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Abstract

The conversion of plastic waste into hydrogen offers a promising waste-to-value pathway,
but its industrial viability is constrained by high external energy demand associated with
thermochemical processing. This study evaluates the energy performance of hydrogen
production from mixed plastic waste via pyrolysis and in-line steam reforming, with a
focus on reducing utility consumption through systematic heat integration. A steady-state
process model was developed in Aspen Plus for a representative mixture of polyethylene,
polypropylene, and polystyrene, followed by detailed energy analysis and pinch-based heat
integration using Aspen Energy Analyser. Baseline utility requirements were quantified and
compared against optimised configurations incorporating targeted heat exchanger network
modifications. The base-case analysis identified significant recoverable heat, enabling
a reduction in total external utilities from 7.14 to 2.88 GJ h~!, corresponding to a 59.6%
decrease in utility demand. Sequential heat integration scenarios further reduced heating
and cooling duties while maintaining process operability, demonstrating the effectiveness
of iterative, pinch-guided design. The results show that high-temperature waste-plastic-to-
hydrogen systems need not be utility-dominated when energy integration is embedded at
the design stage. These findings highlight heat integration as a critical enabler for improving
the energy efficiency and sustainability of pyrolysis—reforming routes and provide a robust
framework for developing scalable, low-carbon hydrogen production from plastic waste.

Keywords: hydrogen production; plastic waste valorisation; waste-to-hydrogen; heat
integration; pinch analysis; aspen energy analyser; heat exchanger network

1. Introduction

The continued reliance on fossil fuels has led to increased carbon dioxide (CO,)
emissions, contributing to global warming, air pollution, and resource depletion [1,2].
Transitioning to clean and sustainable energy carriers, such as hydrogen, is therefore
critical for reducing environmental impacts and meeting future energy demands [34].
Hydrogen offers the advantage of zero carbon emissions at the point of use, only producing
water vapour after combustion and can be produced from a variety of renewable and
waste-derived feedstocks, making it a promising alternative to conventional fossil fuels [5].
Hydrogen production can be achieved from multiple feedstocks, including water, natural
gas, and conventional fossil fuels. To promote sustainability, research is increasingly
focusing on alternative sources, including renewable biomass and plastic waste [6,7].
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Global energy systems remain dominated by fossil-based resources, which have
underpinned industrial development and economic growth for decades but continue
to impose significant environmental and climatic burdens [8-11]. Conventional energy
sources, particularly coal, oil, and natural gas, are associated with substantial carbon
dioxide emissions across their extraction, processing, and utilisation stages [12]. In response
to growing demand and declining conventional reserves, unconventional energy resources
have assumed an increasingly prominent role in the global energy mix. These resources,
while enhancing energy security and supply resilience, are often characterised by higher
energy intensity, greater process complexity, and elevated lifecycle emissions if not managed
efficiently [13-15]. As a result, the exploitation and processing of unconventional energy
sources have intensified concerns regarding greenhouse gas emissions, climate change, and
the long-term sustainability of carbon-intensive energy pathways [16-18].

Against this backdrop, the energy transition has emerged as a central objective for
achieving climate mitigation targets, emphasising efficiency improvements, decarbonisa-
tion, and the integration of low-carbon and circular solutions [19-23]. Sustainable energy
systems increasingly prioritise not only alternative energy carriers, such as hydrogen, but
also the optimisation of existing and emerging processes to minimise energy losses and en-
vironmental impacts [24-28]. In parallel, effective waste management has become a critical
component of sustainable development, particularly as waste streams grow in volume and
complexity [18,29-33]. Converting waste materials into valuable energy products offers a
dual opportunity to reduce environmental pollution while displacing primary fossil energy
consumption. When coupled with systematic energy integration and efficiency-driven
design, waste-to-energy pathways can contribute meaningfully to emissions reduction,
resource conservation, and the broader transition towards resilient, low-carbon energy
systems [33—40].

Global plastic production has increased dramatically over recent decades due to the
widespread use of plastics in industries such as electronics, transportation, construction,
healthcare, and packaging, driven by their lightweight, durability, versatility, and low
production cost [6,7,41-47]. As a result, plastic production rose from 1.5 million tonnes in
1950 to over 400 million tonnes in 2022, with packaging accounting for the largest share
of total plastic use [48-54]. The continuous growth in plastic consumption has led to a
significant accumulation of non-biodegradable plastic waste, posing serious environmental
risks. Improper disposal has resulted in substantial plastic leakage into marine ecosystems,
with an estimated 4-12 Mt/year entering the oceans, adversely affecting ecosystems and
human health [55,56].

Plastic waste, as an abundant and underutilised resource, can be converted into hy-
drogen through thermochemical processes, providing a “waste-to-value” pathway aligned
with circular economy principles [57,58].

Hydrogen can be produced through a range of established and emerging technologies,
including water electrolysis, photocatalytic water splitting, and biomass conversion. Water
electrolysis is a mature and efficient pathway when coupled with low-carbon electricity and
plays a central role in many decarbonisation strategies; however, it is primarily electricity-
driven. Photocatalytic water splitting remains under active development, with current
solar-to-hydrogen efficiencies typically below 10%. Biomass-based hydrogen production is
constrained by feedstock variability, complex composition, and purification requirements,
which influence scalability and process integration [59].

Thermochemical conversion of waste plastics via pyrolysis with in-line reforming
represents a complementary pathway that simultaneously addresses waste management
and hydrogen production. Although this route operates at high temperatures, it provides
significant opportunities for internal heat recovery and process integration, making it
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particularly suitable for system-level energy analysis and optimisation, which is the focus
of the present study.

Among thermochemical options, hydrogen can be produced from waste plastics
primarily via single-stage gasification or through pyrolysis combined with in-line reform-
ing [33,57,59]. While single-stage gasification is simpler, it suffers from tar formation and
relatively low hydrogen yields, typically below 20 wt%. In contrast, pyrolysis—reforming
achieves higher hydrogen yields (>30 wt%), operates at lower temperatures, and produces
a tar-free syngas stream, with performance varying depending on plastic type [60,61].
Consequently, hydrogen production routes that valorise waste streams and reduce reliance
on primary resources have gained increasing attention.

