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A B S T R A C T

The increasing volume of packaging waste, a representative component of municipal solid waste, 
has raised considerable environmental concerns. The present study conducted a detailed inves
tigation into kinetic and thermodynamic of pyrolysis-gasification for post-consumer beverage 
cartons (BCs). Subsequently, the conversion was simulated using reactive force field molecular 
dynamics (ReaxFF-MD) to outline a proposed conversion pathway. Techno-economic assessment 
(TEA) was then conducted to evaluate economic performance of BCs conversion at different 
scales. The BCs decomposition could be divided into four stages of <375, 375–500, 500–800 and 
800–900 ◦C with mass loss of 51.3–60.6, 19.0–25.3, 4.9–12.3 and 2.5–4.7 wt%, respectively. 
Fourier transform infrared spectrometry and mass spectrometry confirmed the evolution of ole
fins, alkynes, and diolefins. The mean activation energy was calculated to be 60.2 kJ mol− 1 within 
conversion of <0.60, which increased significantly to 205.9 kJ mol− 1 for greater conversions. 
Positive changes in enthalpy and Gibbs free energy confirmed the endothermic and non- 
spontaneous nature of the pyrolysis-gasification reaction. The products generated and reactions 
involved in ReaxFF-MD simulation corresponded with the mass spectrometry results, indicating 
that β-scission of radicals was the predominant pathway for olefin formation. TEA analysis 
revealed that larger plants (45000 tonnes/a) had greater revenue potential, profitability, and 
positive returns on investment.

Nomenclature

List of abbreviations
BCs Beverage cartons
ReaxFF-MD Reactive force field molecular dynamics
TEA Techno-economic assessment
FTIR-MS Fourier transform infrared spectrometry and mass spectrometry
MSW Municipal solid waste
PE Polyethylene
HDPE High-density polyethylene
TCI Total capital investment
FCI Fixed capital investment
WC Working capital
TDIC Total direct and indirect costs
PC Project contingency
TIC Total installed costs
IC Indirect costs
TPEC Total purchased equipment

List of variables and indices
β Heating rate, K min− 1

α Degree of conversion
A Pre-exponential factor, min− 1

T Temperature, K
f(α) Kinetic model function
g(α) Integral form of f(α)
dα
dt Conversion rate
p(x) Temperature integral
R Universal gas constant, 8.314 J/(mol⋅K)
R2 Coefficient of correlation
ΔH change in enthalpy, kJ mol− 1

ΔS Change in entropy, kJ mol− 1 K− 1

ΔG Change in Gibbs free energy, kJ mol− 1

Kb Boltzmann constant, 1.38E-23 J K− 1

h Planck constant, 6.63E-34 Js
Tp Peak temperature from derivative thermogravimetry, K
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1. Introduction

Conventional fossil fuels currently account for about 82 % of global energy consumption. In the 21st century, the imperative to 
reduce our heavy reliance on non-renewable resources and mitigate significant pollution they generate has become increasingly ur
gent. The necessity for clean energy is further heightened by the confluence of rapid population growth, industrialization, and demand 
for sustainable global development. It is therefore imperative to implement long-term strategies that promote renewable energy 
sources and enhance energy efficiency reducing carbon emissions and achieving carbon neutrality [1]. Gasification is an environ
mentally friendly conversion that can transform organic compounds into syngas at high temperatures and controlled oxygen levels [2,
3]. It offers several environmental advantages, providing an alternative to landfilling and addressing energy security concerns, 
particularly in conflict-affected regions. Significant progresses have been achieved in reactor design, catalyst development, as well as 
engineering scale-up through extensive research. However, numerous technical challenges remain, including the design and scale-up 
of reactors, optimization of entire system through process integration, and techno-economic evaluation. These factors ultimately 
influence the commercial viability of gasification process.

Gasification has been predominantly conducted using coal as the primary feedstock. However, the conversion of diverse organic 
waste presents significant challenges due to their heterogeneous compositions. Packaging waste, constituting 15–20 wt% of total 
municipal solid waste (MSW) in various countries, represents a significant challenge in solid waste management [4]. In 2021, the EU 
produced approximately 84 million tonnes packaging waste making up over a third of all MSW [4]. A similar trend is observed in the 
USA and Australia, with packaging waste accounting for 30–35 wt% of the annual MSW generation. Beverage cartons (BCs) are 
commonly composed of paperboard, polyethylene (PE), and aluminum foil and are utilized for milk, juice, and yogurt packaging. In 
China, waste BCs represent about 15 wt% of MSW, whereas in numerous European countries, this proportion exceeds 30 wt%. In 2019, 
51 wt% of BCs entering the EU market were successfully recycled, whereas in China, the recycling rate was as low as ~20 wt%. The 
remaining waste is frequently commingled with other refuse or incinerated in an improper manner. It is therefore imperative that 
effective recycling strategies for packaging waste are developed in order to address environmental concerns and foster sustainable 
growth in packaging industry. Given the substantial quantities of paper and plastic present in packaging materials, thermal conversion 
represents a viable option for the recovery of energy and fuel [5,6]. Siddiqui et al. [7] pyrolyzed aluminium-plastic laminates over 
zeolites, resulting in the production of aromatic compounds. Wang et al. [8] employed hydrothermal treatment to recover bio-oil from 
similar waste materials. Haydary et al. [9] conducted pyrolysis of beverage cartons, yielding non-condensable gases comprising 
predominantly of H2, CO, CH4, and light hydrocarbons. Given the heterogeneous nature of this feedstock, it is critical to gain a full 
understanding of the degradation process and mechanisms in order to scale up and design effective reactors. Nevertheless, a notable 
deficiency in comprehensive research on this subject impedes the practical implementation of large-scale applications. In addition, a 
major challenge is to capture detailed structure changes at the micro level, including radicals and intermediates involved in matrix 
dissociation and vapor phase reactions. Consequently, the fundamental mechanisms of gasification and the pathways of fuel gas 
formation remain poorly understood.

