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ABSTRACT: The recycling of multimaterials such as payment or
access cards poses significant challenges. Building on previous
experimental work demonstrating the feasibility of chemically
recyclable payment cards made from glycol-modified poly(ethylene
terephthalate) (PET-G), we use life cycle assessment and techno-
economic analysis to investigate two chemical recycling scenarios and
evaluate their potential environmental and economic benefits.
Recovering all components from the depolymerized products
(Scenario 1) achieves substantial environmental benefits across most
categories, reducing global warming by up to 67% compared to only
recovering major components (Scenario 2). However, the environ-
mental benefits in Scenario 1 incur 69% higher total annualized costs,
causing its profitability to be dependent on a minimum selling price of
£13.4/kg for cyclohexanedimethanol and less than a 10% discount rate. In contrast, Scenario 2 is less sensitive to discount rate
variation and thus a lower risk and more economically feasible option, albeit less environmentally sustainable.
KEYWORDS: life cycle assessment, techno-economic analysis, chemical recycling, multimaterials, PET-G

■ INTRODUCTION
The annual production of plastic has witnessed a staggering
surge from a mere 2 million tons in the 1950s to an estimated
367 million tons in 2020.1 Unfortunately, over 90% of plastic
products end up in landfills, incinerators, or the environment,2

making plastic a symbol of the unsustainable “take-make-
dispose” linear economy.3 The extensive consumption and
unmanaged disposal of end-of-life plastic products come at
significant environmental and economic costs4 due to the slow
natural degradation of petrochemical products5 and a lack of
functional waste management infrastructure. Fortunately, a
circular economy model presents a promising pathway toward
an environmentally sustainable future for plastics.6 The model
advocates for retaining materials in their highest value
condition throughout the life cycle, thus reducing waste and
promoting sustainability.7 To achieve this vision, it is urgent to
address the prevailing challenges of plastic complexity and
diversity8 and develop economically feasible solutions for
recycling waste plastics.9 This will not only ensure sustain-
ability but also reduce environmental and economic costs. In
many instances, a holistic approach that encompasses the
redesign of plastics,10 greater transparency and coordination
along supply chains, suitable waste management,11 and strong
regulatory intervention is essential to attain true circularity.12

While mechanical recycling is often perceived as the most
economically (i.e., less energy-intensive) and environmentally

(e.g., less greenhouse gas release) viable option for expanding
the life cycle boundaries of plastic monomaterials, this method
suffers from drawbacks such as a finite number of recycling
cycles,13 poor materials retention, and a reduction in molecular
weight during reprocessing, especially when materials are not
appropriately sorted.14 In contrast, chemical depolymerization
can prolong the lifespan limits of plastics by utilizing the end
products as building blocks for manufacturing virgin-quality
polymers,15 thereby conserving energy, reducing reliance on
nonrenewable fossil resources, and enabling greater adapt-
ability to market demands.16 Recent developments in catalytic
systems for solvolysis reactions have sparked interest in this
selective chemical recycling methodology and facilitated rapid
progress in technology that permits milder reaction conditions,
improved energy efficiency,17 high tolerance of contamination
with unknown chemicals (e.g., additives and fillers), and
effective handling of multimaterials. However, the integration
of environmental concerns and economic considerations
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related to manufacturing, infrastructure, markets, and trade is
crucial in shaping the direction of these pathways.18

Life cycle assessment (LCA) is an effective tool for weighing
the environmental and energy consequences of different
approaches to managing plastic waste,19 including landfill,
recycling, composting, and energy recovery.20 By assessing the
environmental performance of these end-of-life options, LCA
enables ranking and decision-making21 based on the most
environmentally sustainable and eco-friendly choices.22 Our
previous work demonstrated the feasibility of chemical
recycling of multimaterial cards (i.e., those used for payment
or access) composed of glycol-modified poly(ethylene
terephthalate) (PET-G) laminated sheets interwoven with
diverse metals and materials in the antennae, chips, magnetic
stripes, and holograms.23 For the chemical recycling of
polyesters, tools such as glycolysis,24,25 hydrolysis,26 aminol-
ysis,27 and methanolysis are necessary for innovation.28,29 The
logical progression of this proof-of-concept work is to probe
the potential environmental and economic impacts of the
chemical recycling process to enable plastic card circularity.
In this study, we undertake a rigorous and comprehensive

