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Abstract: Hydrogen is a clean, non-polluting fuel and a key player in decarbonizing the
energy sector. Interest in hydrogen production has grown due to climate change concerns
and the need for sustainable alternatives. Despite advancements in waste-to-hydrogen
technologies, the efficient conversion of mixed plastic waste via an integrated thermochem-
ical process remains insufficiently explored. This study introduces a novel multi-stage
pyrolysis-reforming framework to maximize hydrogen yield from mixed plastic waste,
including polyethylene (HDPE), polypropylene (PP), and polystyrene (PS). Hydrogen yield
optimization is achieved through the integration of two water—gas shift reactors and a
pressure swing adsorption unit, enabling hydrogen production rates of up to 31.85 kmol/h
(64.21 kg /h) from 300 kg/h of mixed plastic wastes, consisting of 100 kg/h each of HDPE,
PP, and PS. Key process parameters were evaluated, revealing that increasing reforming
temperature from 500 °C to 1000 °C boosts hydrogen yield by 83.53%, although gains
beyond 700 °C are minimal. Higher reforming pressures reduce hydrogen and carbon
monoxide yields, while a steam-to-plastic ratio of two enhances production efficiency. This
work highlights a novel, scalable, and thermochemically efficient strategy for valorizing
mixed plastic waste into hydrogen, contributing to circular economy goals and sustainable
energy transition.

Keywords: hydrogen; pyrolysis; pyrolysis and in-line reforming; steam reforming; plastic
wastes; waste plastics; Aspen Plus; simulation; optimization

1. Introduction

The increasing demand for energy, concerns over climate change, and the depletion
of fossil fuel resources have driven extensive research into the exploration of alternative
and eco-friendly energy sources such as hydrogen [1]. Global energy demand is increasing
substantially due to factors such as economic development, rising living standards, and
population growth [2,3]. This trend is anticipated to persist in the coming decades, posing
notable implications for energy production, consumption, and policy. The global population
is projected to reach 9.7 billion by 2050, adding 1.7 billion new energy consumers. This
population growth, along with economic development, is a key factor driving the rise in
energy demand [4]. The growing energy demand is closely linked to rising greenhouse
gas emissions, presenting a major obstacle to achieving global climate objectives. To
limit the increase in global temperatures to below 2 °C, as outlined in the Paris Climate
Agreement, considerable efforts in energy efficiency and the widespread adoption of low-
carbon technologies are necessitated [3]. Therefore, harnessing sustainable and renewable
energy is necessary to ensure future energy sustainability and global energy security [5].
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According to Rohland et al. [6], renewable resources are predicted to have shares of 36% of
global energy demand by 2025 and 69% by 2050, while hydrogen will make up 11% in 2025
and 34% in 2050 [7].

Hydrogen is increasingly gaining recognition as a clean and sustainable fuel with the
potential to address global energy demands and environmental challenges. This growing
interest in hydrogen is reflected in Figure 1, which illustrates the rise in global hydrogen
production capacity. Unlike fossil fuels, the combustion of hydrogen only produces water
vapor [8], making it a zero-emission fuel capable of reducing air pollution and greenhouse
gas emissions. It can be used in transportation, energy storage, power generation, and
distributed heating systems [9]. Utilizing hydrogen as a fuel in internal combustion engines
reduces emissions of CO, unburned hydrocarbons (UHC), CO,, and soot, making it a clean
and sustainable energy alternative [10,11]. Some sources for hydrogen production include
water, glycerol, fossil fuels, and renewable energy sources [9]. Presently, the major source
of hydrogen is fossil fuels (naphtha, coal or natural gas) [12-16]. To ensure the sustainabil-
ity of hydrogen production, alternative sources like renewable biomass and plastics are
being investigated [1].
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Figure 1. Hydrogen production capacity worldwide in metric tons per year IEA (2010-2023) [9].

Currently, research on hydrogen production from mixed plastic wastes is limited.
Consequently, investigating hydrogen production from commonly discarded plastics,
such as packaging plastic types, can contribute to sustainable waste management, and
analyzing the influence of key parameters can help optimize the process. In this study, the
focus is on producing hydrogen from a blend of plastic waste consisting of high-density
polyethylene, polypropylene, and polystyrene, with an emphasis on identifying the optimal
operating conditions.

Despite increasing research into hydrogen production from waste plastics, most stud-
ies concentrate on single-polymer feedstocks or gasification-based processes, leaving multi-
polymer pyrolysis with in-line steam reforming largely unexplored. Additionally, few
studies provide a detailed thermodynamic equilibrium-based optimization of key process
parameters such as temperature, pressure, and steam-to-plastic ratio (5/P ratio). This
study introduces a novel multi-stage pyrolysis-reforming framework that integrates slow
pyrolysis, in-line steam reforming, water—gas shift reactions, and pressure swing adsorp-
tion (PSA) to maximize hydrogen yield from mixed plastic waste. The research provides
quantitative insights into the impact of S/P ratio, temperature, and pressure, achieving
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a hydrogen yield of 31.85 kmol/h (64.21 kg/h) at optimal conditions, representing an
83.53% increase compared to unoptimized conditions. The findings bridge the gap between
theoretical modeling and industrial applicability, offering a scalable, sustainable pathway
for transforming plastic waste into clean hydrogen.