Among the thermochemical approaches, pyrolysis combined with in-line reforming
has gained attention due to its ability to convert hydrocarbon-rich feedstocks into hydrogen-
rich syngas while minimising tar formation. Various reforming strategies can be employed,
including steam reforming, partial oxidation, dry reforming, and tri-reforming. Steam
reforming is widely used industrially for its simplicity and high thermal efficiency (up to
85%) [62,63], while dry reforming can utilise CO; as a reactant, though it is limited by the
reverse water—gas shift reaction [64,65]. Tri-reforming, combining steam, CO,, and oxygen,
is still at an early stage of development [66].

The hydrogen yield from pyrolysis-reforming processes depends critically on oper-
ating parameters, particularly the reforming temperature and the steam-to-plastic ratio.
Higher reforming temperatures accelerate reaction rates and increase the extent of endother-
mic steam reforming reactions, while optimal steam-to-plastic ratios enhance hydrogen
production by promoting both the reforming and water—gas shift reactions [67-73]. How-
ever, excessively high steam levels increase energy requirements for steam generation,
risk catalyst sintering, and raise downstream separation costs [61,62,74]. While plastic
pyrolysis-reforming is a promising pathway for hydrogen production, it remains energy
intensive [59] and has received limited attention regarding process-wide thermal efficiency
and heat integration. This study addresses this by quantifying energy demands and identi-
fying opportunities to reduce process energy intensity, providing a framework for more
sustainable hydrogen production from mixed plastic waste.

Energy analysis, including pinch analysis and heat integration for the process, plays
a crucial role in identifying process inefficiencies and enabling optimisation strategies
that reduce both energy consumption and operating costs [72,73]. In industrial hydrogen
production, energy-intensive steps such as reforming, water—gas shift reactions, and gas pu-
rification significantly influence overall process efficiency and economic viability [75]. Con-
sequently, systematic energy analysis provides a robust framework for improving thermal
performance and enhancing the sustainability of hydrogen production processes [76-86].

Recent papers on pyrolysis-reforming of plastic and biomass-derived feeds largely
concentrates on optimising reaction conditions, catalysts and downstream separation to
maximise hydrogen yield and purity, with far less emphasis on energy integration of the
system [87,88]. Building on this body of work, the present study examines system-level
energy performance by quantifying process-wide energy demands and applying pinch-
analysis to identify minimum utility targets and heat integration potential. The study
investigates hydrogen production from plastic waste via a pyrolysis and in-line reforming
route, with particular emphasis on a mixed plastic feedstock comprising high-density
polyethylene, polypropylene, and polystyrene. Previous studies have successfully applied
pinch analysis to hydrogen production from waste glycerol, biogas, and biomass gasifica-
tion systems [89-91], demonstrating substantial reductions in heating and cooling utility
demands. However, the use of pinch analysis for hydrogen production from mixed plastic
waste via pyrolysis with in-line reforming has received limited attention. To the author’s
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knowledge, this study represents the first system-level, pinch-based energy integration
analysis of a mixed plastic pyrolysis-reforming hydrogen production process. The Aspen
Plus tool is used to identify energy savings potential, while the Aspen Energy Analyser
tool is used to perform energy analysis, including pinch analysis and heat integration for
the process.

2. Methodology
2.1. Modelling and Simulation of the Process

The hydrogen production process from mixed plastic waste was modelled using
Aspen Plus V14. The process considers a blend of high-density polyethylene (HDPE),
polypropylene (PP), and polystyrene (PS) in an equal mass ratio (1:1:1), corresponding to
a total feed rate of 300 kg/h. HDPE, PP, and PS were selected as representative plastic
materials due to their high carbon and hydrogen contents and favourable behaviour during
pyrolysis [57,74]. Unlike PET, which contains oxygenated functional groups that reduce
fuel quality and hydrogen yield while promoting catalyst deactivation [92], polyolefin
plastics produce hydrocarbon-rich pyrolysis products suitable for reforming. Consequently,
PET was excluded from this study. The corresponding value of weight-average molecular
weight (Mw), number-average molecular weight (Mn), and polydispersity index (PDI) of
a polymer is presented in the last author’s published paper [93]. These parameters are
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. Detailed analytical characterisation of pyrolysis products is
available in our previous work [93], which informed the kinetic parameters and product
distributions used in this study.