Reactive force field molecular dynamics (ReaxFF-MD) simulation [10,11], represents an effective methodology for the investi
gation of intricate reaction systems, wherein the specific reaction pathways remain undetermined. It has been widely employed to 
study intricate macromolecular systems, including polymers, coal, and biomass. This approach focuses on reaction mechanisms, 
product distribution, intermediates, and role of free radicals. For example, Xuan et al. [12] applied ReaxFF-MD simulation to inves
tigate the gasification conversion of PE. Similarly, Hong et al. [13] investigated coal pyrolysis, while Pang et al. [14] examined the 
reaction mechanism of lignin gasification using this methodology. Furthermore, Cordeiro et al. [15] employed ReaxFF-MD simulation 
to examine thermal decomposition of high-density polyethylene (HDPE). Although numerous studies have demonstrated its efficiency 
in elucidating mechanisms of chemical reactions involved in macromolecular oxidation and pyrolysis, researches on the decompo
sition of BCs remain scarce. Accordingly, the kinetic and thermodynamic parameters of BCs pyrolysis-gasification were studied in this 
study. Furthermore, ReaxFF-MD was utilized to ascertain the intermediates involved at the atomic level and to propose a fundamental 
reaction mechanism. Finally, TEA was performed to evaluate the feasibility of BCs gasification.

2. Materials and methods

2.1. Raw materials

BCs sampled from a local MSW transfer station was subjected to a cleansing process utilizing deionized water. Following cleaning, 
the material was dried in oven and cut into small pieces. Then, these pieces were ground using a high-speed rotary grinder (FM200, 
Beijing Geruideman Instrument Equipment Co. Ltd., China) under nitrogen and sieved using a no. 200 mesh (<74 μm) to achieve the 
desired consistency.

2.2. Experimental procedure

Thermogravimetric analysis is widely used for the kinetic analysis of various fuels. In this study, a thermogravimetric analyzer (STA 
449 F3, Netzsch, Germany) was used. Samples with weight of ~10 mg were placed in crucibles and heated to desired temperatures 
under argon atmosphere maintained at a flow rate of 20 ml min− 1. The temperature was initially raised to ~140 ◦C to ensure complete 
removal of moisture. The samples were then heated to 900 ◦C in the presence of both steam and argon. The evolved products were 
analyzed through a thermal analyzer coupled with Fourier-transform infrared spectroscopy, while their composition was further 
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investigated using a quadrupole mass spectrometer (Clarus SQ 8T, PerkinElmer, USA).

2.3. Kinetic modeling

Kinetic modeling theories are outlined here with further discussions available in literatures [16–19]. Two principal methods are 
commonly used to analyze the decomposition of solids: model-fitting and -free approaches. Model-free techniques do not rely on 
predefined assumptions about the data distribution, offering greater flexibility and the capacity to accommodate different types of 
data. However, this flexibility may result in a reduction in accuracy. In contrast, model-fitting methods use predefined models to 
analyze the data. If an appropriate model is chosen, these methods can achieve high accuracy, but their reliability depends on the 
validity of model chosen. The selection of two methods depends on characteristics of data set, analytical objectives and assumptions 
about the underlying reaction mechanisms.

The Arrhenius equation is fundamental to understanding the influence of temperature on reaction rates and is the basis of extensive 
scientific research in this field. It is expressed as: 

dα
dT

=
A
β

e−
Ea
RT × f(α) (1) 

where α refers to the degree of conversion. The β and f(α) stand for heating rate (K min− 1) and reaction mechanism, respectively. The 
pre-exponential factor, represented by the symbol A, is given in min− 1, while the activation energy (Ea) is expressed in kJ mol− 1.

By rearranging eq. (1), the following equation can be obtained. 

g(α)=
∫ α

0

dα
f(α) =

A
β

∫ T

T0

e−
Ea
RTdT =

AEa

βR
p(x) (2) 

Where g(α) represents the temperature integral approximation and its value is influenced by specific reaction mechanism being 
considered. In this study, four models including Friedman, Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS), and Cai & Chen 
were used to determine the Ea values. The results obtained from these models were then compared to identify the most reliable model.

For Coats-Redfern (CR) model, a linear fit is performed by plotting ln g(α)
T2 against 1

T based on a given β and proposed g(α). The 
regression yields a slope of − Ea

R and intercept of ln AR
βEa

, which were used to calculate the values of Ea and A, respectively. The master- 
plots method has proven to be an effective approach for elucidating solid-state reaction mechanism. It involves comparing the 
experimental curve with theoretical ones. Further details can be found in previous report [17], where the common reaction models 
were outlined.

2.4. Thermodynamic analysis

The concept of enthalpy provides an insight into the heat changes associated with a reaction. The change in enthalpy (ΔH) indicates 
whether a reaction is exothermic or endothermic. Entropy quantifies the degree of disorder in a thermodynamic system. A negative 
values of change in entropy (ΔS) indicate a decrease in disorder, whereas a positive value indicates an increase in disorder. Gibbs free 
energy is the amount of energy available to drive a chemical reaction. The ΔH, ΔG, and ΔS values are calculated using eqs. (5)–(7) [20,
21]. 

ΔH=Ea − R ⋅ T (5) 

ΔG= Ea + R ⋅ Tp ln
kbTp

hA
(6) 

ΔS=
ΔH − ΔG

Tp
(7) 

where kb represents the Boltzmann constant. The symbol h denotes the Planck constant and Tp refers to maximum peak temperature.

2.5. ReaxFF-MD simulation method

Fig. S1 shows a schematic diagram of ReaxFF-MD simulation for reference. The molecular structure of BCs comprises cellulose and 
PE. Cellulose chains were assembled by polymerizing 1,4-β-D-glucopyranose monomers via glycosidic bonds, resulting in a poly
merization degree of 27. Conversely, PE was synthesized from ethylene monomers with a polymerization degree of 35. The cellulose 
and PE chains were incorporated into a periodic domain with dimensions of 200 Å × 200 Å × 200 Å, comprising a total of 866 atoms 
with a cellulose-to-PE mass ratio of 7:3. To simulate the steam gasification of BCs sample, the periodic box was filled with 1096 water 
molecules using the PACKMOL software. The water molecules were distributed to ensure a safe pairwise distance between them, with a 
feedstock ratio of 3. The domain was then subjected to energy minimization using the FIRE algorithm and equilibrated for 50 ps at 298 
K. During this process, domain deformation was applied to compress the model until a reaction density of 0.96 g/cm3 was achieved. 
The final dimensions of the periodic domain were 35 Å × 35 Å × 35 Å. The interatomic interactions among C, H, and O atoms were 
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governed by ReaxFF CHO force field as introduced by Chenoweth et al. [22].
To investigate the effects of reaction temperature and time on products evolution, all simulations were performed using NVT 

ensemble method. A Nose-Hoover chain (NHC) thermostat was used to control the temperature. Isothermal simulations were per
formed at 1800, 2500, and 3000 K for 500 ps to observe oxidation reactions, ensuring sufficient atomic motion and molecular collisions 
within the constraints of available computational resources.