Plastic Waste as a Hydrogen Source

Recently, plastic waste as a hydrogen source has been gaining significant attention as
a promising “waste-to-value” strategy. This approach aligns with the principles of circular
economy by addressing two critical challenges: advancing clean energy solutions and
managing plastic waste. With an estimated 8.3 billion tons of non-biodegradable plastics
produced globally, over 75% are discarded as waste; hence, transforming this abundant
plastic waste into value-added fuels such as hydrogen aligns with global efforts to achieve
carbon neutrality [17].

Plastic packaging constitutes a substantial share of overall plastic waste, driven by the
extensive use of plastics in the packaging industry compared to other sectors. In the UK,
approximately 5 million tonnes of plastic are consumed annually, with nearly half used for
packaging [18]. The major types of packaging plastics include the following: Polyethylene
terephthalate (PET), low-density polyethylene (LDPE), high-density polyethylene (HDPE),
polypropylene (PP) and polystyrene (PS). Although PET is among the most widely used
plastic in modern daily life, its composition, including terephthalic acid and oxygen, makes
it less suitable as a feedstock for thermochemical processes like pyrolysis. This is because
these components result in the formation of water and other oxygenated compounds,
lowering the calorific value of the resulting fuel [19]. Additionally, the presence of oxygen
in its polymer structure leads to the formation of CO and CO,, which reduces the yield
of hydrocarbons available for reforming to produce hydrogen [19,20]. This leads to low
hydrogen-to-carbon ratios in its syngas yield. In contrast, polyolefinic plastics serve as
excellent sources of hydrogen owing to their higher carbon and hydrogen contents [19-21].
The oxygenates and aromatics produced from the decomposition of PET also lead to carbon
deposition, which deactivates the reforming catalyst [20,22]. For these reasons, PET is
excluded from this study. One approach to generating hydrogen from plastic waste is via
a thermochemical process. Hydrogen can be derived from plastics via two primary ther-
mochemical routes, namely, single-stage gasification and pyrolysis combined with in-line
reforming [17]. While single-stage gasification primarily produces hydrogen-rich syngas in
a single step, pyrolysis combined with in-line reforming generates gaseous hydrocarbons,
which can be further processed in an additional stage to produce hydrogen-rich syngas.
The pyrolysis and in-line reforming process approach offers some significant advantages
over traditional single-step waste plastic gasification. The primary challenge in single-stage
plastic gasification, regardless of the gasifying agent used, is the production of tar in the
gas product. However, when O, or air is used instead of steam, tar yield is significantly
lower due to steam gasification operating at lower temperatures compared to O, or air
gasification [23,24]. For syngas to be viable for energy production in turbines and engines,
its tar content must be below 10 mg N/m?> and even lower for syngas applications [24]. Tar-
related issues, particularly its deposition in process equipment such as heat exchangers, are
influenced by its dew point [25]. The dew point is influenced by both the tar composition
and concentration. Single-ring aromatic hydrocarbons remain non-condensable even at
concentrations as high as 10 g/Nm?. However, polyaromatic compounds with more than
four rings begin to condense at concentrations as low as 1 mg/ Nm?, resulting in severe
operational challenges [26]. Therefore, a key advantage of the pyrolysis-reforming process
is its ability to achieve complete conversion, resulting in a tar-free gaseous stream with high
hydrogen concentration and no liquid hydrocarbons [24]. Consequently, various studies
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have reported H; yields exceeding 30 wt% [27-32], which is higher than typical values
(less than 20 wt%) from single-stage gasification [33-36]. Moreover, this process operates
at lower temperatures compared to single-stage gasification, with the flexibility to select
different temperatures for the pyrolysis and reforming stages. For instance, Chai et al. [37]
conducted a two-stage pyrolysis and reforming process using a mixture of waste plastics
and biomass. The pyrolysis stage took place at 500 °C, followed by the reforming stage at
850 °C. They reported that this two-step approach provided better control over reaction
conditions, leading to improved hydrogen production in the gaseous product composition.
Furthermore, the two-step method prevents direct contact between plastic impurities and
the reforming catalyst [21,35,38]. The pyrolysis-reforming process has demonstrated a
remarkable ability to produce hydrogen from a variety of biomass, waste plastics, and
other feedstocks [21,39-41]. In previous studies conducted by Barbarias et al. [20], the
highest hydrogen production was achieved during pyrolysis-reforming of polyolefins, with
37.3 wt% for HDPE and 34.8 wt% for PP. The lower hydrogen content in the composition of
PS resulted in a lower Hj yield of 29.1 wt%. Similarly, when PET was used as a feedstock,
the hydrogen production was only 18.2 wt%, roughly half of the yield obtained from HDPE
pyrolysis-reforming. This lower yield was attributed to both the composition of PET and
the formation of carbonaceous residue during the pyrolysis step. Notably, this process
provides a sustainable pathway for hydrogen production from waste materials, in contrast
to the current global hydrogen generation, which largely relies on fossil fuels such as oil,
coal, and natural gas [21,42-46].