modeling effort for the chemical recycling of PET-G plastic
cards into constituent monomers and metal components,
encompassing all utilities required for an integrated process.
We employed LCA to estimate the various environmental
impacts and identify the hotspots in the process. Our
comparable tools consider the environmental and economic
impacts associated with the chemical recycling of multilayered
PET-G cards, unpicking the critical drivers for realizing the
depolymerization of plastic cards at scale. These tools also
facilitate the sharing of traceable data and promote trans-
parency, trust, and accountability in decision-making in terms
of technological development, infrastructure investment, and
policy development. We have outlined the key steps in the
recycling process and identified significant sustainability factors
that can lead to reduced byproduct emissions and resource
consumption. Additionally, we have conducted a techno-
economic analysis (TEA) to predict the capital and operating
costs, including the sale of the depolymerized product.
Sensitivity analysis was employed to highlight the relative
importance of the process variables that can be modified for
further process improvement and optimization.

■ MATERIAL AND METHODS
Life Cycle Assessment. LCA Methodology. This study adhered

to the international standards of “ISO 14040: Principles and
Framework” and “ISO 14044: Requirements and Guidelines” to
develop the LCA model.30 The goal of the study is to assess and
measure the environmental impacts resulting from (a) the process of
depolymerizing waste PET-G plastic cards (supplied by Mastercard,
compositions provided in Figure S3), (b) separating and purifying the
depolymerized products, and (c) reclaiming solvents. The scope of
this investigation was to perform a “system” LCA encompassing all
unit operations, which began with the depolymerization process and
ended at the point when the recycled products were recovered from
the system. Materials that were not recoverable at any processing step,
such as fillers and additives, were assumed to be disposed of within
the wastewater once they left the system. The study did not consider
the production and use of payment cards before they become waste.
The functional unit was defined as the treatment of 1 tonne of PET-G
payment cards per day, and feedstock material properties are
presented in Table 1. A cradle-to-gate system boundary and cutoff
approach were used in the LCA, starting at the gate of the waste
management facility. A comparative LCA was carried out using
SimaPro software (V9.4, PRe ́ Sustainability B.V.) with the ecoinvent

database (V3.9). The evaluation of the entire process’ impacts on the
environment followed the Hierarchist cultural perspective, which
represents the scientific model consensus for a century-spanning time
frame, in accordance with ISO 14044.31 The study employed a
hotspot analysis to identify significant emission sources in the overall
process, highlighting areas of concern. Furthermore, sensitivity
analysis was performed to investigate the environmental impact
range when using different amounts of water in the purification
process.

Life Cycle Modeling and Inventory. The LCA model was
constructed by using experimental findings. In cases where data were
unavailable, secondary sources such as Aspen Plus modeling data,
literature, patents, ecoinvent database, and commercial sources were
acquired based on the principle of best fit. The laboratory-scale
experiments provided the mass-balance data, which were then
extended to one functional unit (FU).
Two scenarios were investigated in the LCA modeling. Figure 1

depicts the process flow diagram and the associated system boundary,
which encompasses the foreground processes of plastic card
depolymerization, product separation, and purification. The back-
ground processes include the synthesis of organocatalyst, bis(2-
hydroxyethyl) terephthalate (BHET), and 1,4-cyclohexanedimethanol
(CHDM). The diagram also illustrates the flow of materials in the
system. Scenario 1 (Figure 1a) mainly includes five processing steps:
(1) depolymerization, where PET-G payment cards are depolymer-
ized in a mixed solution of ethylene glycol (EG) and organocatalyst
(1,8-diazabicyclo [5.4.0] undec-7-ene, DBU); (2) separation, where
the metals are separated from the colloidal suspension; (3) BHET
recovery, where hot deionized water (∼80 °C) is added to the
suspension, followed by filtration and cooling to 2 °C to afford a white
precipitate. The mixture is then filtered to obtain BHET. (4) Solvent
recovery, where water and EG are recovered by distillation and
recycled back for reuse. (5) CHDM recovery, where CHDM is
recovered by distillation. On the other hand, Scenario 2 considers
only the recovery of the metals and BHET from the depolymerized
mixture; the remaining components are disposed of as wastewater
(Figure 1b).
Tables S2 and S3 present the mass balance of chemicals and

products for the key background processes: synthesis of BHET,
CHDM, and DBU (see associated Schemes S1−S4). In all cases, a 5%
weight loss was assumed during sample preparation due to the
multiple steps involved. The ecoinvent database was used to obtain
the data for common chemicals; however, since no database
information was available for the hydroxylamine sulfate needed for