2.6. Methodology of TEA

The BCs are sourced from MSW within a 250 km radius of the proposed gasification plant. Three processing scales 15,000, 30,000, 
and 45,000 tonnes/a are considered, representing small, medium, and large-scale gasification plants, respectively, based on typical 
waste generation rates. Waste collection was performed using covered trucks with a maximum payload capacity of 20 tonnes. 
Transport costs were calculated based on one-way distance, payload, and average diesel prices. At the gasification plant, the waste was 
shredded and pre-treated to remove unprocessable materials such as metals. The pre-treated waste was then fed into a downdraft 
gasifier operating at atmospheric pressure. Steam was used as gasifying agent, achieving a thermal efficiency of 60 %. The resulting 
syngas was fed to an onsite power generation unit using a gas engine or micro gas turbine for combined heat and power production.

TEA is an important tool for evaluating assessing the feasibility of gasification power plant [23–26]. In this study, a TEA was carried 
out for three syngas-to-power plants with different capacities to assess financial viability. The estimation of capital costs started with 
the selection of appropriate equipment based on mass and energy balances. The prices of the required equipments were obtained from 
industrial suppliers to determine total cost of purchased equipment (TPEC). Fig. S2 outlines the calculation of total capital investment 
(TCI), including TPEC, installation costs, instrumentation and piping (I&P), electrical components, and contingency costs. Key per
formance indicators (KPIs) such as specific capital cost (SCC), return on investment (ROI) and payback period (PBP) were analyzed to 
assess the profitability of plants.

2.6.1. TCI estimation
This study used the factorial method to estimate TCI. It derives capital costs from purchased equipment costs by applying multi

plying factors and provides greater accuracy than rapid or step-count methods [27]. The process began with the determination of TPEC 
for major equipment items. The remaining components of TCI were then calculated as multiples of TPEC, following the investment 
factors outlined by Peters and Timmerhaus, as detailed in Fig. S2 [28]. For all equipment except compressors and turbines, TCI was 
assumed to be 200 % of TPEC. A project contingency (PC) of 20 % was added to account for total direct and indirect costs (TDIC) was 
incorporated. In addition, working capital (WC) was estimated at 15 % of fixed capital investment (FCI). Finally, the TCI was calculated 
based on FCI and WC.

2.6.2. Economic assumptions and criteria
TEA modeled the plant as a fully owned capital asset, assuming 80 % operating availability (7000 h/a) and a project lifetime of 20 

years. These assumptions were consistent with evaluations of small to medium plants. Estimated cost of purchasing feedstock was set at 
€100/tonne, while waste collection and transport costs were set at €2.0/tonne and €7.5/tonne, respectively. Pretreatment costs were 
fixed at €0.02/tonne and a waste disposal subsidy of €15/tonne was applied. In addition, the project benefit from corporate income tax 
exemptions for the first three profitable years, followed by a reduced rate of 50 % for years four to six.

The key economic metrics were derived from TCI estimate. The SCC, which represents the capital requirements per kWh of annual 
production, was calculated using the following formula: 

SCC=
TCI

Annual electricity production (kWh)
(8) 

Gross profit (GP), including depreciation was calculated annually for each year (n = 1 to 20) using the following equation. 

GPn =ASRn − TPCn − DCn (9) 

where ASRn is the annual sales revenue. TPCn refers to the total production cost, and DCn represents the depreciation cost.
ASR was determined as: 

ASR= EPR (kWh / a) × electricity price (€ / kWh) (10) 

The total production cost consists of fixed operating expenses and feedstock/utility costs. PBP measures the time required for 
cumulative cash flows (CF) to equal FCI. This metric is essential for evaluating capital recovery timelines and is calculated as follow. 

PBP=
FCI

GPavg + DCavg
=

0.87 × TCI
CFavg

(11) 

where FCI approximates 87 % of TCI based on the methodology for calculating TCI components. ROI expresses average annual GP as a 
percentage of TCI. 

ROI(%)= 100 ×
GPavg

TCI
(12) 
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Discounted cash flow rate of return (DCFROR), also known as the internal rate of return, is defined as the interest rate (i) which 
satisfies the following condition. 

NPVN =
∑N

n=1

CFn

(1 + i)n = 0 (13) 

3. Results and discussion

3.1. TG-FTIR-MS analysis

Fig. 1 shows the TG-FTIR-MS analysis for the decomposition of BCs. TG curves (Fig. 1a) indicated a total mass loss of 90.0–95.5 wt 
%, which was higher than that reported under other atmospheres. For example, Siddiqui et al. [29] observed mass losses of 80.0 and 
82.6 wt% for two BCs samples below 800 ◦C in nitrogen. Similarly, Figen et al. [30] reported weight reductions of 88–90.1 wt% for 
carton boards, and Huo and Ma [31] found a mass loss of 89.4 wt% in CO2. The higher mass loss in present study was primarily due to 
the reduced char formation and enhanced char gasification reactions within the steam atmosphere. Xu et al. [32] showed that 
increasing steam concentration markedly reduced char yields and facilitated char condensation. Mellin et al. [33] also observed that 
the introduction of steam during biomass pyrolysis resulted in a decrease in char yield compared to other atmospheres. Fig. 1b il
lustrates the DTG curves for both paperboard and PE components fitted using a Gaussian distribution model with a multi-peak method 
in originlab software. The close match between DTG curve and Gaussian fit confirmed the accuracy of this model.