The pyrolysis and in-line reforming process involves (i) pyrolysis of plastic to yield
volatile hydrocarbons (ii) in-line reforming of the produced gases to yield syngas com-
prising hydrogen and carbon monoxide [47]. Pyrolysis is a chemical recycling method
involving a chemical reaction that breaks down plastics at moderate to high temperatures
(400-600 °C) in the absence of oxygen, resulting in the production of low-molecular-weight
compounds such as oil or gas. Unlike other reforming methods such as partial oxidation,
auto-thermal reforming, or dry reforming, steam reforming does not require oxygen or CO,
as a reforming agent but steam. This simplicity, combined with its high thermal efficiency
of up to 85%, makes it widely used in industrial applications [48]. On the other hand,
dry reforming also offers distinct advantages, particularly its ability to utilize CO;, and
is thermodynamically advantageous owing to its low enthalpy. However, the hydrogen
yield in dry reforming is reduced due to the reverse water—gas shift reaction that occurs,
which generates additional carbon oxides, thereby lowering the H, /CO ratio [48,49]. Some
authors utilize tri-reforming of methane for hydrogen production, which involves three
reforming agents: steam, CO, and oxygen. However, this technology remains in its early
stages, with many technical challenges yet to be addressed [50].

Steam reforming involves the reaction of hydrocarbons with high-temperature steam
(700-1000 °C) under moderate pressure in the presence of a nickel-based catalyst to pri-
marily produce hydrogen and carbon monoxide [47]. The general chemical reaction for the
steam reforming reaction is represented in Equation (1).

CnHum + nH,O — nCO + (n n %)Hz (1)

The syngas produced is further processed to enhance the hydrogen yield through
the water gas shift reaction, where the carbon monoxide reacts with steam to form carbon
dioxide and hydrogen as depicted in Equation (2).

CO + HyO + CO, + Hy AHjogx = —411(]/1‘1101 (2)
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The commercial hydrogen production process typically employs two stages of water—
gas shift reactions: a high-temperature water—gas shift reaction (310-450 °C) followed
by a low-temperature water—gas shift reaction (200-250 °C). These reactions are usually
operated in series and configured as fixed-bed reactors. Afterward, hydrogen is purified
from the other gases, typically using a pressure swing adsorption system [47].

The key operating parameters for pyrolysis and in-line reforming of biomass, as
identified by Arregi et al. [43], Barbarias et al. [51], and Isicheli et al. [52] include reforming
temperature and steam/carbon ratio. Arregi et al. [32] highlighted the significance of the
exothermic WGS reaction, noting that it is favorable at low temperatures, with H, and CO,
as the primary products.

2. Methodology

Aspen Plus V14.0 was utilized to design and simulate the pyrolysis and in-line re-
forming process. This software was selected for modeling and simulating the hydrogen
production process due to its extensive database, which is crucial for accurately modeling
and simulating complex chemical processes like plastic waste pyrolysis. A block flow
schematic of the simulation model is presented in Figure 2.

Steam
HDPE —»| ) G High-
pp — Mixer Pyrolysis Separator as Reformer temperature
P N reactor T water-gas shift
l Liquid
Char
H2
Pressure Low-
N Gas .
Swing Condensation temperature
adsorption water-gas shift
Tail gas Water

Figure 2. Block flow diagram of pyrolysis and in-line reforming as simulated in Aspen Plus.

As the components needed for the simulation included polymers, the polymer and
segments databank (APV 140 Polymer and APV 140 Segment) was incorporated into the
enterprise database sheet. The “repeat” type was selected for each segment ID under the
polymer tab, while the “pyrolysis” option was chosen for the built-in attribute group of
each polymer ID. Table 1 presents the monomers and repeat units/segments associated
with each polymer used in the simulation. The repeat unit ID denotes the name assigned to
represent the repeat unit within the simulation model.

Table 1. Input required for pyrolysis reaction set.

Polymer Monomer Repeat Unit/Segment Repeat Unit ID
High-density polyethylene (HDPE) C2H4 Ethylene-R ETH
Polypropylene (PP) C3H6 Propylene-R PP-SEG
Polystyrene (PS) C8HS8 Styrene-R STY

The other components included in the simulation were based on the GC-MS analy-
sis of products obtained from the individual pyrolysis of the various plastic types used
in the simulation, as conducted by various researchers; Sachin et al. for HDPE [53],
Sarker et al. for PP [54] and Jaafar et al. [55]. Table 2, Table 3, and Table 4 display the
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results of the GC-MS analysis of liquid oil samples obtained from waste HDPE, PP, and PS,
respectively.

Table 2. GC-MS analysis of liquid oil sample from waste HDPE [53].

Compound Name Compound Formula/Component ID
1-Nonene C9H18
Nonane C9H20
1-Decene C10H20
Decane C10H22
1-Undecene C11H22
Undecane C11H24
1-Dodecene C12H24
Dodecane C12H26
1-Tridecene C13H28
Tridecane C13H28
1-Tetradecene C14H28
Tetradecane C14H30
1-Pentadecene C15H30
Pentadecane C15H32
Hexadecane Cl6H34
1-Heptadecene C17H34
1-Nonadecene C19H38
Eicosane C20H42
Heneicosane C16H34
Docosane C22H46
Tricosane C23H48
Tetracosane C24H50

N-Tetracosanol-1 C24H500

4,6-Dimethyldodecane 3:5-D-01

Table 3. GC-MS analysis of liquid oil sample from waste PP [54].