Table 1. Resource Input, Output, and Energy Consumption
for the Foreground Processesa

product/process S1 (tonne FU−1) S2 (tonne FU−1)

input
EG 0.542 1.996
organocatalyst 0.035 0.035
payment cards 1 1
water 0.3027 3
acetone 0.0009 0.0009
output
BHET 0.9473 0.9435
CHDM 0.1836
metals 0.0055 0.0055
wastewater 0.744 4.3811
energy consumption (electricity, kJ)
depolymerization 8.01 × 105 8.01 × 105

distillation of acetone 191.34 191.34
evaporation of water 3.00 × 107

distillation of EG 1.54 × 106

distillation of CHDM 7.73 × 104
aNote: S1, Scenario 1; S2, Scenario 2; FU, functional unit.
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DBU synthesis, hydroxylamine was used instead. HNO3 solution,
ammonium solution, and sulfuric acid were excluded in the emissions
in the synthesis of CHDM and DBU as materials can be recovered.
However, air emissions that occurred during the two processes were
taken into account. The end-of-life scenario for the Pd/C catalyst was
excluded from the model, assuming that the catalyst can be
regenerated for reuse.32 In the LCA model, the potential environ-
mental benefits of the Pd/C catalyst (associated with the recovery of
CHDM) were not claimed.
Table 1 presents the inventory of the foreground processes,

comprising depolymerization, separation, and product purification,
concerning product and material waste. The composition of PET-G
cards was determined by weighing individual components and
thermogravimetric analysis (Figures S1 and S2). In the absence of
an inventory database for BHET, CHDM, and DBU, the published
literature33,34 and patents35 were consulted for data related to the
synthesis of these chemicals. The inventory data for EG, metals (scrap
copper), acetone, and water were sourced from the ecoinvent
database.
The energy consumption for the foreground processes was

modeled using the Aspen Plus software based on calculated material
usage. The electricity mix data set for Great Britain from ecoinvent
was adopted for the electricity supply for all the processes. Life cycle
inventory (LCI) analysis was conducted to assess and quantify the
materials, resources, and emissions linked to the various stages of the
system.

Impact Categories. The environmental impacts were assessed
using the ReCiPe 2016 Midpoint impact assessment method across
categories such as global warming, human carcinogenic and
noncarcinogenic toxicities, mineral and fossil resource scarcities,
marine, freshwater, and terrestrial ecotoxicities, marine and freshwater
eutrophications, terrestrial acidification, ionizing radiation (IR), ozone
formations, fine particulate matter formation, stratospheric ozone
depletion, land use (LU), and water consumption.

Scenario Description. The present study analyzed the environ-
mental impacts of the chemical recycling of PET-G-based multi-
material cards by comparing two distinct scenarios. Scenario 1
involved the recovery of all depolymerized products, while in Scenario
2, only metals and BHET were recovered, and the remaining
components were disposed as wastewater. Byproducts such as
additives and fillers were assumed to be disposed as wastewater in
both scenarios. The analysis employed a system expansion approach
whereby the recovered products were credited with offsetting their
respective production from virgin materials. The study excluded the
impacts associated with infrastructure (e.g., reactor, columns, filter,
coolers, mixers, pumps) in the analysis. As there is an opportunity to
modify the amount of water used during BHET purification, a
sensitivity analysis was performed to understand the influence of this
parameter on the overall chemical recycling process via several
environmental metrics: energy consumption, greenhouse gas
emission, toxicity, LU, and water use.