The decomposition of BCs could be divided into four stages, based on temperature and corresponding weight loss. The initial stage, 
occurring below 375 ◦C, demonstrated a notable decomposition of BCs, resulting in a mass loss of 51.3–60.6 wt%. The sharpest peak 
temperatures were recorded at 278, 340, and 342 ◦C, which correspond to three different heating rates. Cellulose fibers constitute the 
primary component of BCs and their volatilization typically occurs between 250 and 400 ◦C. Therefore, the mass loss observed in this 
stage resulted from the decomposition of paperboard. This finding was consistent with previous studies, for instance, Alvarenga et al. 
[34] attributed the mass loss at 300–420 ◦C to paperboard devolatilization, confirmed by a comparison of peak temperatures for 
carton, individual paperboard, and PE. Similarly, Siddiqui et al. [29] reported weight reductions of 35.4 and 23.8 wt% for two BCs 
samples with different paper contents at 100–380 ◦C.

In stage II (375–500 ◦C), a weight loss of 19.0–25.3 wt% was observed, with peak temperatures recorded at 425, 438, and 440 ◦C for 
the three heating rates. The presence of a single peak in DTG curve implied that plastic degradation predominantly followed a single- 
step mechanism. Siddiqui et al. [29] revealed mass losses as 35.4 and 23.8 wt% for two BCs samples and attributed to the discrepancy 
to variations in PE content. Alvarenga et al. [34] indicated that PE devolatilization occurred at 400–550 ◦C. Saad et al. [35] observed 
peaks of 480 and 474 ◦C for the degradation of LDPE under N2 and CO2 atmospheres, respectively.

Fig. 1. TG (a, b)-FTIR (c-e)-MS (f–i) analysis of BCs decomposition.
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In stage III (500–800 ◦C), a relatively low weight of 4.9–12.3 wt% was observed. Following the degradation of cellulose and 
devolatilization of PE, the release of volatiles from the sample matrix played a crucial role in char formation. Trapped volatiles can be 
charred, while repolymerization or condensation of intermediates further contributes to the secondary char formation [36]. Cellulose, 
known for its strong charring properties, typically produces a char yield of 13–27 %. In contrast, PE has a much lower char-forming 
tendency, with Liu et al. [35] and Li et al. [37] reporting minimal residues of 0.7 wt% and 0.9 wt%, respectively. At higher tem
peratures within this stage, steam reacted with CxHᵧ and residual char, resulting in the formation of DTG peaks between 605 and 
640 ◦C.

In stage IV (800–900 ◦C), a minimal weight reduction of 2.5–4.7 wt% was observed. Siddiqui et al. [29] reported a slightly higher 
weight loss of 6.4 and 5.4 wt% for two BCs samples, attributing this to the gradual decomposition of residuals. Once the char gasi
fication was complete and aluminium foil was inactive, so the mass loss in this stage could be attributed to inorganics decomposition, e. 
g. calcium carbonate [31]. The minor peak at 826 ◦C further confirmed the thermal decomposition of calcium carbonate filler.

Fig. 1c–e shows the FTIR spectra of products formed during decomposition of BCs samples. The spectral analysis identified 
prominent peaks at 4000-3500 cm− 1 (O-H stretching), 2987-2758 cm− 1 (C-H stretching), 1841-1636 cm− 1 (C=O stretching), and 
1315-992 cm− 1 (C-O/C-C stretching). In addition, bands at 2380–2269 and 742-618 cm− 1 corresponded to CO2 asymmetric stretching 
and doubly degenerate bending, respectively. Vibrations at 2218-2047 cm− 1 were linked to gaseous CO stretching, while those at 
1484-1339 cm− 1 were associated with C=C stretching. The evolution of infrared intensity with temperature demonstrated that the 
highest concentrations of evolved products were released at 250–450 ◦C, consistent with DTG peak temperatures. The evolved gases in 
stage I were more complex than those in later stages. A comparative analysis of IR spectra at the four DTG peak temperatures revealed 
prominent bands for C-H, C=O, C=C, and C-O/C-C bond vibrations at 340 ◦C. At 438 ◦C, the diversity of evolved products decreased, 
with a significant C-H bond peak. At higher temperatures of 605 and 626 ◦C, the intensity of C-H band decreased while CO2 absorption 
increased.

The gaseous products released during the BCs degradation (Fig. 1f–i) included propyne/allene (p-C3H4/a-C3H4), propargyl (C3H3), 
ethylene/carbon monoxide (C2H4/CO), vinyl anion (C2H3), methanol (CH3OH), and hydroxyl radicals (OH⋅). In addition, methane 

Fig. 1. (continued).
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(CH4), propene (C3H6), butadiene/butyne (C4H6), butene (C4H8), acetylene (C2H2), hydrogen (H2) and carbon dioxide (CO2) were 
observed. The evolution of these products with temperature revealed significant peaks for methane (CH4), propane (C3H6), butane 
(C4H6), ethylene (C2H2), acetylene (C2H2) and hydroxyl (OH⋅) and methane (CH3⋅) radicals, as well as carbon dioxide (CO2) and 
hydrogen (H2) during stage I. A significant increase in propylene (C3H4) and propyne (C3H3⋅) emissions occurred around 345 ◦C. At 
500 ◦C, substantial yields of C3H4 and C3H3⋅ were observed, with peaks at around 416 ◦C and 483 ◦C, respectively. A distinct peak for 
ethylene/CO, vinyl anion, and methanol was observed at 483 ◦C, while C4H6, C4H8, and H2 peaked at approximately 408 ◦C. These 
results are consistent with previous studies by Fu et al. [28] and del Remedio Hernández et al. [29], who identified a broad distribution 
of paraffins, olefins, and diolefins during pyrolysis. Furthermore, increased proportions of ethane (C2H6), ethene (C2H4), and isobutene 
(C4H8) were detected at 400–600 ◦C. At 800 ◦C, substantial volatile occurred in two distinct regions of 600–700 ◦C and 700–800 ◦C. 
The peaks observed in the former region for C3H4, C3H3⋅, C2H4/CO, C2H3⋅, and H2 were maintained in the latter region, whereas CH4 
and CH3⋅ showed distinct peak only at 700–800 ◦C.

3.2. Kinetic modeling

Linear fits were performed on the data within α range of 0.10–0.80 (Fig. 2), showing parallel fit lines between α = 0.10 and 0.55. 
However, significant discrepancies appeared α = 0.55 and 0.60, implying a possible shift in reaction mechanism [38]. This observation 
was further supported by the TG analysis, which indicated that the paperboard decomposition was almost completion, while PE 
devolatilization was still ongoing. R2 values from the slopes of fit lines showed comparable Ea values across the four model-free 
methods. All models demonstrated R2 values exceeding 0.90, except at α = 0.60, where a markedly lower value was observed, 
indicating a shift in the reaction mechanism. Cai & Chen method consistently produced higher R2 values, suggesting that it provided a 
more reliable model for the pyrolysis-gasification of BCs.