Compound Name Chemical Formula Component ID
Pentane C5H12 N-PEN-01
Cyclopropane,1,2-dimethyl-, cis- C5H10 1:2-C-01
Pentane, 2-methyl- C6H12 2-MET-01
1-Pentene, 2-methyl- C6H14 2-MET-02
2-Pentene, 4-methyl-, (z) C6H12 4-MET-01
Isopropenylcyclopropane C6H10 2-CYC-01
1,3-Pentadiene, 2-methyl-,(E) C6H10 TRANS-01
1-Pentene, 2,4-dimethyl- C6H10 2:4-D-01
2-Pentene, 3-ethyl- C7H14 3-ETH-01
2,4-Dimethyl 1,4-pentadiene C7H12 (E)-2-01
Pentane, 2-bromo-2-methyl- C6H13BR PENTA-01
Hexane, 3-methyl- C7H16 3-MET-01
2-Pentanone C5H100 METHY-01
1-Hexene, 2-methyl- C7H14 2-MET-03
Heptane, 4-methyl- C8H18 4-MET-02
Cyclohexane, 1,3,5-trimethyl- C9H18 CIS-1-01
2,4-Dimethyl-1-heptene C9H18 2:6-D-01
Cyclohexane,1,3,5- C9H18 1-TRA-01

C10-C13
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Table 4. GC-MS analysis of liquid oil sample from waste PS [55].

Compound Name Chemical Formula Component ID
Benzene Cé6Ho6 Cé6Ho6
Toluene C7HS8 C7HS8
Ethylbenzene C8H10 C8H10
Styrene C8HS STYRENE
Alpha-methylstyrene C9H10 C9H10
Indene C9HS C9HS
Naphthalene C10HS8 C10H8
1,2 Diphenylethane (bibenzyl) C14H14 C14H14
2,4-Diphenyl-1-butene CleH16 Cle6H16
(E)-Stilbene C14H12 C14H12
1-Phenylnaphthalene C16H12 C16H12
o-Terphenyl C18H14 C18H14
2-methylphenanthrene C15H12 C15H12
2-phenylnaphthalene Cl6H12 BETA-01
m-Terphenyl C18H14 M-TER-01
p-Terphenyl C18H14 P-TER-01
1,3,5-Triphenylcyclohexane C27H30 C27H3-01

According to the review conducted by Gebre et al. [56], the gas composition obtained
from the pyrolysis of plastic wastes is shown in Table 5.

Table 5. Gas composition from pyrolysis of plastic wastes [56].

Compound Name Chemical Formula Component ID
Hydrogen H2 H2
Methane CH4 C1
Ethane C2H6 C2
Ethene/ethylene C2H4 C2H4
Propane C3H8 C3
Propene/propylene C3H6 C3H6
Butane C4H10 C4
Isobutylene C4HS8 ISOBU-01

The property method, POLYSL (Sanchez-Lacombe), was selected due to its suitability
for simulating systems involving polymers, including pyrolysis. The model was designed
to simulate the pyrolysis and steam reforming process of three plastics, namely HDPE,
PP, and PS, in a ratio of 1:1:1 (100kg/h PE, 100 kg/h PP, and 100 kg/h PS). In the flow-
sheet, the feed stream comprising the polymer needed to be adequately specified. Certain
properties from the attribute list, such as segment mole fractions relative to mole flow of
all segments (SFRAC), polydispersity index (PDI), and weight average molecular weight
(MWW)/number average molecular weight (MWN), were required. Understanding the
weight-average molecular weight (Mw), number-average molecular weight (Mn), and
polydispersity index (PDI) of a polymer is essential as they indicate the size of the polymer
molecules and the uniformity of their distribution, which are key factors in determining the
physical, mechanical and processing properties of the polymer. The component attribute
values for each polymer were inputted into Aspen Plus and are presented in Table 6.

The pyrolysis process was modeled with the following assumptions, which were taken
into consideration:

- The process operates under steady-state conditions and isothermal;
- The char produced includes only plastic residue;



Hydrogen 2025, 6, 15

8 of 20

The gaseous products comprise light hydrocarbons such as methane, ethane, ethylene,
propane, propylene, butane and butylene.

Table 6. Polymer component attribute values.