Techno-Economic Analysis. Techno-Economic Analysis Mod-
eling. The process simulation of separation and purification after
chemical depolymerization was conducted using Aspen Plus (V12.1,
Aspen Technology Inc., USA) on a daily basis of 1 tonne of cards.
The nonrandom two-liquid Redlich−Kwong (NRTL-RK) method
was utilized to calculate the thermodynamic properties of the
multicomponent system. Missing physical properties were obtained
from either the NIST Thermo Data Engine (TDE) or estimated using
the Aspen Plus Property Constant Estimation System (PCES).36 As
the conversion rate of the polymer had been determined previously
through experiments, the scope of this simulation was limited to
separation and purification (i.e., postdepolymerization processes).
Comprehensive details pertaining to the depolymerization reaction,
encompassing operational parameters, specific reactions, and resulting
yields are extensively documented in our preceding publication.23

This information was employed to determine the feed composition in
the present study. The recycled products were obtained through a
series of downstream processing steps: separation, low-temperature
crystallization, and distillation. The base case scenario involved a
cooler, filter, single-stage solids washer (SWash), two-outlet flash
(Flash2), mixer, separator, and distillation column. The filter was used
to separate metals from the liquid fractions of the depolymerized
products. The acetone evaporator was modeled as Flash2, and the
distillation columns for water, EG, and CHDM were modeled using
RadFrac. Additionally, SWash was incorporated to simulate the
separation of washed metals from the solvent, and the separator was
employed to isolate BHET crystals from the cooled liquid mixture.

Economic Analysis Method. The Aspen Process Economic
Analyzer (APEA, V12) was utilized to perform the economic analysis.
Process models were employed to derive material and energy
balances, which were then used to estimate the costs of raw materials
and utilities, operating costs, product sales, and capital investment
with detailed equipment sizing. Online databases were used to source
consumable prices to facilitate the analysis. The simulation
incorporated certain assumptions regarding the chemical recycling
project in the UK, such as assuming a grass-roots project type that
would commence in 2025. Additionally, an arbitrary 27-week duration
for the Engineering, Procurement, and Construction (EPC) phase, as
well as a 12-week start-up period, was factored into the simulation.
The separation and purification process costs for the two scenarios

were estimated using APEA instead of relying on installation factors.
APEA is advantageous in that it can calculate costs based on required
materials and labor, and its combination of expert systems and
mathematical models results in more precise economic measurements.
The costs for the inputs and outputs used in the analyses and their
respective sources are shown in Table S8.

■ RESULTS AND DISCUSSION
The primary challenges in plastic card recycling include
securing a consistent and economical supply of feedstock
(cards), optimizing the depolymerization process for efficiency,

Figure 1. Process flow diagrams show the system boundary of the foreground process, background process, and materials flow in this work. (a)
Recover all of the depolymerized products. (b) Recover only metals and BHET, disposing of the other components as wastewater. Cards: made of
PET-G. Catalyst: DBU. Solid arrows represent process flow and dotted arrows indicate recycling.
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enhancing the downstream purification of monomers, and
achieving a cost-effective balance between the scale of
depolymerization and repolymerization processes. To achieve
these goals, the end-of-life cards need to be collected by the
local banks or partners under a responsible and trustworthy
collection scheme and stored securely until a specific volume is
reached. This process ensures the prevention of card material
from being dropped in landfills. Initiatives that aim to enable
cardholders to dispose of expired cards in a secure and
sustainable manner hold the potential to pave the way for
circularity and economics of scale in payment card recycling.37

After securing postconsumer feedstock via this proposed
“closed-loop” collection scheme, the next practical challenge

is to effectively separate the different types of cards according
to the chemical identity of the plastic component, which is
expected to be poly(vinyl chloride), poly(ethylene tereph-
thalate), poly(lactic acid), and/or PET-G. This can be further
complicated by the use of several plastics in one card (i.e.,
plastic laminates), a strategy often utilized in card fabrication
to satisfy rigorous performance requirements. Simplifying the
card design to a single plastic component would clearly aid in
the card recycling process, but even within the current
landscape of payment cards, it is possible to employ infrared
spectroscopy combined with principal component analysis to
effectively separate them into groups based on their plastic
component(s) (Figures S4 and S5). Using this approach, it is

Figure 2. Overall environmental impact assessment of two end-of-life scenarios in the chemical recycling process. S1: recover all components. S2:
recover only metals and BHET, with the remaining components disposed as wastewater. The results were obtained by using the ReCiPe midpoint
(H) method.