The POLYSL (Sanchez-Lacombe) property method was employed for the pyrolysis
stage due to its suitability for polymer systems and thermal degradation processes. The
simulation is based on the following assumptions. The char is assumed to consist solely of
plastic residues, while the gaseous products are composed of light hydrocarbons, including
methane, ethane, ethylene, propane, propylene, butane, and butylene. All simulations were
performed under steady-state and isothermal conditions, with the plastics undergoing
slow pyrolysis at 500 °C and 1 bar. Figure 1a illustrates the overall process flowsheet for
the pyrolysis-reforming system designed for this study. 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 (MIXER) to form a single
mixed plastics stream (MIXPLAST). This stream was then heated in a heater (HEATER)
to 500 °C, the designated pyrolysis temperature, producing the heated plastics stream
(HXPLAST). Given the slow pyrolysis conditions, the pyrolysis reactor was modelled
using a batch reactor (RBatch module), incorporating detailed kinetic mechanisms that
account for polymer degradation pathways such as random scission, hydrogen abstraction,
[3-scission, depolymerisation, and termination reactions. The RBatch was employed to
incorporate batch-derived kinetic data within an otherwise continuous, steady-state process
flowsheet, thereby reflecting the predominantly continuous nature of industrial pyrolysis
operation [94,95]. In this context, the specified mass flow rate represents a steady-state
equivalent throughput, enabling consistent integration with downstream reforming, heat
recovery, and utility calculations [94]. This hybrid modelling approach, where batch-scale
kinetic information is mapped onto nominal continuous operation, is frequently adopted
when kinetic parameters are obtained from batch experiments but the objective is to eval-
uate whole process performance [95,96]. Kinetic parameters for HDPE, PP, and PS were
adopted from literature sources [93,97-99] and implemented within Aspen Plus to repre-
sent realistic thermal cracking behaviour. The pyrolysis products were categorised into
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light gases (C1-C4 hydrocarbons and hydrogen), condensable hydrocarbons, and solid char,
with the gaseous fraction directed to downstream processing. Following pyrolysis, the
solid char (CHAR) was removed from the volatile products (VOLATILE) via a separator
(SEP). The volatile hydrocarbon stream was subsequently cooled (COL-VOL) to —5 °C
before entering a flash separator (FLSHSEP1), enabling nearly complete separation of the
gas and liquid phases. The reforming and subsequent water—gas shift (WGS) reactions
were modelled using Gibbs free-energy minimisation reactors (RGibbs), assuming thermo-
dynamic equilibrium. The application of RGibbs reactors is well established in system-level
process simulation and energy integration studies, where the primary objective is to evalu-
ate overall mass and energy balances rather than detailed reaction kinetics [100]. At high
reforming temperatures, product distributions are strongly influenced by thermodynamic
constraints. As a result, equilibrium-based modelling provides a reasonable first-order
approximation for evaluating hydrogen yield trends and system-level energy-performance,
despite potential kinetic limitations. Consequently, the predicted hydrogen production
and associated heat duties represent idealised performance and should be interpreted as
upper-bound estimates rather than exact predictions of industrial operation.

MIXER

HOPE I';- uoPLAsT O

«{ps

- PP

JEATER

HXPLAST

(5 N (a)

PROOUCTS

Pyrolyss and Separation

HEATERZ REFORMER

SEP GAS —0F] Hoast 'g \
'O VOLATILE HOH couo.-O REFORMED

COOLER FLSMSER1 STEAM HTWGS _ -ooi e
~ ™ O qas2 -8 51 g
CHAR |— N 1
- COOLERY 52 comP . i

1 GASY ST COMP-GAS
w2
[vzo |0 LTWGS 0 O34 I

HEATERS :omsnsU“(’H“p? {}

PSA REMAAS
COND-LIO —
Hydrogen production by pressure
Reformi Wat shift
orming and er-gas CICTVONS ps o

100

/Thcrmugravimctric curves of various polymers under vacuﬁ / Sensitivity results graph showing plastic \

at a heating rate of 10°C/min decomposition at various temperatures

(b) (c)

08 400 500 600 ) ) ‘ ¢ ) .
Temparatens *C )

Figure 1. (a) Process flow diagram of the pyrolysis—reforming system. (b) Thermogravimetric
curves of polymers obtained under vacuum at a heating rate of 10 °C min~! [101]. (c) Sensitivity
analysis showing order of thermal stability of plastic decomposition, validating the thermogravimetric
behaviour observed in (b).

The gaseous hydrocarbons (GAS), primarily light hydrocarbons and hydrogen, were
then heated (HGAS1) and sent to the steam reforming section, where steam is introduced
at a 2:1 mass ratio relative to plastics, based on results from the author’s previous study on
optimal conditions for hydrogen production [93]. Steam reforming was conducted at 700 °C
using steam as the reforming agent, while syngas upgrading was achieved through a two-
stage WGS configuration comprising a high-temperature and a low-temperature reactor to
maximise CO conversion to hydrogen. For the reforming and syngas processing sections,
the property method was switched to Peng—Robinson Boston-Mathias (PR-BM), which is
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Utilities = |+

well-suited for high-temperature gas-phase systems and syngas mixtures. Downstream
of the WGS reactors, the product gas stream (S3) was cooled (54) to 38 °C, slightly above
ambient temperature, and sent to a flash separator (FLSHSEP2) to remove residual water
(COND-LIQ). Hydrogen purification was subsequently simulated using a pressure swing
adsorption (PSA) system, represented in Aspen Plus by a combination of compression and
separation units to achieve hydrogen enrichment (H, separation from TAILGAS).

Model validation was performed through sensitivity analysis of plastic mass con-
version with respect to temperature. The predicted thermal stability trends of HDPE, PP,
and PS were consistent with reported thermogravimetric analysis data from literature,
confirming the reliability of the simulation framework under slow pyrolysis conditions. A
detailed description of the process model, reaction mechanisms, and validation results is
provided in the authors’ previous work [93]. Figure 1 shows the process flow diagram and
the validation results of the process. Figure 1b presents representative thermogravimetric
(TGA) curves for common packaging plastics, adapted from the work of Miranda et al. [101],
which illustrate the relative thermal stability of HDPE, LDPE, PP, and PS. These curves are
included to provide a qualitative comparison of polymer decomposition behaviour and to
contextualize the modelling approach adopted in this study.

While the absolute decomposition temperatures reported by Miranda et al. [101] differ
slightly from those obtained in the present work as shown in Figure 1c, this is attributed
to differences in pyrolysis conditions, as their study considered moderate pyrolysis at
higher heating rates, whereas the present simulation is based on slow pyrolysis conditions.
Nevertheless, the relative order of polymer stability remains consistent.

2.2. Baseline Energy Assessment

Building upon the validated steady-state simulation of the pyrolysis-reforming pro-
cess described in Section 2.1, a comprehensive energy analysis was initiated to quantify the
thermal demands of the hydrogen production system. Using Aspen Plus, utilities (heating
and cooling) were assigned to every unit operation requiring thermal regulation, including
the batch pyrolysis reactor, the Gibbs reforming reactor, and all auxiliary heat exchangers
and flash separators. The appropriate utilities required for the unit operations used in the
flowsheet were defined as shown in Figure 2. These utilities were then allocated to the
respective unit operations based on the specific temperature requirements, as depicted
in Figure 3. This allocation ensures that the energy demands of each unit are correctly
represented before proceeding to energy integration analysis.

All utilities were defined solely for thermal control and did not participate in chemical
reactions, establishing a clear baseline of the external energy required to maintain the
process at optimal operating conditions.