Ea values from Cai & Chen model indicated a gradual decrease within α = 0.10–0.60, followed by an increase for α > 0.60. The 
mean Ea for α = 0.10–0.60 was 60.2 kJ mol− 1, predominantly attributable to paperboard decomposition. This value was consistent 
with 52.01–117.06 kJ mol− 1 reported by Gao et al. [39] for cellulose pyrolysis in nitrogen. However, it was lower than the values of 
105–135 kJ mol− 1 in CO2-N2 atmosphere reported by Chen et al. [40] and 178.38–223.31 kJ mol− 1 in nitrogen revealed by Yeo et al. 
[41]. The reduced Ea was attributed to the introduction of steam, which enhanced conversion by introducing additional reaction 
pathways.

This trend was consistent with the findings of Gomez and Mahinpey [42], who reported lower Ea values for coal steam gasification 
in comparison to CO2 gasification. In addition, Shan et al. [43] observed a reduction in Ea with the introduction of steam during 
propane dehydrogenation. This phenomenon had also been observed during PE devolatilization. For α > 0.60, the average Ea increased 
significantly and reached 205.9 kJ mol− 1. This value was comparable to reported values of 218 kJ mol− 1 and 242.5 kJ mol− 1 for the 
pyrolysis of LDPE and HDPE in nitrogen [44], as well as 249.87 kJ mol− 1 for LDPE conversion in argon [45]. This elevated Ea suggested 
a transition in reaction mechanism towards PE devolatilization. This trend in Ea values was consistent with previous reports. Xie et al. 

Fig. 2. Resulted Ea and R2 from four isoconversional methods.
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[46] conducted the co-pyrolysis of biomass and polyethylene and found Ea significantly increased from 114.9 to 168.0 kJ mol− 1 with α 
increasing from 0.6 to 0.7. Dong et al. [47] also found an increase of Ea with α greater than 0.55.

A comparative analysis of experimental curve with theoretical ones is presented in Fig. 3. For α < 0.55, the experimental curve 
matched with curves from D1, P2, P3, and P4 models. However, a discrepancy was observed between experimental data and these 
models within α of 0.60–0.90. Among these models, D1 exhibited the highest R2 values (Table 1), and the calculated Ea was in 
agreement with that from Cai & Chen method. It indicated that D1 model provided a dependable representation of BCs decomposition.

3.3. Thermodynamic analysis

Three thermodynamics parameters calculated from Ea values from Cai & Chen method are illustrated in Fig. S3. The ΔH followed a 
similar trend to Ea values, with a mean of 55.3 kJ mol− 1 for α < 0.60 and 201.0 kJ mol− 1 for α > 0.60. The positive ΔH values 
confirmed the endothermic nature of pyrolysis-gasification, indicating that energy input was required to break down the paperboard 
and PE structures. The markedly higher ΔH in the later stages (α > 0.60) suggested increased heat absorption, mainly for the 
decomposition of PE matrix and char gasification. The ΔS values were negative for α ≤ 0.60, indicating a reduction in disorder in 
products compared to reactants. This suggested that the activated state after thermal decomposition was more ordered than the initial 
pre-pyrolysis state. However, for α > 0.60, ΔS became positive, indicating an increase in disorder and reactivity. This shift indicated 
that the system initially approached thermodynamic equilibrium before deviating as the reaction progressed, leading to accelerated 
formation of activated complex. ΔG represented the total energy change associated with the formation of activated complex. The 
average ΔG was 91.2 kJ mol− 1 for α ≤ 0.60 and 121.5 kJ mol− 1 for α > 0.60. Positive ΔG values confirmed the non-spontaneous and 
endothermic nature of BCs decomposition. Furthermore, the increase in ΔG with temperature indicated a higher energy requirement 
for BCs decomposition at elevated temperatures. Zhang et al. investigated the pyrolysis of transformer insulating paperboard and 
found that ΔG increased with conversion rate, implying that the heat absorbed increased during pyrolysis. Bhardwaj et al. [48] also 
investigated the thermodynamic of paper wastes pyrolysis and found that energy was required for the reagent to reach their transition 
state.

3.4. ReaxFF-MD simulation

Fig. 4 illustrates the product evolution during steam gasification of a PE/cellulose system at 3000 K. The simulation results 
demonstrated the formation of various products, including olefins (e.g., C2H4, C3H6), alkanes (e.g., C2H2) and diolefins (e.g., C3H4, 
C4H6), as well as H2, CO, and CO2. These findings aligned with MS results presented in Fig. 1. The decomposition process can be 
divided into distinct phases. In the initial phase (<50 ps), a notable release of acetic acid (C2H4O2) from cellulose chains was observed. 
In the primary stage (t > 50 ps), the degradation of PE commenced as the heat energy exceeded the bond dissociation energies of PE 
backbone and hydrogen bonds. This resulted in the dissociation of bonds and a rapid increase in the formation of C2H4, C3H6, and 
C4H6. These olefins were primarily produced via β-scission reactions, thermally activated at temperatures above 2000 K. The initial 
formed olefins (C2H4, C3H6, C4H6) underwent further decomposition to C2H2, C3H4, and H2 via H abstraction, facilitated by the high- 
density reaction environment within the simulation domain. In addition, larger molecules can degraded by radical addition mecha
nisms in which reactive radicals attacked and fragmented molecular structures.

Fig. 5 illustrates the distribution of products at different temperatures. As temperature increased, the decomposition process 
favored the formation of smaller gaseous species, particularly C0 and C1 fragments. At 1800 K, product formation was minimal due to 

Fig. 3. Probing of reaction mechanism function.
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insufficient energy for effective pyrolysis and gasification. Most polymer chains remained largely intact, with only minor fragments 
(C0-C3) being released. The principal products at this stage were H2O, CO2, and C2H4O2, predominantly resulting from cellulose 
decomposition, as it has a lower activation energy than PE. At temperatures exceeding 2500 K, the increased thermal energy accel
erated the decomposition of both cellulose and PE. A significant increase in evolved products was observed, with a shift in product 
distribution towards C1 and C2 species, particularly C2H4 (PE monomer), due to rapid β-scission reactions. The formation of gaseous 
species (CO, H2) also increased, signalling the onset of gasification reactions. At hyperthermal environment, the decomposition process 
further intensified, leading to the formation of homogeneous gases like CO, CO2, and H2. This indicated almost complete decompo
sition of both PE and cellulose, demonstrating that higher temperatures promoted more extensive molecular fragmentation and 
gasification.

