies. Third, more comprehensive techno-economic and life cycle assessments
are needed to evaluate the feasibility of industrial deployment beyond laboratory-scale
performance, including energy demand, upgrading requirements, and environmental
impacts [161]. In addition, artificial intelligence and machine learning approaches may
provide new opportunities for process optimization by predicting product distribution
and identifying optimal operating conditions. Finally, future studies should emphasize
system-level integration, including coupling co-pyrolysis with existing refinery, energy, and
waste management infrastructures to support practical circular economy implementation.

6. Conclusions
The reviewed literature confirms that biomass–plastic co-pyrolysis represents a promis-

ing pathway for circular waste valorization by enabling the conversion of heterogeneous
waste streams into secondary resources. The main benefit identified across the reviewed
studies is the ability of plastic-derived hydrogen and biomass-derived reactive intermedi-
ates to modify product distribution and improve liquid fraction properties compared with
individual pyrolysis processes. Compared with biomass-only pyrolysis, the addition of
plastics generally enhances the quality of the liquid fraction through higher energy content
and lower oxygenation, while the gaseous fraction can support internal energy recovery
and process efficiency. At the same time, the solid residue may provide a carbon-rich
material suitable for further valorization, although its final application depends on its
physicochemical properties and potential contaminants.

Beyond product quality improvements, the main advantage of co-pyrolysis lies in its
system-level relevance within circular economy frameworks. The process enables partial
reintegration of waste-derived carbon into fuel, chemical, and material value chains, while
reducing reliance on virgin fossil resources and limiting landfilling or low-value disposal
routes. In this sense, co-pyrolysis should be understood not only as a thermochemical
conversion technology, but also as a connecting platform between waste management and
industrial resource use.

However, the transition from laboratory-scale studies to real circular deployment still
faces several limitations. Feedstock heterogeneity, contamination, scale-up challenges, un-
certain regulatory frameworks, and the need for downstream upgrading remain important
barriers to commercialization. Therefore, future development should move beyond isolated
laboratory optimization toward integrated assessments that include technical feasibility,
environmental performance, and compatibility with existing industrial infrastructure. A
key research gap identified from the reviewed literature is the limited understanding
of how laboratory-scale synergistic effects translate into long-term performance under
realistic operating conditions. Future efforts should therefore focus on pilot- and industrial-
scale validation, supported by standardized feedstock characterization and comprehensive
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techno-economic and life cycle assessments, to determine the actual potential of co-pyrolysis
as a circular waste valorization strategy.

Overall, the future role of biomass–plastic co-pyrolysis will depend less on further
demonstrating additional laboratory synergy effects and more on proving measurable
system-level impacts in practical circular economy applications.
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57. Lewandowski, M.; Pikoń, K. Valorization of Waste Oxytree Biomass for Impregnated Solid Fuel Production—Process Assessment
and Fuel Property Evaluation. Energies 2026, 19, 1817. [CrossRef]

58. Apaydın Varol, E.; Mutlu, Ü. TGA-FTIR Analysis of Biomass Samples Based on the Thermal Decomposition Behavior of
Hemicellulose, Cellulose, and Lignin. Energies 2023, 16, 3674. [CrossRef]

59. Sidhu, A.S.; Siddique, R.; Singh, G. Review on the Effect of Sewage Sludge Ash on the Properties of Concrete. Constr. Build. Mater.
2024, 449, 138296. [CrossRef]