Figure 3. Comparison of the major environmental impacts of different scenarios. (a) Absolute values and (b) percentage of process contributions
of S1. (c) Absolute values and (d) percentage of process contributions of S2. LU: land use; IR: ionizing radiation; HNCT: human noncarcinogenic
toxicity; FRS: fossil resource scarcity; GWP: global warming potential; HCT: human carcinogenic toxicity; TE: terrestrial ecotoxicity; BHET:
bis(2-hydroxyethyl) terephthalate; CHDM: 1,4-cyclohexanedimethanol.
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clear that the PET-G and PET-based cards can be
distinguished and sorted, thus forming the basis for a relatively
clean feedstock for further chemical recycling into the
constituent monomers (BHET and CDHM), whereas the
metals (e.g., copper, gold, and palladium) can be recovered
and remanufactured to enable a second life.

Life Cycle Impact Assessment. We started the
investigation of the environmental impacts associated with
the chemical recycling of PET-G cards by comparing different
end-of-life scenarios. From an economic perspective, it is
tempting to recover only the major components�metals and
BHET�from the payment cards and discard the rest as
wastewater, given the considerable amount of energy needed
to evaporate large amounts of water and distill the high boiling
point EG solvent. However, we propose that recycling and
reusing the solvents employed in the reaction and purification
processes are more ecologically responsible approaches. To
support this hypothesis, we designed two scenarios (S1 and
S2) that encompass various degrees of product recovery. For
both scenarios, we assessed the environmental impact of
recovering different components from depolymerized prod-
ucts. Environmental benefits resulting from product displace-
ment were denoted by negative numbers, whereas direct and
indirect emissions are environmental burdens and thus
represented by positive numbers (Figure 2). Both scenarios
showed negligible impacts in the categories of eutrophication,
ozone formation/depletion, acidification, respiratory matter,
and mineral resource scarcity. When only BHET and metals
are recovered (S2), we found that the only apparent benefit
was for terrestrial ecotoxicity (TE) ( −78.4 kg 1,4-DCB),
whereas the majority of impact categories demonstrated net
negative effects, with global warming (2636.2 kg CO2 eq)
being the most significant environmental burden, followed by
human noncarcinogenic toxicity (HNCT) (2120.1 kg 1,4-
DCB). In contrast, when the other main components (i.e.,
water, EG, and CHDM) were also recovered during chemical
recycling (S1), we observed net positive environmental
benefits in several categories, especially for TE and HNCT.
Of the impact categories where both scenarios demonstrated
environmental burdens, only two show S1 performing worse
than S2: IR and LU. This is primarily due to the higher energy
costs associated with the evaporation of water required in S1
(Table 1). In a recent publication, Selvam et al. conducted a
study on PET glycolysis, exploring the global warming
potential (GWP) using zinc oxide as the catalyst in a
microwave-assisted approach, alongside homocatalysts. Their
findings indicated GWP values in a similar order of magnitude
(0.5−1 kgCO2eq/kg BHET) as those reported herein.38

Overall, the impact assessment highlights that designing a
chemical recycling system that recovers EG and CHDM (i.e.,
S1) can significantly reduce global warming (∼67%), TE
(∼8037%), and HNCT (∼247%).
To gain more insight into how the proposed chemical

recycling processes affect the positive or negative impacts
observed in certain categories, we performed a detailed
contribution analysis for both scenarios (Figure 3). The
aspects that increase impact are the use of EG, electricity, and
catalysts. Despite the small amount of catalyst used (∼1 wt%),
its environmental impacts are clearly significant. The absolute
contributions of catalyst are the same for each impact category
across both scenarios and are most pronounced for HNCT,
fossil resource scarcity (FRS), GWP, and TE. However, the
two chemical recycling scenarios employ many different

amounts of EG and energy, as reflected in both the absolute
and relative contributions to each impact category. In S2, the
majority of the environmental burden (>60%) are caused by
the large amount of EG needed, and the relative contributions
of catalyst and electricity are small. In S1, the recovery of EG
lowers its environmental burden, although there is still some
positive contribution because not all the EG is recovered
(some is consumed to produce BHET). With the reduction in
EG, the large amounts of energy required to recover water,
CHDM, and EG (Table 1) cause electricity to be the major
positive contributor across the highlighted impact categories
for S1. In most categories, the relative environmental burden
from the catalyst was less than that from EG, with the
exception of TE (28.8% for the organocatalyst vs 24.5% for
EG).
The contribution analysis also elucidates the degree to which

