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Chapter 1:
Research overview



summary of Background and Context

The text positions mismanaged plastic waste as a systemic threat to planetary health, highlighting
that over 8.3 billion tonnes of plastics have been produced since the 1950s while less than 10%
has been effectively recycled, with the rest accumulating in ecosystems and even human tissues.
It argues that current EU recycling practices, dominated by mechanical recycling and thermal
treatments, are structurally insufficient for a circular plastics economy because they downcycle
material quality, struggle with contaminated and composite streams, and generate significant
greenhouse gas emissions. As an alternative, chemistry-based recycling—particularly solvolysis—
is presented as a key enabling technology, capable of selectively depolymerizing condensation
polymers into high-purity monomers (e.g., BHET from PET) suitable for re-polymerization into
virgin-quality plastics, with demonstrably better life-cycle energy and emissions profiles. In
parallel, the text introduces digital twin (DT) technology as a core Industry 4.0 tool—a real-time,
data-driven virtual replica of a physical process that enables predictive modeling, optimization,
and automated control. It concludes that the largely unexplored integration of DT architectures
with solvolytic recycling could yield precision-controlled, adaptive, and sustainability-optimized
chemical recycling systems, thereby operationalizing a more robust, closed-loop, and low-carbon
paradigm for plastic circularity.

summary of Problem Statement



The problem statement identifies three tightly linked gaps at the interface of solvolysis and
industrial digitalization. First, there is no existing digital twin (DT) framework for solvolysis
reactors, leaving the process as an analog, empirically tuned operation that cannot exploit
predictive control, adaptive optimization, or real-time sustainability monitoring. Second, the
literature lacks reactor-scale dynamic models (e.g., CFD or online mass/energy balances), so
critical scale-up effects, operational risks, and closed-loop control strategies cannot be
systematically anticipated or engineered. Third, there is no standardized, DT-enabled
benchmarking system to compare solvolysis with alternative recycling pathways (mechanical,
pyrolytic, hybrid) using harmonized indicators such as monomer yield, energy efficiency, carbon
intensity, and throughput. These deficits constrain operational agility, reinforce trial-and-error
process tuning, and undermine robust environmental performance claims. The present research
addresses these gaps by proposing a DT-integrated architecture for solvolysis, developing a
reactor-level dynamic model for predictive control, and designing a digital benchmarking
framework to support evidence-based technology selection in the circular plastics economy.

Chapter 2:
Literature review



summary of Introduction

The introduction positions the plastic waste crisis as a major environmental and techno-economic
challenge, with PET exemplifying the tension between high functional performance and extreme
environmental persistence. It argues that conventional PET end-of-life options—mechanical
recycling and incineration—are fundamentally linear and environmentally suboptimal, thereby
motivating a shift toward solvolysis-based chemical recycling that can regenerate monomers for
closed-loop PET production. However, the industrial maturation of solvolysis is hindered by
Kinetic, operational, and control limitations, particularly the lack of real-time monitoring and
adaptive optimization. In this context, the chapter proposes Digital Twin architectures, coupled
with (Dynamic) Life Cycle Assessment, as an integrated framework for simultaneously optimizing
process performance and generating time-resolved sustainability intelligence for PET recycling
systems.
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Summary of Chapter 2

Chapter 2 provides an interdisciplinary state-of-the-art synthesis on PET waste management and
builds the conceptual bridge for integrating solvolytic depolymerization, digital twin (DT) cyber-
physical systems, and dynamic life cycle assessment (DLCA). It first shows why current PET end-
of-life strategies are structurally misaligned with circularity: mechanical recycling is constrained
by polymer downgrading and material heterogeneity, while thermochemical routes recover energy
but destroy polymer value and externalize environmental burdens. In contrast, solvolysis is
presented as a molecularly reversible pathway (via glycolysis, methanolysis, aminolysis) capable
of regenerating high-quality monomers, yet still underindustrialized due to Kinetic barriers, solvent
and catalyst constraints, and the absence of responsive, closed-loop control. To overcome this, the
chapter introduces DTs as cyber-physical infrastructures that link real-time reactor data to virtual
process models, enabling predictive optimization, fault detection, and autonomous adjustment of
operating conditions. It then argues that such digitalization must be coupled with 1SO
14040/14044-based LCA to make environmental performance an integral, real-time dimension of