Polymer ~ Chemical MWN MWW PDI SFRAC
Formula
HDPE (C2H4)n 125,000 - 2 1
PP (C3H6)n 54,000 127,000 - 1
PS (C8H8)n 98,100 111,800 - 1

Polystyrene (PS), high-density polyethylene (HDPE), and polypropylene (PP), each
with a mass flow rate of 100 kg/h at ambient conditions (25 °C, 1 bar), were fed into a
mixer to combine into a single mixed plastics stream. This stream was then heated to
500 °C, the pyrolysis temperature. Given that the experimental data utilized for this simula-
tion pertains to slow pyrolysis, a batch reactor was used for modeling the pyrolysis reactor
where the pyrolysis reaction took place. The batch reactor operated at 500 °C and 1 bar.
The kinetic model chosen for this process was pyrolysis; therefore, three pyrolysis reaction
sets were created under the reaction sheet, with the rate constants shown in Tables 7-9.
The pyrolysis reaction set in Aspen Plus was selected to automatically generate the main
pyrolysis reactions (random-scission, h-abstraction, h-shift, mid-chain beta scission, de-
polymerization, and termination by disproportion and combination) with the respective
monomer and repeat unit according to Table 1 selected for each polymer. These reaction
sets were then selected under the kinetics sheet of the batch reactor where the reactions
occurred. The thermal conversion of the plastics into products involves activation energies
that correspond to the stages of thermal cracking: random scission, hydrogen-abstraction,
hydrogen-shift, mid-chain beta scission, depolymerization, and termination by dispropor-
tion and termination by combination to form small molecules. The products of the thermal
cracking of the plastics can be categorized into hydrogen, rich petroleum gases (C1-Cy4), non-
aromatic and aromatic liquids (C5-Cy;), waxes (>Cy3), and char. The products identified
from the GC-MS analysis of the pyrolysis of each polymer were inputted into the species
sheet for each polymer and categorized according to their respective groups: paraffinic,
olefinic, and diolefinic. The rate constants of the pyrolysis of plastics were obtained from
experiments conducted by Levine and Broadbelt [57] and Kruse et al. [58,59] for HDPE, PP,
and PS, respectively. The pre-exponential and activation energy parameters of the reactions
obtained from the experiments were optimized by Aspen Technology [60-62] to fit the
input data required in Aspen Plus. The values for each degradation stage are shown in
Table 7, Table 8, and Table 9 for HDPE, PP, and PS, respectively.

Table 7. Rate constants for pyrolysis of HDPE [57,60].

Reaction

Pre-Exponential Factor (1/s) Activation Energy (kcal/mol)

Random scission
H-abstraction
H-shift

Mid-chain beta scission

Depolymerization

Termination by disproportion
Termination by combination

9.00 x 101® 89.7
2.75 x 108 11.2
1.00 x 1010 18.3
5.35 x 1014 28.9
1.29 x 10!2 284
1.10 x 1010 2.3
1.10 x 1011 2.3
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Table 8. Rate constants for pyrolysis of PP [58,61].
Reaction Pre-Exponential Factor (1/s) Activation Energy (kcal/mol)
Random scission 7.00 x 10 82
H-abstraction 1.00 x 108 10.5
H-shift 5.00 x 100 18.5
Mid-chain beta scission 9.40 x 1014 28.1
Depolymerization 5.40 x 103 28
Termination by disproportion 1.10 x 1010 2.3
Termination by combination 1.10 x 10% 2.3
Table 9. Rate constants for pyrolysis of PS [59,62].
Reaction Pre-Exponential Factor (1/s) Activation Energy (kcal/mol)
Random scission 5.00 x 1017 67.3
H-abstraction 2.10 x 10° 10.5
H-shift 5.00 x 10° 10.5
Mid-chain beta scission 4.10 x 1012 28.1
Depolymerization 2.10 x 10'2 247
Termination by disproportion 5.50 x 10° 2.3
Termination by combination 1.10 x 101 2.3

The main phases carried out were pyrolysis, steam reforming, water—gas shift reac-
tions, and pressure swing adsorption. The initial stage involved pyrolyzing the plastics
to produce the volatile hydrocarbons. The gaseous hydrocarbons, comprising light hy-
drocarbons including methane, ethane, ethylene, propane, propylene, butane, butylene,
and hydrogen, were separated and directed to the reformer. In the reformer, the steam
reforming reaction took place, followed by water—gas shift reactions to enhance the hydro-
gen yield. The steam reformer and water—gas shift reactors were modeled using the Gibbs
reactor (RGibbs) module in Aspen Plus. Typically, catalysts are employed in the steam
reforming and water—gas shift reaction phases. The catalysts commonly used for steam
reforming include rhodium, ruthenium, iron, platinum, and nickel. Although precious
metals like rhodium, ruthenium, and platinum have shown superior catalytic activity as a
result of their high activation and resistance to carbon deposition, their commercial use is
limited by their high cost and limited availability [19,48]. Therefore, cost-effective catalysts
like nickel with alumina as catalyst support material (due to its high stability, strength,
and surface area) are more commonly used. The high-temperature and low-temperature
water—gas shift reactors also utilize different catalysts, with iron-based catalysts for the high-
temperature stage and copper-based catalysts for the low-temperature stage [47]. However,
for simplicity, this study modeled the reactions using a Gibbs reactor, which assumes
reaction equilibrium without relying on kinetic parameters. The Gibbs reactor utilizes
Gibbs free energy minimization to calculate the product composition at the equilibrium
under well-defined thermodynamic conditions [63]. In the steam reformer, components
were transformed into a mixture of carbon monoxide and hydrogen using steam as the
reforming agent. In this simulation, water was heated to form steam, which is required
as the reforming agent. The reformer was operated at 700 °C and simulated using the
restricted chemical equilibrium temperature approach. The following reactions took place

in the reformer:
CH4 + H,O — CO + 3H, (3)