https://doi.org/10.3390/app16147362

https://doi.org/10.1016/j.apenergy.2020.115811
https://doi.org/10.1016/j.fuel.2022.125724
https://doi.org/10.1016/j.heliyon.2024.e37255
https://www.ncbi.nlm.nih.gov/pubmed/39296210
https://doi.org/10.2298/hemind240608010j
https://doi.org/10.1016/j.joei.2021.03.022
https://doi.org/10.1016/j.jaap.2022.105464
https://doi.org/10.1016/j.jaap.2024.106379
https://doi.org/10.1080/10942912.2018.1484759
https://doi.org/10.5552/drind.2016.1446
https://doi.org/10.1016/j.indcrop.2022.115432
https://doi.org/10.1016/j.jclepro.2013.02.016
https://doi.org/10.1163/22941932-90000035
https://doi.org/10.1007/s40974-019-00110-z
https://doi.org/10.1016/j.indcrop.2019.02.046
https://doi.org/10.1155/joch/7990012
https://doi.org/10.1016/j.jclepro.2019.02.274
https://doi.org/10.3390/ma14154119
https://www.ncbi.nlm.nih.gov/pubmed/34361313
https://doi.org/10.3389/fchem.2025.1538797
https://www.ncbi.nlm.nih.gov/pubmed/39917047
https://doi.org/10.1016/j.indcrop.2023.117001
https://doi.org/10.3390/fire6020059
https://doi.org/10.15376/biores.14.4.9826-9839
https://doi.org/10.3390/en19081817
https://doi.org/10.3390/en16093674
https://doi.org/10.1016/j.conbuildmat.2024.138296
https://doi.org/10.3390/app16147362


Appl. Sci. 2026, 16, 7362 25 of 29

60. Chan, W.P.; Wang, J.-Y. Comprehensive Characterisation of Sewage Sludge for Thermochemical Conversion Processes—Based on
Singapore Survey. Waste Manag. 2016, 54, 131–142. [CrossRef] [PubMed]

61. Ghosh, S.; Pramanik, K. Extraction of Lignin from Sustainable Lignocellulosic Food Waste Resources Using a Green Deep Eutectic
Solvent System and Its Property Characterization. Int. J. Biol. Macromol. 2025, 307, 142094. [CrossRef] [PubMed]

62. Singh, R.P.; Sarkar, A. (Eds.) Management of Agricultural Wastes Using Microbial Agents. In Waste Management: Challenges,
Threats and Opportunities; Nova Science Publishers: New York, NY, USA, 2015; pp. 7–10.

63. Scheffel, A.J.; Johnsrude, L.M.; Allen, B.L.; Wettstein, S.G. Composition Analysis and Environmental Factors Influencing Biomass
Quality: A Comparative Study of Montana-Grown Biomasses. BioEnergy Res. 2023, 17, 956–963. [CrossRef]

64. Esteves, B.; Sen, U.; Pereira, H. Influence of Chemical Composition on Heating Value of Biomass: A Review and Bibliometric
Analysis. Energies 2023, 16, 4226. [CrossRef]

65. Chen, X.; Hu, Y.; Feng, S.; Rui, Y.; Zhang, Z.; He, H.; He, X.; Ge, T.; Wu, J.; Su, Y. Lignin and Cellulose Dynamics with Straw
Incorporation in Two Contrasting Cropping Soils. Sci. Rep. 2018, 8, 1633. [CrossRef] [PubMed]

66. Edjabou, M.E.; Boldrin, A.; Astrup, T.F. Compositional Analysis of Seasonal Variation in Danish Residual Household Waste.
Resour. Conserv. Recycl. 2018, 130, 70–79. [CrossRef]

67. Lohani, A.; Bista, B.; Mahato, A.B.; Khanal, A.J.; Dulal, B.; Tripathee, B.R.; Karki, K.; Gurung, S.B.; Kafle, S.; Karki, B.K. Seasonal
Variation in Solid Waste Composition and Characteristics in a Newly Formed Semi-Urban Municipality of Nepal. Clean. Waste
Syst. 2025, 10, 100228. [CrossRef]

68. Adelodun, B.; Kim, S.H.; Choi, K.-S. Assessment of Food Waste Generation and Composition among Korean Households Using
Novel Sampling and Statistical Approaches. Waste Manag. 2021, 122, 71–80. [CrossRef] [PubMed]