process governance, advancing toward DLCA where sensor-fed data continuously update impact
profiles. DTs are thereby recast as embedded environmental intelligence, capable of computing
time-resolved circularity and emissions metrics and feeding them back into process control. The
chapter culminates in a multi-layered conceptual framework that interlocks PET solvolysis
chemistry, process intensification, DT infrastructures, and DLCA analytics, and identifies the key
disciplinary fracture this thesis seeks to repair: the historical separation of chemical recycling,
digital process control, and environmental modeling. The proposed integrated DT-DLCA
architecture is positioned as both a technological and conceptual reconfiguration of how circular
plastic economies can be designed and operated.



Chapter 3:
Materials and Methods



Summary of Introduction

This chapter outlines the simulation methodology used to analyze the thermokinetic behavior,
energy dynamics, and environmental impacts of PET solvolysis under controlled batch-processing
conditions, positioning the work as a bridge between the empirical data of Chapter 2 and the
mechanistic modeling that follows. The simulation was implemented entirely through manually
structured Excel spreadsheets—rather than automated, black-box software—to ensure full
transparency, traceability, and scientific rigor. The computational framework is organized into six
modules: calculating the reaction rate constant using integrated kinetic expressions; assessing
pressure-induced equilibrium shifts; estimating final reactant concentration based on batch
stoichiometry; determining total process energy demand for heating and holding phases; mapping
the interaction between thermal input and reaction velocity through system-response surfaces; and
quantifying CO. emissions per batch and per unit of product for lifecycle analysis. Each module
relies on explicit thermodynamic and kinetic formulations populated with parameters derived from
laboratory measurements, while visualization and sensitivity analyses were conducted in RStudio.
Section 3.1.2 specifically introduces the Arrhenius equation (k=Ae—Ea/RT)(k = A e"{-E_a /
RT})(k=Ae—Ea/RT) as the core of the kinetic modeling framework, explaining how its exponential
temperature dependence—governed by the activation energy EaE_aEa and the pre-exponential
factor AAA—enables accurate prediction of PET depolymerization behavior across a defined
thermal spectrum. Collectively, this simulation architecture provides the analytical backbone for
subsequent Digital Twin development and supports predictive control and dynamic lifecycle
optimization of the solvolysis process.

Summary of Chapter 3

Chapter 3 of this dissertation delineated the comprehensive methodological framework developed
to simulate the solvolytic depolymerization of polyethylene terephthalate (PET) under a wide
range of thermal and pressure-dependent conditions. The methodology is firmly rooted in first-
principles chemical kinetics, thermodynamic formulations, and stoichiometric modeling, and is
designed to reflect the actual experimental logic outlined in Chapter 2, while also advancing
toward digital twin integration. The chapter commenced by defining the rationale for simulation
within a hybrid experimental-computational paradigm, particularly emphasizing its role in
extrapolating process behavior beyond laboratory constraints. The simulation was executed
manually using structured spreadsheet environments to ensure absolute transparency in
computation, with data visualizations implemented via RStudio. The methodological architecture
is structured around six core computational modules, each reflecting a pivotal aspect of the
solvolysis process. The first module addressed the determination of the reaction rate constant using
the Arrhenius equation, which incorporated the pre-exponential factor (4), activation energy (Ea),
gas constant (R), and reaction temperature (7), with temperature standardized to Kelvin. Rate
constants were computed as a function of thermal activation energy thresholds. The second module