CyHy + 2H,0 — 2CO + 4H, (4)
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CoHg + 2H,0 — 2CO + 5H, )
C3He + 3H,0 — 3CO + 6H, 6)
C3Hs + 3H,0 — 3CO + 7H, )
C4Hg + 4H,0 — 4CO + 8H, ®)
CyHyo + 4H,0 — 4CO + 9H, )

The property method for the reformer and subsequent unit operations was changed
to Peng—Robinson Boston-Mathias (PR-BM) as recommended by Aspen Technology for
syngas production. The PR-BM, based on the Peng—Robinson equation of state, is well-
suited for syngas production due to its enhanced capability to model both polar and
non-polar interactions, robustness across a wide range of conditions, and its accuracy
in predicting the behavior of complex gas mixtures. The PR-BM equation of state is
particularly effective in high-temperature processes such as reforming [1]. The syngas
produced from the reformer was directed into the water-gas shift reactor, where the water—
gas shift reaction, as shown in Equation (2), occurred. This reaction was conducted in
two separate reactors: the high-temperature water—gas shift (HTWGS) reactor and the
low-temperature water—gas shift (LTWGS) reactor. The two-stage setup is essential because
the water—gas shift reaction is moderately exothermic, and according to Le Chatelier’s
principle, increasing temperature favors the reverse reaction, which limits the extent of
conversion. The HTWGS reactor facilitates the initial conversion of CO due to its favorable
kinetics but does not achieve full conversion. The LTWGS reactor was then employed
for further conversion, allowing the reaction to approach equilibrium [1]. The output
stream from the low-temperature water—gas shift reaction was cooled and directed to a
flash separator, where residual water was removed from the produced gases before it was
sent to the pressure swing adsorption system. To achieve this, the stream was cooled to
38 °C and transported to the flash separator, where the separation of the liquid (water)
from the gas stream takes place. The gaseous mixture exiting the flash separator primarily
consists of Hy, CO, CO,, and CHy. Subsequently, the pressure swing adsorption (PSA)
system was employed to separate the hydrogen gas stream from the mixture of other
gases. Since Aspen Plus does not include a built-in adsorption system, a combination of a
compressor and separator model was used to simulate the separation process achieved in
the PSA system. The compressor was employed to increase the pressure to 16 bar, while
the separator enhanced the separation of hydrogen from the gaseous stream.

The overall process flowsheet for the pyrolysis and reforming process to produce

hydrogen is depicted in Figure 3.
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Hydrogen production by pressure
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Pyrolysis and Separation Reforming and Water-gas shift reactions

Figure 3. Process flowsheet of pyrolysis and in-line steam reforming simulation on Aspen Plus.
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Validation of Model

According to Miranda et al. [64], the stability of polymers, in descending order, is as
follows: HDPE > LDPE > PP > PS > PVC. The thermogravimetric analysis (TGA) graph

obtained by Miranda et al. [64] illustrating this order is shown in Figure 4.
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Figure 4. Thermogravimetric curves of various polymers under vacuum at a heating rate of

10 °C/min (fast pyrolysis) [64].

To validate the model obtained from the simulation used in this study, a sensitivity
analysis was conducted to evaluate the mass flow of the plastics as the temperature in-
creased. The resulting graph follows the correct order of stability, as shown in Figure 5.
The temperature at which each plastic finally decomposes, as depicted in Figure 4, slightly
differs from that of Figure 5 because the study conducted by Miranda et al. [64] was based
on fast pyrolysis, typically conducted at higher temperatures. In contrast, the data used in
this study was based on slow pyrolysis, typically carried out at lower temperatures. This
difference in pyrolysis methods accounts for the disparity in decomposition temperatures.

120

100

80

60

40

Mass flow (wt%)

20

220 270 320 370 420 470 520 570

-20
Temperature (°C)

Figure 5. Sensitivity results graph showing plastic decomposition at various temperatures.
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3. Results and Discussion

This section provides an in-depth analysis of the evaluation of mixed plastic wastes
through pyrolysis and in-line steam reforming. The study examines the impact of key
operating parameters on process performance, focusing on the effects of temperature,
steam—plastic ratio, and pressure.

3.1. Effect of Reforming Temperature

In the reforming stage of the pyrolysis and in-line reforming process, higher temper-
atures are typically employed to facilitate the breakdown of hydrocarbon components
into syngas, hydrogen, and carbon monoxide. Lopez et al. [65] reported that reforming
temperature significantly influences both product yield and gas composition, with elevated
temperatures leading to increased hydrogen production. Figure 6 illustrates the effect of
temperature on the composition of the gaseous stream (Hy, CO, CO,, and CHy) generated
during the reforming of the process’s gaseous output. It can be observed that the hydrogen
yield increased from 17.55 kmol/h at 500 °C to 31.85 kmol/h at 700 °C, beyond which the
improvement became negligible.
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Figure 6. Effect of reforming temperature on gaseous products.