New | Export |Edit|nput| Copy | Paste )

[7] Require utility specifications for all utility heat exchangers

Name

FIR200
U-1COLWA

U-1REF

Status Description Delete
Results Available Fired Heater, Inlet Temp=2000 C, Outle... X
Results Available Cooling Water, Inlet Temp=20 C, Outlet... X
Results Available Refrigerant 1, Inlet Temp=-25 C, Outlet... X

Figure 2. Required utilities applied for energy analysis.
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Project 1 - Setup +
Flowsheet Option | Data Extraction | Costing | Constraints | Information
v ) Customize
~ ) Flowsheet Selection
Flowsheet Name Selected
Case (Main) v
Associate energy stream with utility type
Process Stream Temperatures Utility Temperatures
Unit Operation Utilities Type [€] [€]
Inlet Outlet Inlet Outlet

COMP A 0.0 0.0

COMP - 0.0 0.0

COOLER U-TREF - 473.0 -5.0 —25.0 —24.0
COOLER1 U-1COLWA - 547.2 350.0 20.0 25.0
COOLER2 U-1COLWA - 350.0 210.0 20.0 25.0
COOLER3 U-TCOLWA - 210.0 38.0 20.0 25.0
HEATER U-1VHT - 25.0 440.0 3000.0 2999.0
HEATER2 U-TVHT - -5.0 700.0 3000.0 2999.0
HEATER3 U-TVHT - 300.0 700.0 3000.0 2999.0
PSA - 38.0 38.0

SEP U-TCOLWA - 500.0 473.0 20.0 25.0

Figure 3. Instruction of allocation required utilities to unit operations.

2.3. Pinch Analysis and Heat Integration

Aspen Plus facilitates preliminary energy analysis through its integration with Aspen
Energy Analyser (AEA), a specialised tool for assessing energy-saving potential in chemical
processes. AEA enables rapid identification of heat recovery opportunities via pinch point
analysis and provides recommendations for improving energy efficiency. While Aspen
Plus supports preliminary evaluation, detailed heat integration requires exporting process
stream data to AEA, where the heat exchanger network design is performed. AEA is widely
used for the design of optimal heat exchanger networks, enabling enhanced heat recovery,
reduced utility consumption, and lower operational and environmental costs [102,103].
The tool applies pinch analysis principles to determine optimal utility targets and heat
exchange structures between process streams [70].

In this study, Pinch Analysis and heat integration were conducted using Aspen Energy
Analyser to minimise reliance on external utilities and reduce the carbon footprint of the
production process. Heating and cooling utility demands were systematically evaluated,
providing the basis for identifying energy reduction opportunities and for the design of
an energy-efficient heat exchanger network. The system boundary for the energy analysis
is limited to the on-site process units involved in plastic pyrolysis, reforming, water—gas
shift, and hydrogen purification. The analysis considers external utilities required to satisfy
heating and cooling demands identified through pinch analysis, and the associated carbon
emissions are estimated based on utility sourcing. Upstream processes such as plastic waste
collection, sorting, transportation, and preprocessing, as well as capital equipment manu-
facture and construction, are excluded from the system boundary. Consequently, the results
represent process-level energy demand and emissions rather than full lifecycle impacts.
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The design of the heat exchanger network was conducted in three primary steps

using AEA:

1.

Data Extraction: Process simulation data from Aspen Plus, including inlet and outlet
temperatures, heat capacities, flow rates, and enthalpy changes, was directly exported
to AEA, eliminating manual entry and ensuring accurate input for heat integration
analysis Figure 4.

2. Utility Stream Definition: Utilities were defined to supply any additional heating
or cooling demands that could not be met by matching hot and cold streams. Ap-
propriate heating and cooling utilities were selected to meet all temperature change
requirements for both hot and cold process streams Figure 5.

3. Heat Exchanger Network Design: Using the exported data, AEA generated compos-

ite curves for all hot and cold streams, represented as Temperature-Enthalpy (T-Q)
diagrams. The pinch point, which separates regions of excess heat (below the pinch)
and required heat (above the pinch), was identified to guide the systematic design
of an energy-efficient heat exchanger network [76]. A visual representation of the
composite curves and the pinch point is shown in Figure 6.

Data Nos Inlet T | Outlet T MCp Enthalpy Som HTC Flowrate | Effective Cp || DT Cont.
= == [C) [C) [kd/C-h) [kd/h] amy [kd/h-m2-C) [ka/h] [kd/kg-C) [C]
! H20_To_STEAM / 250 7000 - | 8.290e+005 600.0 Global
Utility Streams VOLATILE_To_S9 / 473.0 5.0 4.682e+005 298.2 Global
Eooramics GAS_To_HGAS1 }' 5.0 7000 3.811e+005 _’ 138.8 Global
53 To S4 / 210.0 380 9.446e+005 | o~ 738.8 Global
S1_To S2 / 3500 | 2100 2.758e+005 | o~ 738.8 Global
MIXPLAST To HXPLAST , 250 4400 3.393e+005 _’ 300.0 Global
REFORMED_To_GAS2 / 700.0 | 4245 - | 5.654e+005 ™ 738.8 Global
REACTOR_heat } 4400 | 500.0 3067 | 1.840e+005 720,00 Global
REFORMER_heat , 700.0 | 7005 2387e+006 @ 1.194e+006 720,00 Global
HTWGS_heat / 4245 3500 3715 | 2.766e+005 720,00 Global
B4 heat | 2100 2095 | 5.004e+004  2.502e+004 720,00 Global
Figure 4. Thermal data extracted from Aspen Plus applied to pinch analysis and heat integration.
Red arrows denote hot streams whilst blue arrows denote cold streams.
Data i Inlet T | Outlet T | Cost Index Seqm HTC Target Load | Effective Cp Target FlowRate | DT Cont.
[c] [C] | [Costk] | [kihm2C] | [kih) [kl/kgC] [ka/h] [c]
fiocess Dteans UAVHT o 3000 2999 | 8300e-006 33960 | 1.311e+006 1.000] 131135935 | 1000
Utility Streams U-1REF ’ -25.00 | -24.00 | 2.740e-006 4680.00 || 9.397e+005 4.000 234916.49 3.00

Economics

<empty>

" Data [ Targets J Range Targets J Designs J Options J Notes |

DTmn flO0OC |

Recommend Designsl Hot _ Cold _

Enter Retrofit Mode |

Figure 5. Utility stream selection in Aspen Energy Analyser applied to pinch analysis and heat

integration. Red arrow denotes hot stream; Blue arrow denotes cold stream.