implemented a pressure influence correction based on Le Chatelier’s principle. Here, a pressure-
adjusted rate constant (k') was calculated using a power-law model with a pressure dependency
exponent of n = (.5, a value empirically justified for solvolytic systems. This correction allowed
the simulation to incorporate the acceleration effects induced by elevated pressure conditions,
particularly relevant under supercritical or near-critical solvolysis regimes. The third module
focused on calculating the final reactant concentration (C?) using a first-order kinetic model. This
approach assumes exponential decay of the reactant and enabled prediction of residual PET
concentrations over time, using the adjusted rate constant (k') under various temporal and
operational parameters. The fourth module addressed efficiency estimation, whereby conversion
efficiency was derived as a percentage from the initial and final concentrations, offering a
quantitative metric for comparing process performance under variable reaction conditions. The
fifth module simulated energy-dependent reaction behavior, correlating reaction rate with thermal
input and pressure-driven acceleration to enable preliminary evaluation of energy-efficiency trade-
offs. Finally, the sixth module introduced a foundational structure for estimating the CO- footprint,
forming the conceptual linkage between reaction completion and carbon intensity. While the full
environmental assessment is reserved for later chapters, this initial framework sets the stage for
integrating reaction performance with life cycle-oriented digital twin modeling. Throughout the
chapter, all equations, constants, and parameters were maintained in their exact empirical and
mathematical form, ensuring fidelity to real-world modeling practices. The methodological rigor
applied herein enables reproducibility, computational auditability, and facilitates seamless
integration with subsequent data analysis modules and control simulations.



Chapter 4



4.1.1 Simulation of Thermokinetic Performance for PET Solvolysis — Detailed Analysis of
Tests 1 and 2

To investigate the kinetic feasibility and thermodynamic intensity of PET solvolysis under high-
pressure, high-temperature batch conditions, a total of 19 simulated test scenarios were developed.
Each test explores a unique triad of operational parameters: reaction time, temperature (in Kelvin),
and system pressure (in bar). These variables were chosen based on both laboratory-reported
kinetic feasibility zones and industrial scalability constraints. The test matrix presented in Table
4.1 establishes the basis for evaluating reaction rates, pressure-modified kinetic constants,
concentration decay curves, and conversion efficiency. While the complete kinetic analysis for all
19 cases is explored in subsequent sections, Tests 1 and 2 are analyzed in-depth here as
representative cases that illustrate fundamental kinetic principles in high-pressure solvolytic
systems.
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Summary of Chapter 4

This chapter delivers a multifaceted, quantitatively grounded assessment of the thermokinetic behavior,
energy demand, and environmental implications of PET solvolysis across nineteen simulated process
configurations spanning temperatures of 573.15-693.15 K, pressures of 85-300 bar, and reaction times of
5-90 minutes. Although all conditions achieved nominally complete depolymerization, the adjusted rate
constant k'k'k’ varied widely (=3,320 to 29,049 s™"), revealing that high-temperature/short-duration regimes
maximize kinetic performance at the expense of substantially higher energy burdens, whereas low-
temperature/long-residence configurations offer greater energy efficiency. Thermal energy demand ranged
from roughly 0.83 to 1.15 kWh/kg PET, demonstrating a near-linear relationship between process
temperature and energy intensity and underscoring the inherent trade-off between reaction speed and
thermodynamic efficiency. Environmental analysis quantified CO: emissions for three electricity
pathways—EU grid mix, renewable electricity, and natural gas—showing the highest carbon intensity for
grid electricity (median =0.33855 kg CO./kg PET) and near-zero emissions under renewables, with
interquartile statistics highlighting variability and risk across sourcing scenarios. Integrating kinetic
performance, specific energy consumption, and CO: intensity, the chapter establishes a tripartite evaluation
framework that enables multi-objective optimization essential for industrial scale-up and for digital-twin-
enabled process control. The findings demonstrate that optimal solvolysis design cannot be judged solely
on reaction yield or rate but must incorporate energy and environmental constraints alongside conversion
performance, providing a robust foundation for aligning solvolytic PET depolymerization with circular-
economy and climate-accountability objectives.



Chapter 5:

Discussion



Summary of Introduction

This chapter functions as the interpretive core of the dissertation, synthesizing the work conducted
in the previous chapters—problem framing around PET recycling inefficiencies (Chapter 1),
conceptualization of a Digital Twin—enabled solvolysis framework (Chapter 2), development of a
deterministic kinetic—thermodynamic model (Chapter 3), and generation of scenario-based
performance data (Chapter 4). Rather than restating results, it recontextualizes them against the
study’s theoretical assumptions, modeling constraints, and industrial realities. The discussion
systematically evaluates how well the proposed model and DT architecture meet the original
research objectives, elucidates the trade-offs between depolymerization kinetics, energy demand,
and emissions across the most efficient operational scenarios, and explores the feasibility of
embedding these insights within a real-time cyber-physical control environment with integrated
life-cycle monitoring. It then positions the proposed system within the broader academic and
industrial landscape, highlighting both its novel contributions and its limitations. Adopting a
systems-level perspective, the chapter ultimately seeks to clarify the technical, environmental, and
infrastructural conditions under which PET solvolysis, orchestrated via Digital Twin technology,
can credibly function as a cornerstone of circular materials infrastructure at scale.