With increasing temperature, CO and Hj concentrations in the gas phase increase,
whereas CH, levels decline. The yield of CO; initially increases, but as the temperature
rises further, it begins to decrease because, at high temperatures, the backward reaction of
the exothermic water—gas shift reaction is favored, resulting in the conversion of CO; into
CO. Generally, the steam reforming reaction enhances the molar ratio of H, /CO, as evident
in Figure 6, where the hydrogen yield surpasses the carbon monoxide yield. At lower
temperatures (500 °C), methane concentration is relatively high; however, with increasing
temperature, CH4 concentration declines due to its further conversion to H and CO. This
trend aligns with Le Chatelier’s principle, which indicates that higher temperatures favor
the formation of products in an endothermic reaction, enhancing methane conversion
to CO and Hj in the reformer. Isicheli et al. [52] also demonstrated that increasing the
reforming temperature enhances hydrogen yields, rising from 78.1% at 600 °C to 85.7%
at 750 °C and attributed this enhancement to the endothermic nature of the reforming
reaction, which is favored at elevated temperatures. A similar trend was observed by Yang
et al. [66], noting that elevated temperatures create favorable conditions for the thermal
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cracking of hydrocarbons. The findings of Wilk et al. [67] in the conversion of mixed
plastic wastes confirmed this trend, reporting a decrease in hydrocarbon concentrations
from 36% at 640 °C to 21% at 650 °C. This suggests that higher temperatures promote
the breakdown of larger carbonaceous molecules into smaller ones, resulting in increased
syngas generation [1]. Additionally, the total measured gas compounds increased from
83% at 640 °C to 93% at 760 °C and approaching nearly 100% at 850 °C. This can be
attributed to the general principle that higher temperatures accelerate reaction rates, thereby
enhancing reforming efficiency. Moreover, they observed a significant rise in Hj levels,
along with increased CO and CO, concentrations, aligning with the findings of this study.
From Figure 6, the optimum temperature for maximum hydrogen for this study is 700 °C
because, beyond 700 °C, the increase is minimal; therefore, for cost-effectiveness, 700 °C is
the optimal temperature. Similarly, Lopez et al. [68] reported a maximum hydrogen yield
(36%) from HDPE at 700 °C, with 99.4% CH, conversion and minimal coke deposition
on the Ni commercial catalyst. Erkiaga et al. [29] also conducted HDPE pyrolysis—steam
reforming in a spouted bed—fixed bed reactor and reported a high yield of hydrogen (81.5%
stoichiometric value) at 700 °C.

3.2. Effect of Steam—Plastic Ratio

Steam plays a crucial role in hydrogen production in the pyrolysis and steam reforming
process for waste plastics. Its presence enhances both the reforming process and water—
gas shift reactions, resulting in increased gas production, particularly hydrogen [69,70].
Optimizing the steam/plastic ratio (5/P) further improves process efficiency and promotes
hydrocarbon cracking [36,69]. The effect of the S/P ratio was investigated at 700 °C and
1 bar. Figure 7 illustrates the influence of the S/P ratio on the mole flow rates of hydrogen,
methane, and carbon monoxide.
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Figure 7. Effect of steam—plastic ratio on hydrogen production.

Various studies have shown that increasing the S/P ratio improves both reforming
and water—gas shift reactions for hydrogen production, particularly when the ratio is below
4 [27,31,71,72]. Therefore, the S/P ratio was examined within a range of 0.3 to 4. As the
S/P ratio increased from 0.3 to 4, the concentrations of Hy, and CO, rose, while those of
CO and CH decreased. A similar trend was observed by Pinto et al. [73], where CO, CHy
and C,Hp, concentrations declined while CO, and H, levels increased. This indicates that
the introduction of steam enhanced hydrogen generation while minimizing tar formation,
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facilitating both reforming and water—gas shift reactions. From Figure 7, the hydrogen
generation increased from 15.62 kmol/h at S/P = 0 to 31.85 kmol/h at S/P = 2, with a
negligible increase after S/P =2. This trend occurs because the presence of additional steam
increases the availability of HyO molecules, driving the reaction toward greater hydrogen
production. Furthermore, Barbarias et al. [74] highlighted that the S/P ratio is directly
proportional to steam partial pressure, meaning that higher S/P ratios enhance the role of
steam partial pressure in the reaction medium, leading to higher conversions. Notably, the
highest H; yield was achieved at a S/P ratio of 2, after which further increases resulted
in only marginal gains. Similarly, other researchers [27,31,33,71] observed that while
increasing the S/P ratio initially facilitates the reforming and water—gas shift reactions, its
effectiveness diminishes at excessively high ratios.

A high steam—plastic ratio may not be recommended due to its potential drawbacks,
including inhibition of catalyst activation, increased costs associated with gas-liquid sep-
aration, and the high energy requirements for steam generation. The observed increase
in the concentration of Hy and CO; can be attributed to the promotion of water—gas shift
reactions facilitated by the presence of steam, converting the produced CO into CO, and
additional hydrogen. This follows Le Chatelier’s principle, which implies that increasing
the concentration of a reactant shifts the equilibrium toward more product formation to
counteract the change and reduce the added reactants. Lopez et al. [75] reported similar
findings when varying the steam—plastic ratio from 0 to 2 at 900 °C in a conical spouted bed
reactor. They observed poor performance at an S/P of 0, with hydrogen yield increasing
significantly from 28.7 vol% at S/P = 0 to 62 vol% at S/P = 2. Comparable results were
reported by Alshareef et al. [47] and Chunfei Wu et al. [76], noting that the increased
addition of the steam-to-water gas shift reactor in the presence of a catalyst resulted in
higher hydrogen yield.