Principles of Pinch Analysis

To systematically reduce utility consumption and enhance energy efficiency, pinch

analysis was applied using composite curves and grid diagrams. Composite curves graphi-

cally represent the cumulative heat supply and demand of all hot and cold streams across

temperature ranges. The hot composite curve represents the total heat available from hot

streams, while the cold composite curve shows the heat required by cold streams. The pinch

point, where the curves are closest in temperature, indicates the thermodynamic bottleneck

for heat recovery and defines the minimum hot and cold utility requirements [104-106].

https://doi.org/10.3390/hydrogen7010038


https://doi.org/10.3390/hydrogen7010038

Hydrogen 2026, 7, 38

9 of 22

T-Q-Diagram
Cooling Heat Heating
Demand Recovery Demand

A== ————

—+—Cold Composite Curve

Ternperature °C

—-—Hot Composite Curve

Heat Flow (kJ/h)

Figure 6. T-Q diagram showing the Hot and Cold composite curve. The arrow shows that heat can
be recovered by exchange between the hot and cold streams.

Key principles of pinch analysis were applied to guide the heat exchanger network design:

e  No external heating is added below the pinch, and no external cooling is added above
the pinch, to prevent increases in overall utility demand.

e  Heat transfer across the pinch is avoided to maintain the minimum energy targets.

e  Heat exchangers are strategically positioned to maximise energy recovery from process
streams while minimising reliance on external utilities.

A grid diagram was used to represent the heat exchanger network, showing hot
streams at the top and cold streams at the bottom, with vertical lines connecting streams
where heat exchange occurs. The pinch point is indicated to delineate regions of heat
surplus and deficit, guiding the placement of exchangers for optimal heat recovery. An
example of a Grid diagram for a heat exchanger network is shown in Figure 7. This
methodology allows systematic identification of energy-saving opportunities, ensures
that the network meets minimum energy targets, and reduces the carbon footprint by
minimising external heating and cooling demands.

Ed Network Design M=] E3

1 80, [£P=.) Je]]

Figure 7. Example of a Grid diagram explaining important parameters in pinch analysis [31].
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2.4. Heat Integration Scenarios

Based on this methodology, two optimisation scenarios were evaluated to determine
the most techno-economically viable configuration:

Solution 1: Heat integration was implemented by adding heat exchangers to the
process to recover heat from process streams. Specifically, a heat exchanger was installed
upstream of Cooler 1 on the hot stream and upstream of HEATER3 on the cold stream,
enabling heat transfer between process streams rather than relying on external utilities. The
resulting modifications to the base-case flowsheet are illustrated in Figure 8.

U REACTOR

PRODUCTS

8.

Pyrolysis and Separation

HEATER2 REFORMER
| GAS MO HGAST ! ’8

OLATILE |8+ COL-VOL
COOLER1  HTWGS

COOLER ~_TFISHSEP1 | sTEAM ¢ . COOLER2

r U —rREFOCRMED »O- GAS2 P— .
CHAR L s1 B [
0 = __COMP__ 4
HEATER3 | m- . ) 55 (88 510 b
| ST+ HXCHANGE | 53 PSAMT™

H20 | LTWGS tg-{s4 ) REMGAS
- FLSHSEP2 )
COOLER? | COND-WAT

Reforming and Water-gas shift reactions Hydrogen production by pressure

swing adsorption

Figure 8. Flowsheet for hydrogen production implementing solution 1 design change. HDPE—High-
density polyethylene; PS—Polystyrene; PP—Polypropylene; MIXER—Mixer; MIXPLAST—Plastic
mixture; HEATER—Heater for plastic mixture; HXPLAST—Heated plastic mixture; REACTOR—
Pyrolysis reactor; PRODUCTS—Product output from pyrolysis reactor; VOLATILE—Volatile
stream separated from other pyrolysis product streams; COOLER—Cooler; COL-VOL—Cooled
volatile stream; CHAR—Plastic residue; FLSHSEP1—Flash separator to separate gas from liquid;
GAS—Gaseous product output from volatile stream; LIQ—Liquid product output stream from
volatile stream; HEATER2—Heater for gas; HGAS1—Heated gas stream; REFORMED—Product
output from reformer; HEATER3—Heater for steam; S7—Pre-heated steam stream; H20—Water
stream at ambient conditions; HXCHANGE—Heat exchanger; COOLER1—Cooler; GAS2—cooled
gas stream; HTWGS—High-temperature water—gas shift reactor; COOLER2—Cooler; LTWGS—Low-
temperature water—gas shift reactor; COOLER3—Cooler; S1-55—Streams 1 to 5 of gas; FLSHSEP2—
Flash separator; COND-WAT—Condensed water; COMP—Compressor; S10—Compressed gas;
PSA—Pressure swing adsorption column; H2—Hydrogen; REMGAS—Remnant gas (Tail gas).

Solution 2: An additional heat exchanger was installed upstream of the reactor follow-
ing the implementation of Solution 1. This modification enabled improved heat recovery
from the high-enthalpy VOLATILE stream before downstream processing. The resulting
configuration represents an advanced heat integration scheme, in which the VOLATILE
stream is utilised for multi-stage heat recovery before entering subsequent process units.
The corresponding flowsheet modification is shown in Figure 9.

The selection of the optimal configuration was based on energy savings, payback
period, additional capital cost, and energy cost savings, while also considering the minimi-
sation of the total number of heat exchange units to ensure industrial feasibility.