recovery of each component offsets the consumption of EG,
energy, and catalyst. For the simpler case of S2, the
environmental benefits from recovering BHET far outweigh
those of recovering the metals, although metal recovery has a
more obvious (yet still minor) contribution in the TE and
HNCT categories. The minor relative contribution of metal
recovery for both S1 and S2 is due to the fact that only a small
amount of metals are embedded in the cards (<1 wt%). For S1,
the benefit of recovering CHDM alongside BHET is clear from
the absolute and relative data; in many of the highlighted
categories (LU, IR, HNCT, and TE), the offsets from CHDM
recovery are larger than those of BHET ( −245.6 vs −192.4 m2

a crop eq, −278.2 vs −247.7 kBq Co-60 eq, −4529.7 vs
−1563.9 kg 1,4-DCB, −5317.0 vs −4478.3 kg 1,4-DCB,
respectively; see Table S6).
Coupled with the overall impact assessment shown in Figure

2, the contribution analysis clearly substantiates the overall
benefit of recovering CHDM and EG. The ∼67% reduction in
GWP from S2 to S1 is achieved in large part by recovering
CHDM and therefore offsetting emissions from its synthesis
(Figures 2 − 3 and S8−S9). The stark differences in TE and
HNCT between S1 and S2 can also be attributed to the
recovery of CHDM and EG (Figures 2 and 3). The CHDM
and EG recovery also offers slight benefits in the categories of
IR and LU, although not enough to offset the positive
contributions from the added electricity needed. Nonetheless,
these LCA findings strongly suggest that designing a system
that recovers all four components (metals, BHET, EG, and
CHDM) is more sustainable and generally results in lower
environmental impact than a system where only BHET and
metals are recovered.
After identifying the key environmental impact drivers, we

further investigated the influence of water usage during the
chemical recycling process. A large excess of water is used to
purify the BHET obtained from depolymerization, as BHET is
soluble in hot water and precipitates as relatively pure white
crystals on cooling. In the above results, we employed the same
mass ratio of water to PET-G cards as was used in our
experimental work (3:1).23 BHET of higher purity can be
obtained by increasing the amount of water used, albeit at the
expense of more energy consumption in the evaporation stage.
However, the environmental consequences of this sensitivity
analysis have been largely overlooked in most studies, with a
few exceptions.36,38

To assess the sensitivity of the results to water usage, we
increased this parameter in the model for S1 from our previous
value of 3 tonnes (i.e., 3 times the mass of PET-G cards) to 5
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tonnes. Literature data were used to predict the effect of this
change on purity and yield.39,40 The revised LCA results
showed that increased water usage for BHET purification
negatively impacted all impact categories (Figure 4). More
specifically, the GWP increased by ∼266%, the IR increased by
∼95%, and LU increased by ∼98%. Furthermore, a complete
reversal of the environmental impact was observed in the
categories of FRS (−37.8 to 777.6 kg oil equiv) and human
carcinogenic toxicity (−38.7 to 51.8 kg 1,4-DCB). These
changes in the environmental footprint were primarily caused
by the energy required for water recovery through evaporation.
To reduce energy consumption in the solvent recovery stage,
we further explored the use of low boiling point organic
solvents for BHET purification. However, experimental tests
with methanol and ethyl acetate demonstrated that the purity
of the final product was compromised when using these
solvents (Figures S13 and S14).

Techno-Economic Analysis. In the UK, waste manage-
ment facility gate fees for different waste treatment, recovery,
and disposal options are regularly reported by local authorities.
In 2021, the Waste and Resources Action Program (WRAP)
conducted a survey to examine these fees and other facility
details. According to the survey, the median average gate fees
(including transport) for waste sent to a nonhazardous landfill
facility was £83/tonne, but gate fees varied widely depending
on location, ranging from £15 to £150 per tonne. Moreover,
the landfill tax for 2021/2022 was set at £96.7/tonne.41 Based
on this information, we estimate that the total annual cost of
landfill disposal for payment cards (assuming 1 tonne/day)
would be between £40,771 and £90,046.
The success of plastic card chemical recycling relies on

capital investment, the efficiency of the process, and the
selective recovery of depolymerized products. The process
must be cost-effective, and the reclaimed products must be of
high quality to offset the incurred expenses.42 To assess the
economic feasibility of the conceptual system, we conducted a
preliminary TEA based on Aspen Plus modeling (Figures S16
and S17) and experimental data reported in the literature. As
the cost of the reactor was not factored into the automatic
estimation in APEA, we manually adjusted the total capital and
operating costs to account for all equipment costs (including
the reactor) based on the installation costs calculated from
APEA.