3.3. Effect of Temperature and Steam—Plastic Ratio

To determine the optimum temperature for the process, the hydrogen yield was
evaluated across various temperatures and steam-plastic ratios. Figure 8 illustrates the
effect of these operating conditions on hydrogen yield. The temperature range studied was
500 to 1000 °C, while the steam—plastic ratio was varied from 0.3 to 4.
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Figure 8. Effect of Steam—plastic ratio and temperature on hydrogen production.
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As previously noted, increasing the temperature at various steam-plastic ratios re-
sulted in higher hydrogen yields due to enhanced reforming reaction efficiency. At a low
S/P ratio (S/P = 0), hydrogen yield increased with rising temperature. However, as the
S/P ratio increased, the hydrogen yield showed a more pronounced rise with tempera-
ture. Notably, at S/P ratios above 2, hydrogen production continued to increase between
500 °C and 700 °C, but the differences became negligible beyond this range. Thus, the
optimal temperature for reforming was determined to be 700 °C, with an optimal S/P ratio
of 2. Higher values would only lead to increased energy demand for steam generation
without significantly improving the process, thereby escalating energy costs and expenses
related to gas-liquid separation.

3.4. Effect of Pressure and Steam—Plastic Ratio

The effect of varying pressures on the production of hydrogen was also examined.
Figure 9 shows the interaction between steam—plastic ratio and pressure in hydrogen
production. While increasing the S/P ratio enhances hydrogen production due to the avail-
ability of sufficient steam to drive both the steam reforming and water—gas shift reactions,
it was observed that increasing the pressure above 1 bar diminishes the positive effect of
a higher S/P ratio. This can be attributed to Le Chatelier’s principle, which states that at
elevated pressures, the equilibrium shifts towards the side with lower moles of gas. In
the case of the reforming reactions (as shown in Equations (3)—(9)), it suppresses hydro-
carbon cracking and reduces the efficiency of hydrogen generation. Elevated pressures
also promote the retention of unreacted hydrocarbons, such as methane, leading to less
effective conversion in the reformer. This is illustrated in Figure 9, which shows an increase
in methane concentration and a corresponding decrease in hydrogen and carbon monoxide
concentrations at higher pressures.
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Figure 9. Effect of pressure on gaseous composition.

Figure 10 indicates that hydrogen yield decreases with increasing pressure. However,
at all pressure levels, hydrogen yield improves as the steam—plastic ratio increases. This
suggests that while elevated pressures can limit hydrogen production, optimizing the
steam—plastic ratio can help mitigate this effect by ensuring adequate steam availability
for the reforming reactions. Based on these findings, the optimal pressure for hydrogen
production is 1 bar, as higher pressures result in reduced hydrogen yield.
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Figure 10. Effect of pressure and steam—plastic ratio on hydrogen production.

3.5. Hydrogen Yield Optimization

The optimized hydrogen yield in this study reached 31.85 kmol/h (64.21 kg/h) at
700 °C and a steam-to-plastic (S/P) ratio of 2. This result is notable when compared to
previous studies. For instance, Li et al. [77] reported hydrogen yields ranging from 36.84 to
39.08 wt% at 900 °C from single polyolefin plastic types using a two-stage pyrolysis and
catalytic steam reforming process. Additionally, Barbarias et al. [78] achieved 29.1 wt%
hydrogen production through a similar two-stage process for polystyrene, emphasizing the
effectiveness of catalytic steam reforming in hydrogen generation from waste plastics. These
studies utilized higher reforming temperatures and different feedstock compositions. The
current study’s approach not only achieves a comparable yield but does so at a relatively
moderate temperature, thereby enhancing process efficiency.

4. Conclusions

A simulation model was developed to analyze the impact of operating parameters on
the pyrolysis and in-line steam reforming process for plastic wastes. This study investigated
the effects of temperature, steam—plastic ratio, and pressure on gas production, particularly
hydrogen. The results showed that increasing the temperature from 500 °C to 700 °C
significantly enhanced hydrogen yield, rising from 17.55 kmol/h to 31.85 kmol/h. The
maximum hydrogen yield was achieved at 700 °C and 1 bar. The steam-to-plastic ratio,
also a critical parameter affecting the pyrolysis-reforming reactions, played a significant
role in enhancing the reforming and water—gas shift reaction. An S/P ratio of 2 was identi-
fied as optimal for achieving a favorable H, /CO ratio, promoting hydrogen production.
Additionally, higher pressures were observed to decrease hydrogen yield. In conclusion,
optimizing temperature, steam—plastic ratio, and pressure (i.e., higher temperature, greater
steam—plastic ratios, and lower pressures) can significantly enhance hydrogen yield in the
pyrolysis and in-line steam reforming of mixed plastic waste.
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