The energy-saving potential of the proposed heat integration strategies was quantified
using the Available Saving Parameter. This parameter represents the potential reduction in en-
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ergy consumption achievable through process optimisation. The Available Savings, expressed
as a percentage of the actual energy consumption, were calculated using Equation (1):

Available Savings (% of Actual) = (Quactuar — QTarget/ Qactuar) * 100 (1)

where the Q.40 Values reflect the current energy consumption based on the existing
process design, while the Qryeer values represent the optimised or theoretical values
achievable if all energy-saving opportunities are fully implemented.

B9

5 REFORMER
HGAS1

i M

18] HTWGS

B8 =

>&— STEAM =

COOLER2

COOLER3 "

Pyrolysis and Separation Reforming and Water-gas shift reactions Hydrogen production by pressure

swing adsorption

Figure 9. Flowsheet for hydrogen production with heat exchanger integration (solution 2). HDPE—High-
density polyethylene; PS—Polystyrene; PP—Polypropylene; MIXER—Mixer; MIXPLAST—Plastic mix-
ture; HEATER—Heater for plastic mixture; HXPLAST—Heated plastic mixture; REACTOR—Pyrolysis
reactor; PRODUCTS—Product output from pyrolysis reactor; VOLATILE—Volatile stream separated
from other pyrolysis product streams; COOLER—Cooler; SEP—Separator (acting as cyclone); GAS—
Gaseous product output from volatile stream; LIQ—Liquid product output stream from volatile stream;
B1, B10—Heat exchanger; S1-510—Streams 1-10; CHAR—Plastic residue stream; COOLER1, COOLER2,
COOLER3—Coolers; B8, B9—Heaters; HGAS1—Heated gas stream; REFORMED—Product output from
reformer; HTWGS—High-temperature water—gas shift reactor; LTWGS—Low-temperature water-gas
shift reactor; FLSHSEP—Flash separator; REM-GAS—Remnant gas; PSA—Pressure swing adsorption;
H2—Hydrogen gas.

3. Results and Discussion
3.1. Process Improvement and Energy Savings

The baseline energy analysis of the hydrogen production process identified potential
energy savings of 4.27 GJh~!, corresponding to a 59.62% reduction in total utility consump-
tion (Table 1), indicating that instead of the process consuming 100% energy from utilities,
only 40.38% would be required, resulting in a 59.62% energy savings. The actual and target
energy requirements, including heating and cooling duties, as well as carbon emissions, are
summarised in Table 1. The results show that the original process configuration relied heav-
ily on external heating and cooling utilities despite the presence of significant recoverable
thermal energy within the system. In particular, the large reduction potential in cooling
utilities (85.92%) suggests that a considerable amount of high-temperature heat was being
rejected rather than recovered, which is characteristic of thermochemical processes such as
pyrolysis and reforming. These findings highlight the inherent inefficiencies of the base case
flowsheet when heat recovery is not systematically incorporated during process design.
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Table 1. Flow-based summary of energy savings for the base case.

Actual Target Available Savings % of Actual
Total Utilities (GJh™1) 7.14 2.88 1.02 59.62
Heating Utilities (GJh~1) 4.67 2.53 0.51 45.65
Cooling Utilities (GJh~1) 2.48 0.348 0.51 85.92
Carbon Emissions (kg/h) 206 150.7 55.20 26.80

The reduction in carbon emissions associated with the baseline energy targeting further
demonstrates the strong link between thermal inefficiency and environmental performance.
Although the base case process was technically feasible, its energy-intensive nature would
limit its sustainability if implemented without heat integration, particularly in the context
of low-carbon hydrogen production from waste plastics.

Aspen Plus recommended three design modifications to reduce utility consumption,
which is shown in Figure 10. Among them, solution 1, which provided the highest energy
savings (20.08%) and largest energy cost savings ($41,201/year), was selected for imple-
mentation due to its low payback period and minimal extra capital cost. A heat exchanger
was added upstream of Cooler 1 for the hot side and upstream of HEATERS3 for the cold
side, as illustrated in Figure 8. Following this modification, the available energy savings
decreased to 2.48 GJh ™!, corresponding to a 49.28% reduction in total utilities. These results,
which are demonstrated in Table 2, show that incremental design modifications, guided by
energy analysis, effectively reduced utility consumption and carbon emissions, confirming
the potential of heat integration for improving the energy efficiency of the process.

Main Flowsheet

Savings Summary | Utilities

Find Design Changes

Add Exchangers

Relocate Exchangers

# ) Add Exchangers

3 solutions found

Energy Analysis +

Carbon Emissions | Exchangers | Design Changes | Configuration

<3<

Add E-100 Location of new heat exchanger
Energy Saving Payback New Area Extra Capital Cost Energy Cost Savings Hot Side Fluid Cold Side Fluid
lyear] [sqm] [$1 [$/Yr]
Solution 1 20.08 0.1416 10.32 5829 41,201 Upstream to COOLER1 Upstream to HEATER3
Solution 2 11.76 0.2731 14.83 9127 33,447 Upstream to COOLER  Upstream to HEATER3
Solution 3 11.82 0.3141 11.82 7612 24,251 Upstream to COOLER3 Upstream to HEATER3

Figure 10. Design changes recommended by Aspen Plus for process energy enhancement.

Table 2. Flow-based summary of energy savings for the modification recommended by Aspen.