3.5. Decomposition mechanism and pathway

The paperboard degradation occurred at temperatures below 375 ◦C, while PE devolatilization occurred between 375 and 500 ◦C. 
Charring and steam cracking occurred from 500 to 800 ◦C, followed by inorganic decomposition between 800 and 900 ◦C. The thermal 
decomposition pathway is illustrated in Fig. 6. Cellulose has a relatively high thermal stability, with the maximum degradation rate 
occurring at around 350 ◦C. As the temperature increased, cleavage of 1,4-glycosidic bond occurred via an acetal reaction between the 

Table 1 
Ea, A and R2 values from CR method.

Mechanism functions 10 K/min 20 K/min 30 K/min

Ea (kJ mol− 1) A (min− 1) R2 Ea (kJ mol− 1) A (min− 1) R2 Ea (kJ mol− 1) A (min− 1) R2

P2 28.23 4.50E-02 0.809 31.73 6.48E-02 0.985 16.53 1.48E-03 0.645
P3 15.66 2.14E-03 0.739 17.84 2.78E-03 0.978 7.59 1.43E-04 0.422
P4 9.37 3.74E-04 0.631 10.90 4.70E-04 0.965 3.11 2.71E-05 0.066
A2 36.48 3.72E-01 0.884 40.10 4.86E-01 0.994 22.40 7.08E-03 0.762
A3 21.16 9.94E-03 0.850 23.42 1.20E-02 0.992 11.50 5.04E-04 0.638
A4 13.50 1.36E-03 0.799 15.08 1.59E-03 0.989 6.05 9.88E-05 0.424
F1 82.46 8.59E+03 0.909 90.14 1.45E+04 0.995 55.11 6.51E+00 0.836
F2 101.96 8.40E+05 0.946 109.75 1.13E+06 0.992 69.01 1.60E+02 0.881
F3 124.35 1.53E+08 0.970 132.12 1.56E+08 0.982 84.99 5.93E+03 0.912
D1 141.41 9.20E+08 0.873 156.73 3.60E+09 0.990 97.04 1.03E+04 0.813
D2 151.45 4.74E+09 0.889 166.98 1.70E+10 0.993 104.18 2.58E+04 0.830
D3 162.74 1.43E+10 0.905 178.42 4.61E+10 0.995 112.21 3.47E+04 0.847
D4 155.20 2.51E+09 0.895 170.78 8.70E+09 0.994 106.85 1.04E+04 0.836
R2 73.84 5.54E+02 0.884 81.41 1.03E+03 0.993 48.97 7.75E-01 0.806
R3 76.63 7.18E+02 0.893 84.24 1.29E+03 0.994 50.95 8.24E-01 0.816

Fig. 4. Products evolution of PE/cellulose system at 3000 K.
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C1 and C6 carbon atoms, resulting in the release of OH⋅ radicals from C6 position. These radicals then combined with the broken 
glucosidic bond at C4 position to form levoglucosan (LG). Further isomerization and dehydration of LG gave furan and its derivatives 
[49,50]. During furan degradation, protonation at the α-carbon induced cleavage of CH2-O bond, followed by deprotonation. The 
resulting cumulative diene structure in buta-2,3-dienal (CH2=C=CH-CHO) was highly unstable and readily converted to propen-1, 
3-diene (p-C3H4), which could be further isomerized to allene (a-C3H4, H2C=C=CH2) [51–53]. The formation of p-C3H4 could also 
be attributed to the CH3CCHCHCO radical from the decomposition of the 2-methylfuran-5-yl radical, which was a key H-abstraction 
product at C5 position in 2-methylfuran (2-MF) [54]. The formation pathway of C3H3⋅ in relation to C3H4 is of particular interest. 
Urness et al. [55] studied the furan pyrolysis and proposed that furan decomposition was a major source of C3H3. In contrast, Cheng 
et al. [56] demonstrated that C3H3⋅ was predominantly from C3H4, rather than from furan. In this study, 1,2-butadienal was not 
observed, but butyne was detected, suggesting that the formation of C3H4 was predominantly controlled by 2-MF degradation. The 
evolution of C3H3⋅ followed a similar trend to that of C3H4, further supporting that C3H3⋅ was predominantly derived from C3H4 via 
H-abstraction reactions. In addition, furan can serve as an intermediate in the formation of tetrahydrofuran by hydrogenation, which 
may subsequently undergo dehydration to produce 1-C4H8, C4H6, and C3H6 [57]. In addition, C2H2 and CH3⋅ can be generated via the 
reaction: p-C3H4 + H⋅ ↔ C2H2 + CH3⋅.

During PE pyrolysis, homolytic cleavage of C-C bond occurred, either by random or end-chain scission, resulting in the formation of 
two radicals. Subsequently, hydrogen transfer reactions occurred to form stable secondary or tertiary radicals. Further decomposition 
involved C-C bond cleavage via β-scission, producing a number of olefins and additional radicals. In the termination phase, dispro
portionation reactions involving hydrogen abstraction led to the formation of alkanes. In particular, hydrogen migration between 
radicals played a crucial role in alkanes formation, whereas β-scission of radicals was the dominant pathway for olefin formation. In 
this study, olefins were identified as the predominant products, confirming that β-scission was the primary reaction mechanism. With 
respect to CH3OH formation, two main pathways were identified as shown in eqs. (14) and (15). A comparison CO2 and CO evolution 
rates revealed that the trend for CO2 closely mirrored that of CH3OH, indicating that CO2 hydrogenation was a predominant 

Fig. 5. Products distribution at temperatures of a) 1800 K; b) 2500 K; c) 3000 K.
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mechanism contributing to CH3OH formation. 