Table 5.1. Selected Optimal Solvolysis Scenarios and Performance Metrics

EU
TEMP PRESSURE TIME REACTION SPECIFIC = rpry penEwaBLE NATURAL
TEST (BAR) oy RATE ENERGY CO (katkey A CO:
KKK’ (s7)  (KWh/kg) 2 z (Kg/ke (kg/kg)
(kg/kg)
6 643.15 200 30 12,289.21 1.01 03288  0.0044 0.0733
7 663.15 250 20 18,216.08 1.07 0.3483  0.0047 0.0777
8 683.15 280 10 25,140.18 1.12 03646 0.0049 0.0813
9 583.15 100 50 3,320.29 0.83 02702 0.0036 0.0602
10 603.15 180 45 6,270.85 0.89 02897  0.0039 0.0645
14 693.15 290 5 29,049.95 1.15 03744 0.0050 0.0835
15 583.15 120 55 3,637.19 0.83 02702 0.0036 0.0602
19 663.15 270 20 18,930.70  1.07 0.3483  0.0047 0.0777

Summary of Limitations and Future Work

This section acknowledges that the study, while methodologically rigorous, is constrained by several
structural limitations and outlines a corresponding agenda for future work. The current simulation
framework is calibrated at laboratory scale and assumes ideal, perfectly mixed, isothermal conditions,



leaving scale-up effects (heat and mass transfer heterogeneities, non-ideal thermofluid behavior)
unresolved. The kinetic model is restricted to a dominant PET — BHET pathway and omits secondary
reactions, solvent and catalyst degradation, and side-product formation, thereby limiting fidelity under non-
ideal operating regimes. Energy demand is estimated via surrogate thermokinetic proxies rather than full
reactor energy balances, and emissions are calculated using generic carbon factors rather than region-
specific, time-resolved profiles, which constrains LCA precision. The Digital Twin itself remains
conceptual and simulation-based—assuming perfect sensors, zero latency, and no hardware-in-the-loop
validation—so questions of cyber-physical robustness, fault tolerance, and control reliability remain open.
In response, the section prioritizes pilot-scale deployment of the solvolysis—DT system for empirical model
recalibration and real-world validation; extension of the reaction network and energy modeling (including
HEN design, exergy analysis, and renewable integration); tighter coupling with geo-temporal emissions
data; and the incorporation of Al-enhanced control (reinforcement learning, Bayesian/fuzzy controllers,
multi-objective optimization). Collectively, these steps are framed as the pathway by which the current
proof-of-concept DT architecture can evolve into a fully autonomous, thermoeconomically and
environmentally optimized platform for PET solvolysis at the core of a circular economy.



Chapter 6:

Conclusion and
Recommendations



Summary of Introduction

This final chapter is positioned as more than a formal ending; it serves as an integrative synthesis
of the dissertation’s purpose, achievements, and future potential. It concludes a research project
that has aimed to bridge chemical reaction engineering, digital process architecture, and
sustainability governance through the specific case of PET solvolysis coupled with a reactor-scale
Digital Twin. Responding to three intertwined challenges—inefficient and non-circular PET
recycling, the absence of real-time, data-driven control in depolymerization processes, and the
need for processes that are simultaneously efficient, intelligent, and environmentally
accountable—the thesis has developed a pressure- and temperature-sensitive Kinetic model, a
parametric energy—emissions—performance simulation engine, and a modular digital architecture
suitable for real-time control. In doing so, it argues that Kinetics, control, and sustainability metrics
must be co-designed, and that digitally governed PET solvolysis represents a next-generation
recycling solution rather than a marginal alternative. The concluding chapter (i) synthesizes the
theoretical, methodological, and applied contributions, (ii) extrapolates their implications for
academia, industry, and policy, (iii) sets out concrete directions for future research and
deployment, and (iv) reflects on the work’s broader role in advancing the digitalization of
environmental technologies and supporting a circular economy.
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