69. Rashid, A.; Schutte, B.J.; Ulery, A.; Deyholos, M.K.; Sanogo, S.; Lehnhoff, E.A.; Beck, L. Heavy Metal Contamination in Agricultural
Soil: Environmental Pollutants Affecting Crop Health. Agronomy 2023, 13, 1521. [CrossRef]

70. Lewandowski, M.; Landrat, M.; Kowalczyk, A. The Impact of Continuous Heavy Metal Emissions from Road Traffic on the
Effectiveness of the Phytoremediation Process of Contaminated Soils. Appl. Sci. 2025, 15, 9748. [CrossRef]

71. Lewandowski, M. Assessment of Heavy Metal Accumulation in Local Vegetation Due to Road Traffic. Archit. Civ. Eng. Environ.
2025, 18, 75–85. [CrossRef]

72. Zheng, M.; Li, X. Co-Pyrolysis Behaviors of Biomass and Polymer Plastics by Using Reactive Molecular Dynamics Simulation.
Energy 2024, 296, 131165. [CrossRef]

73. Wang, Z.; Burra, K.G.; Lei, T.; Gupta, A.K. Co-Pyrolysis of Waste Plastic and Solid Biomass for Synergistic Production of Biofuels
and Chemicals-A Review. Prog. Energy Combust. Sci. 2021, 84, 100899. [CrossRef]

74. Nardella, F.; Bellavia, S.; Mattonai, M.; Ribechini, E. Co-Pyrolysis of Biomass and Plastic: Synergistic Effects and Estimation of
Elemental Composition of Pyrolysis Oil by Analytical Pyrolysis–Gas Chromatography/Mass Spectrometry. Bioresour. Technol.
2022, 354, 127170. [CrossRef] [PubMed]

75. Xuan, W.; Yan, S.; Dong, Y. Exploration of Pyrolysis Behaviors of Waste Plastics (Polypropylene Plastic/Polyethylene Plas-
tic/Polystyrene Plastic): Macro-Thermal Kinetics and Micro-Pyrolysis Mechanism. Processes 2023, 11, 2764. [CrossRef]

76. Fan, H.; Gu, J.; Hu, S.; Yuan, H.; Chen, Y. Co-Pyrolysis and Co-Gasification of Biomass and Polyethylene: Thermal Behaviors,
Volatile Products and Characteristics of Their Residues. J. Energy Inst. 2019, 92, 1926–1935. [CrossRef]

77. Zheng, Y.; Tao, L.; Yang, X.; Huang, Y.; Liu, C.; Zheng, Z. Study of the Thermal Behavior, Kinetics, and Product Characterization
of Biomass and Low-Density Polyethylene Co-Pyrolysis by Thermogravimetric Analysis and Pyrolysis-GC/MS. J. Anal. Appl.
Pyrolysis 2018, 133, 185–197. [CrossRef]

78. Huang, Z.; Wu, J.; Yang, T.; Wang, Z.; Zhang, T.; Gao, F.; Yang, L.; Li, G. Synergistic Effects and Kinetic Analysis in Co-Pyrolysis of
Peanut Shells and Polypropylene. Foods 2024, 13, 1191. [CrossRef] [PubMed]

79. Singh, S.; Patil, T.; Tekade, S.P.; Gawande, M.B.; Sawarkar, A.N. Studies on Individual Pyrolysis and Co-Pyrolysis of Corn Cob
and Polyethylene: Thermal Degradation Behavior, Possible Synergism, Kinetics, and Thermodynamic Analysis. Sci. Total Environ.
2021, 783, 147004. [CrossRef] [PubMed]

80. Abdullahi Shagali, A.; Qing, H.; Hu, S.; Mostafa, M.E.; Xu, K.; Xu, J.; Jiang, L.; Wang, Y.; Su, S.; Xiang, J. Fast Co-Pyrolysis
of Corncob with Plastics: Evaluation of Thermal Behavior Using Deconvolution Procedure, Kinetic Analysis and Product
Characterization. Fuel 2025, 381, 133300. [CrossRef]
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