CO2 + 3H2 ↔ CH3OH + H2O                                                                                                                                                 (14)

CO + 2H2 ↔ CH3OH                                                                                                                                                              (15)

When the temperature reached 700 ◦C, olefins such as C3H6 and C4H8 underwent hydrogenation and steam cracking, leading to a 
decrease in their concentration and a corresponding increase in the formation of smaller molecules, including C3H4, C2H2, and C2H4. 
Further increasing temperature to 800 ◦C resulted in increased production of methane (CH4) and hydrogen (H2), mainly due to 
reduction reactions.

3.6. TEA results

3.6.1. Capital cost estimation
A factorial methodology was used to systematically estimate the capital investment requirements for different plant scales. Fig. S4

depicts the TPEC, FCI, and TCI calculated for each scale. For the small-scale plant, TPEC was established at €220,000 based on the 
selected equipment. After applying the installation factors defined in the methodology, FCI was observed to increase by 30 % to 
€287,760. The inclusion of additional indirect costs resulted in a TCI of €330,924. For the medium plant, the benefits of economies of 
scale became apparent. The doubling of capacity resulted in an almost tenfold increase in TPEC to €2.2 million. FCI for this scale 
increased proportionally to €2.88 million, representing a 30 % premium over TPEC. The sub-linear increase in installation costs 
resulted in a TCI of approximately €3.3 million. For the large plant, TPEC increased further to €2.8 million. Despite having four times 
the capacity of medium plant, FCI reached €3.7 million, indicating a moderate 30 % premium over TPEC. This suggests that the 
proportion of installation costs relative to the TPEC decreases as scale increases. As a result, the TCI for this large plant was €4.2 
million.

3.6.2. Economic performance across scales
Table 2 shows the principal economic indicators estimated for the three plant scales. SCC was employed as a measure to compare 

Fig. 6. Thermal decomposition mechanism of BCs.

Table 2 
Estimated economic performance of different gasification plants.

Scale (tonne/a) 15000 30000 45000

SCC (€ kWh− 1) 0.014 0.055 0.039
ASR (€) 1,693,941.48 4,234,853.76 7,622,736.78
GP (€) 18,049.08 618,329.76 2,273,160.78
PBP (years) 15.94 4.65 1.61
ROI (%) 5.5 18.7 54.0
NPV (€) 77,447.96 2,653,230.85 9,754,051.39
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the capital intensity of evaluated scales. For the small-scale plant, SCC was calculated at €0.014/kWh, indicating a high capital 
requirement per unit of electricity generated. This high cost highlighted the challenges faced by smaller plants, which often fail to 
benefit from economies of scale. For the medium-scale plant, efficiencies began to emerge, reflecting in an SCC of €0.055/kWh. In 
contrast, the large-scale plant showed a further reduction in SCC to €0.039/kWh. Despite handling a higher throughput, the large plant 
demonstrated superior capital efficiency compared to its medium counterpart. This reduction in SCC confirmed the existence of 
economies of scale, allowing a more efficient allocation of capital investment per kWh of electricity produced. As a result, the large- 
scale plant presented a more attractive investment option, offering higher returns and improved capital efficiency. Similar trends were 
observed by Do et al. [58] for a woodchip power plant using circulating fluidized bed gasification.

Annual sales revenue (ASR) refers to the total revenue generated by a gasification plant over the course of a year. As illustrated in 
Table 2, a notable increase in ASR was found along with plant scale, ranging from €1,693,941.48 for the smallest plant to 
€7,622,736.78 for the largest plant. This trend highlighted the revenue generating potential of larger gasification projects, which 
benefit from higher production volumes and increased electricity sales. GP represents the difference between annual sales revenue and 
total production costs, offering insights into plant profitability. Similarly to ASR, GP values increased significantly with plant scales, 
from €18,049.08 for the smallest plant to €2,273,160.78 for the largest. This trend served to illustrate the economies of scale and 
revenue benefits associated with larger plants, contributing to improved profitability and financial performance. PBP represents the 
time required to recuperate its initial capital investment through cash inflows. The data demonstrated a notable reduction with 
increasing in plant scale, declining from 15.94 years for the smallest plant to 4.65 years for the medium-scale plant and further to 1.61 
years for the large plant. This pattern highlighted the shorter capital recovery periods and improved investment returns associated with 
large-scale gasification projects, reinforcing their economic viability and investment attractiveness. Similarly, Gao et al. [59] reported 
a PBP of 5.7 years for a medium-sized integrated gasification power generation cycle using wood biomass, further supporting these 
findings. In conclusion, the trends in ASR, GP, and PBP demonstrated that while revenues increased in line with throughput, the 
reduction in capital intensity reached a tipping point beyond a certain scale. Among the options evaluated, the large plant emerges as 
the optimal choice, achieving an effective balance between capital efficiency and revenue potential within the prevailing cost 
structures.

ROI measures the average annual gross profit as a percentage of the TCI. ROI values varied significantly between different plant 
scales, with the highest ROI observed in the large plant. The average annual return on TCI for this plant was approximately 54.0 %, 
while the small-scale and medium-scale plants had comparatively lower ROI values of 5.5 % and 18.7 %, respectively. These variations 
highlighted different levels of profitability and return on investment associated with different plant scales. Higher NPV values indicate 
greater profitability and more favorable project returns. In line with the ROI trend, the large plant had the highest NPV at 
€9,754,051.39, followed by the medium plant at €2,653,230.85. In contrast, the small-scale plant exhibited a markedly lower NPV of 
€77,447.96, underlining its lower financial viability. These NPV figures illustrated the financial disparity between gasification projects 
at varying scales, with larger plants demonstrating higher profitability and superior economic performance. The variations in ROI and 
NPV across plant scales underscored the critical role of scales in assessing the financial viability of gasification projects. Larger-scale 
plants generally offer higher revenue potential, enhanced profitability, and superior investment returns, making them more attractive 
to investors than smaller counterparts.