Actual Target Available Savings % of Actual
Total Utilities (GJh 1) 4.98 2.53 0.59 49.28
Heating Utilities (GJh~1) 2.82 1.59 0.29 43.49
Cooling Utilities (GJh~1) 2.16 0.931 0.29 56.85
Carbon Emissions (kg/h) 189.7 95.13 94.52 49.84

Following the implementation of solution 1, to further improve energy efficiency,
an additional heat exchanger was installed before the reactor to recover heat from the
volatile stream as shown in Figure 9. This modification optimised heat recovery from the
VOLATILE stream. This final modification achieved 1.42 GJh~! savings, corresponding to
a 38.72% improvement in energy efficiency compared to the baseline (Table 3).
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Table 3. Flow-based summary of energy savings after heat exchanger integration.
Actual Target Available Savings % of Actual
Total Utilities (GJh ') 3.67 2.25 0.34 38.72
Heating Utilities (GJh~!) 2.02 1.31 0.17 35.16
Cooling Utilities (GJh™1) 1.65 0.94 0.17 43.08
Carbon Emissions (kg/h) 126.2 79.04 47.14 37.36

This progressive improvement confirms that energy optimisation in complex thermo-
chemical systems is most effective when carried out iteratively. Initial high-impact heat
recovery opportunities can be captured through simple modifications, while additional
gains require more detailed integration of process streams. The corresponding reduction in
carbon emissions across each optimisation stage reinforces the role of heat integration as a
dual strategy for both economic and environmental improvement. These results emphasise
that systematic energy analysis provides a robust basis for identifying and prioritising
design changes in waste-to-hydrogen processes.

3.2. Energy Analysis and Heat Integration

The modified process flowsheet of hydrogen production from plastic wastes (Figure 9)
was analysed to evaluate the energy-saving potential through heat integration. Thermal
data extracted from the validated Aspen Plus simulation are presented in Figure 4, pro-
viding the temperature and enthalpy profiles required for subsequent energy targeting.
Based on this thermal information, the appropriate heating and cooling utility streams
were selected within Aspen Energy Analyser, as shown in Figure 5.

The composite curves generated from the process thermal data are presented in
Figure 11, illustrating the cumulative heat availability of hot streams and the heat demand
of cold streams across the operating temperature range. From these curves, the minimum
energy targets were identified and are summarised in Figure 12. To illustrate the maximum
heat-recovery potential, and in line with standard pinch-analysis practice, the minimum
heating and cooling utility requirements were calculated at a ATmin of 10 °C. This value
represents a technically feasible lower bound commonly used in conceptual pinch anal-
yses for chemical and petrochemical processes. Higher ATmin values (e.g., 20-30 °C)
would reduce the recoverable heat, but 10 °C provides an upper-bound benchmark for
system-level energy evaluation. The resulting heating and cooling utility requirements
are 1.311 x 10° kJ/h and 9.397 x 10° k] /h, respectively. The pinch point was observed at
temperatures of approximately 450 °C for the hot streams and 440 °C for the cold streams,
indicating the thermodynamic constraint for heat recovery within the process.

The heat exchanger network (HEN) corresponding to the base case configuration
without heat integration is shown in Figure 13, with its network performance illustrated
in Figure 14. In this configuration, the heating and cooling requirements exceeded the
minimum energy targets, operating at 154.2% of the heating target and 175.7% of the
cooling target, respectively. This confirms that the initial flowsheet design violated key
pinch principles, such as excessive reliance on external utilities and insufficient matching
of hot and cold streams near the pinch region.

Following the application of heat integration based on pinch analysis principles, an
optimised heat exchanger network was developed, with the position of the heat exchangers
within the process flowsheet shown in Figure 9. The corresponding network performance
is presented in Figure 15. The optimised network employed three hot utilities, four cold
utilities, and thirteen process heat exchangers. As a result, the heating and cooling target
percentages were reduced to 106.5% and 111.1%, respectively, indicating a substantial
improvement in overall energy efficiency.
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Figure 11. Composite curve for thermal data. Red line represents hot composite curve and blue line
represents cold composite curve.
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Figure 12. Summary of Energy targets for heating and cooling utility required.

Figure 13. Heat exchanger network of the base case model with no heat integration.

While the minimum targets were not fully reached, the remaining gap can be at-
tributed to practical design constraints, including stream temperature compatibility, ATy
limitations, and network complexity. Nevertheless, the significant reduction in target
exceedance demonstrates the effectiveness of pinch analysis in guiding the development of
thermally efficient process designs.
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Figure 14. Network performance of the base case model without heat integration.

Network Cost Indexes

Network Performance

CostIndex = % of Target HEN % of Target
Heating [Cost/s) 5.000e-003 154.2 Heating [kJ/h) 2.023e+006 154.2
Cooling [Cost/s] 1.877e-004 248.2 Cooling [kJ/h] 1.651e+006 175.7
Operating [Cost/s) 5.188e-003 156.4 Number of Units 11.00 64.71
Capital [Cost] 5.954e+004 2918 Number of Shells 20.00 37.04
Total Cost [Cost/s] 5.686e-003 113.2 Total Area [m2) 111.7 29.69

CostIndex = % of Target HEN I % of Target
Heating [Cost/s] 4.204e-003 106.5 Heating [kJ/h] 1.701e+006 106.5
Cooling [Cost/s] 7.888e-004 111.1 Cooling [kJ/h] 1.036e+006 1111
Operating [Cost/s) 4.993e-003 107.2 Number of Units 20.00 117.6
Capital [Cost] 1.092e+005 57.13 Number of Shells 29.00 54.72
Total Cost [Cost/s) 5.907e-003 94.40 Total Area [m2) 2305 66.19

Figure 15. Network performance of the heat exchanger network incorporating heat integration.

The heat integration targets identified through pinch analysis represent achievable
energy recovery targets that can guide practical industrial design. The heat-exchanger
network developed using Aspen Energy Analyzer is based on established pinch-analysis
principles and reflects industrially relevant heat-integration strategies commonly applied at
the conceptual and preliminary design stages. High-temperature heat exchange is standard
practice in thermochemical processes and can be accommodated through appropriate
material selection, such as high-temperature alloys, together with staged heat recovery
across multiple temperature levels. In addition, temperature control and gas-cleaning steps
prior to heat exchange can be implemented to mitigate fouling and deposition risks, which
are well-established considerations in industrial heat-exchanger design. These factors guide
detailed engineering design prior to implementation. Accordingly, the heat-exchanger
network developed in this study is considered industrially feasible, while recognising that
final equipment design would be adapted to plant-specific requirements.