3.6.3. Carbon emissions reduction potential
Previous lifecycle assessment studies have yielded valuable insights into the carbon emissions associated with different energy 

generation technologies. For example, Ramachandran et al. [60] reported annual net emission savings of 138.9 million to 165.9 
million kg of CO2 equivalent from co-gasification of wood and sludge. Similarly, Parascanu et al. [61] demonstrated that the gasifi
cation of sugarcane bagasse resulted in relatively low carbon dioxide emissions of 0.49 kg CO2eq per megajoule of electricity produced. 
A significant reduction compared to conventional coal-fired power plants, which typically releases approximately 1.25 kg of CO2 per 
kWh of electricity. Further research by Tang et al. [62] and Ouedraogo et al. [63] indicated that the potential of integrating biomass 
gasification with combined cycle technology to achieve significant carbon emissions. Zang et al. [64] reported emission reductions 
ranging from 875 to 1,077 kg CO2eq per MWh, confirming the environmental benefits of biomass gasification for power generation. 
These results underlined the role of gasification technology in reducing carbon emissions and positioning it as a promising solution for 
migrating climate change. The relative low carbon footprint of gasification-based electricity generation provides a compelling op
portunity for countries such as China to transition towards cleaner energy sources and to reduce their overall carbon emissions. In 
addition, China’s implementation of the National Emissions Trading Scheme provides a economic framework to encourage the 
adoption of low-carbon technologies. The scheme allocates carbon emission allowances to companies, allowing these emitting below 
their allocated limits to trade surplus allowances with higher emitters. This market-driven mechanism effectively internalizes the cost 
of carbon, incentivising investment in cleaner energy solutions and accelerating the transition to a sustainable energy future.

4. Conclusion

The pyrolysis-gasification conversion of BCs was comprehensively studied from both micro- and macroscopic perspectives. TG-DTG 
analyses revealed mass losses ranging from 90.0 to 95.5 % during the decomposition of BCs. The conversion can be separated into 
distinct stages of paper decomposition, PE degradation, charring and gasification, and inorganics decomposition. FTIR spectroscopy 
identified major absorption peaks at 4000–3500, 2987–2758, 1841–1636, and 1315–992 cm− 1, which were ascribed to the stretching 
vibrations of OH, C-H, C=O, and C-O/C-C, respectively. MS analysis identified a number of evolved products, including C3H4, C2H4, 
CH3OH, CH4, C3H6, C4H6, C4H8, C2H2, H2 and CO2, highlighting their potential as fuel gases. Ea from four model-free methods showed 
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a consistent trend, initially decreasing within α of 0.10–0.60, followed by a sharp increase beyond this range. D1 diffusion model 
demonstrated highest R2 values and comparable Ea values, confirming its reliability in modeling BC decomposition. Positive values for 
ΔH and ΔG implied that the pyrolysis-gasification reaction is endothermic and non-spontaneous. ReaxFF-MD simulation were in close 
agreement with MS results, with β-scission of radicals identified as the principal route for olefin formation. With temperature 
increasing, the degraded species notably increased, resulting in a higher proportion of homogeneous gases. TEA revealed that 
gasification-based electricity generation has a low carbon footprint. Larger gasification plants were found to be more profitable, of
fering higher revenue potential, increased profitability return on investment than smaller counterparts. The results of this study will 
provide important references for the thermal conversion of packaging waste, municipal solid waste and other organic wastes, pro
moting the circular economy and sustainable energy development.
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telsen: Writing – review & editing, Conceptualization. Jingjing Jiang: Writing – original draft, Investigation. Jiayao Tong: Writing – 
original draft, Investigation. Jiuzhuo Cui: Writing – original draft, Investigation. Jie Liu: Writing – original draft, Investigation. Ivan 
Miguel De Cachinho Cordeiro: Writing – review & editing, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

This work was financially supported by the Joint Fund of Zhejiang Provincial Natural Science Foundation of China (Grant no. 
LBMHZ25E060003).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.csite.2025.106228.

Data availability

No data was used for the research described in the article.

References

[1] S. Xu, Y. Zhai, J. Feng, G. Liu, A framework of carbon-neutral waste transportation: modeling and sensitive analysis, Circ. Econ. 2 (2023), https://doi.org/ 
10.1016/j.cec.2023.100024.

[2] X. Lu, L. Cao, H. Wang, W. Peng, J. Xing, S. Wang, S. Cai, B. Shen, Q. Yang, C.P. Nielsen, M.B. McElroy, Gasification of coal and biomass as a net carbon-negative 
power source for environment-friendly electricity generation in China, Proc. Natl. Acad. Sci. U. S. A. 116 (2019), https://doi.org/10.1073/pnas.1812239116.

[3] P. Gururani, P. Bhatnagar, B. Bisht, K.K. Jaiswal, V. Kumar, S. Kumar, M.S. Vlaskin, A.V. Grigorenko, K.G. Rindin, Recent advances and viability in sustainable 
thermochemical conversion of sludge to bio-fuel production, Fuel 316 (2022), https://doi.org/10.1016/j.fuel.2022.123351.

[4] A. Tencati, S. Pogutz, B. Moda, M. Brambilla, C. Cacia, Prevention policies addressing packaging and packaging waste: some emerging trends, Waste Manag. 56 
(2016), https://doi.org/10.1016/j.wasman.2016.06.025.

[5] B. Kou, Q. Shi, S. Wang, R. Ji, H. Zhao, Y. Mi, C. Li, Co-evolution with pore and molecular structure during tar-rich coal pyrolysis, Case Stud. Therm. Eng. 62 
(2024) 105215.

[6] Z. Huang, T. Zhang, C. Wang, W. Xiao, Z. Wang, O. Tursunov, J. Wu, Y. Zhou, X. Yao, G. Li, Exploring the factors influencing the co-pyrolysis of walnut shells, 
pistachio shells, and polypropylene based on thermal behavior, kinetics and reaction mechanism, Case Stud. Therm. Eng. 65 (2025) 105679.

[7] M.Z. Siddiqui, Y.K. Park, Y. Kang, A. Watanabe, S. Kim, Y.M. Kim, Effective use of aluminum-plastic laminate as a feedstock for catalytic pyrolysis over micro 
and mesoporous catalysts, J. Clean. Prod. 229 (2019), https://doi.org/10.1016/j.jclepro.2019.04.404.

[8] Y. Wang, Y. Wang, Y. Zhu, C. Fang, D. Xu, X. Zheng, Interactions of the main components in paper-plastic-aluminum complex packaging wastes during the 
hydrothermal liquefaction process, Chem. Eng. Technol. 44 (2021), https://doi.org/10.1002/ceat.202100124.
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