4. Conclusions

This study demonstrates that hydrogen production from mixed plastic waste via
pyrolysis and in-line reforming can be fundamentally re-positioned from an inherently
energy-intensive concept to a thermally efficient and environmentally credible process
when systematic energy integration is embedded at the design stage. High operating tem-
peratures, traditionally regarded as a disadvantage of thermochemical waste conversion,
are shown here to represent a strategic asset, as they generate substantial opportunities for
internal heat recovery. When such opportunities are not deliberately exploited, the process
becomes unavoidably dependent on external utilities, eroding both its economic feasibility
and its alignment with sustainability objectives.

By integrating rigorous steady-state process modelling with pinch-guided heat inte-
gration, this work advances beyond descriptive energy assessment to actively quantify,
prioritise, and realise recoverable thermal energy within the system. The baseline analysis
revealed that the original flowsheet relied disproportionately on external heating and
cooling despite the presence of significant internal heat sources. Application of pinch
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analysis reduced total external utility demand from 7.14 to 2.88 G] h~!, corresponding to
a 59.6% reduction, alongside a clear decrease in associated carbon emissions. Achieving
this magnitude of utility reduction in a high-temperature hydrogen production process is
non-trivial and provides compelling evidence that waste-plastic-to-hydrogen systems need
not be utility-dominated when energy integration is treated as a core design requirement.

A central contribution of this study is the demonstration that energy optimisation in
complex thermochemical systems is inherently iterative rather than singular. Sequential
implementation of heat integration strategies, informed initially by Aspen Plus recommen-
dations and refined through Aspen Energy Analyser, showed that early, low-complexity
modifications can unlock a large fraction of available energy savings. Subsequent im-
provements required increasingly targeted integration of high-enthalpy process streams,
illustrating the diminishing-return behaviour typical of advanced energy recovery. This
structured progression highlights the value of systematic energy analysis in differenti-
ating high-impact design interventions from marginal refinements, thereby supporting
decision-making that is both technically sound and industrially realistic.

The findings further underscore that energy efficiency must be embedded at the
earliest stages of process design for emerging waste-to-hydrogen technologies. Delayed or
retrofit-based heat integration risks entrenching inefficiencies that are costly or impractical
to resolve at later stages of development. In this context, pinch-guided heat integration
emerges not as an incremental optimisation tool, but as a decisive enabler for aligning
waste-derived hydrogen production with low-carbon energy transition goals.

Overall, this work establishes a robust and transferable framework for evaluating and
improving the thermal performance of high-temperature hydrogen production systems
based on plastic waste. By explicitly linking process configuration, heat recovery potential,
and external utility demand, it delivers design-relevant insights that extend well beyond
the specific case examined. The demonstrated reductions in energy consumption and
emissions strengthen the case for pyrolysis—reforming pathways as viable components of a
circular, low-carbon hydrogen economy, provided that energy integration is recognised and
implemented as a foundational design principle rather than a secondary optimisation step.

5. Recommendations for Future Work: System-Level Energy Recovery
and Power Integration

While the present study focuses on heat integration through pinch analysis and
heat exchanger network optimisation, future work should extend the system boundary
to include power-generating energy recovery pathways. In particular, the utilisation of
process-derived off-gases for combined heat and power (CHP) generation via gas turbine
systems represents a promising direction for enhancing overall process self-sufficiency
at scale.

In waste-to-hydrogen systems operating at elevated temperatures, a substantial frac-
tion of the chemical and sensible energy remains embedded in tail gases following hy-
drogen purification. Converting this energy into electricity and recoverable heat through
gas turbine integration could complement conventional heat exchanger-based recovery by
addressing energy demands that are not readily met by thermal matching alone. Such an
approach would enable a more holistic energy integration strategy, bridging thermal and
electrical energy domains within the same process architecture.

However, the integration of gas turbine systems introduces additional design and
environmental considerations that warrant further investigation. These include detailed
flowsheet development, turbine sizing, part-load performance, dynamic operability, and a
rigorous assessment of combustion-related emissions. Importantly, the net environmental
benefit of gas turbine integration depends on its interaction with the broader energy system,
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including the carbon intensity of displaced grid electricity and the availability of low-carbon
utility alternatives.

Future studies should therefore evaluate gas turbine integration in conjunction with
carbon capture, utilisation, or storage (CCUS) technologies to mitigate potential emission
increases associated with combustion-based energy recovery. For example, by combusting
the hydrocarbon-rich gases in a gas turbine or combined heat and power system, overall
energy efficiency can be improved. Additionally, integration with carbon capture, utilisa-
tion, or storage (CCUS) technologies, such as post-combustion CO; capture from flue gas,
could further reduce greenhouse gas emissions. The preliminary literature data suggest
that hydrocarbon-rich off-gases from plastic pyrolysis can provide sufficient heating value
to support small-scale power generation [107-109]. Incorporating these strategies would
allow the development of process configurations that maximise energy recovery while
minimising environmental impacts. Such coupled assessments would allow the identi-
fication of configurations that maximise energy efficiency while maintaining alignment
with low-carbon hydrogen objectives. In parallel, techno-economic and policy-oriented
analyses should be undertaken to assess carbon credit eligibility, emission penalties, and
sensitivity to different utility sourcing scenarios, such as renewable versus fossil-based
energy inputs. Additionally, future work could incorporate catalytic kinetic reactor models
to assess deviations from equilibrium under industrially relevant operating conditions and
to complement the equilibrium-based analysis presented in this study. Benchmarking the
pyrolysis-reforming route against alternative hydrogen production pathways, including
gasification and electrolysis, would also help contextualise its potential advantages and
limitations. Finally, comprehensive environmental assessments, including lifecycle emis-
sions and waste reduction analyses, should be conducted to quantify broader sustainability
impacts. Expanding the scope from heat integration alone to integrated heat and power
recovery, combined with kinetic modelling, techno-economic evaluation, and environmen-
tal assessment, would build upon the foundations of this study and move towards fully
optimised, system-level designs for sustainable hydrogen production from plastic waste.
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