The primary distinguishing factor between the two scenarios
is the capital cost: the prediction for S1 is 1.5 times greater
than that for S2 (Figure 5a). This discrepancy is attributed to
the high capital costs of manufacturing the additional high-
temperature distillation columns, particularly the one utilized
for CHDM recovery (“Distillation 3” in Figure 5b). Compared
with S2, the evaporation of a large amount of water�powered
by high-pressure steam�led to 173% higher utility costs in S1
(Figure 5c), consequently resulting in 45% higher total
operating costs. In contrast, the focus on recovering only
metals and BHET in S2 negates the need for distillation
columns and thus significantly reduces both capital and
operating costs. BHET and CHDM are crucial chemical
building blocks utilized in the production of high-value
polyester markets with growing demand. The revenue
generated from material sales compensates for the incurred
capital and operating costs.
The total annualized costs of S1 and S2 amounted to 3.94

£M and 2.33 £M, respectively. Although the separation of all
components in S1 resulted in an annual cost that is 1.61 £M
higher than that of S2, its annual product sales are 1.73 £M
higher, leading to marginally higher revenue for S1 when
compared to S2. The additional revenue generated in S1 is
largely attributed to the sale of CHDM, which is subject to
considerable market volatility. Despite the relatively small
quantity of CHDM that can be extracted from the
depolymerized cards, it raises concerns about the economic
viability of recovering this material, as it necessitates substantial
capital investment. To address this issue, we conducted a
sensitivity analysis, which revealed that a trade-off between
separation costs and product revenue becomes apparent when
the market price of CHDM surpasses £13.4/kg (Figure 5d).
Discounted cash flow analysis showed that the cash flow
positive point for S1 would be achieved after approximately
three to five years, assuming a discount rate of 6−9%.
However, the profitability of S1 would diminish when the
discount rate exceeds 10%. On the other hand, S2 becomes
profitable after only two years, within a discount rate range of
6−12%.
When the options of landfill, S1, and S2 for end-of-life

management are compared, it is more economically feasible to
recover only metals and BHET from the depolymerized cards,
even though this approach leads to environmental damage.
However, once sufficient profits have been generated and the

Figure 4. Sensitivity analysis of the overall life cycle impact scores for chemical recycling of payment cards with varying amounts of water during
the purification step: 3 tonnes of water (depicted in green) versus 5 tonnes of water (depicted in orange).
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discount rate is below 10%, it becomes advantageous to
recover the other products from the depolymerized system to
achieve the net-zero target while retaining profitability. Based
on the stated assumptions and current product yields, the
techno-economic evaluation of the chemical recycling of
payment cards demonstrates a favorable outcome.

Limitations and Recommendations. The present study
has several limitations that warrant discussion. First, the
chemical recycling and purification system was solely based on
laboratory-scale experiments and process modeling, which
constrains their applicability to commercial industrial produc-
tion settings. Moreover, our study highlights significant
variations in the recycling of payment cards, including factors
such as the source and composition of PET-G cards, the purity
of the input chemicals, the amount of water used for
purification, and the desired purity of the recovered products.
Thus, conducting LCAs in commercial card production is
crucial in order to provide a comprehensive comparison of the
associated impacts. This approach has the potential to further
enhance the accuracy of the process model and the level of
insight that it offers. While our study did not explicitly address

the uncertainties stemming from truncation errors within the
mass-balance approach, we acknowledge that such errors could
potentially influence the final conclusions, thereby introducing
a degree of uncertainty into our study.
From an environmental and economic perspective, it is

essential to enhance process design and adopt more energy-
efficient infrastructure to minimize energy loss during the
chemical recycling process. The amount of water utilized in
BHET purification is an especially uncertain parameter
because of significant variations in the published literature
concerning BHET purification as well as the different ratios of
BHET oligomers that emerge after polyester depolymerization.
The evaporation of a large amount of water is the most energy-
intensive step in the purification process. Therefore, optimizing
the energy efficiency of Aspen process modeling could
considerably reduce energy demand by implementing heat
exchanger network synthesis, which considers the trade-off
between the number of heat exchangers, the total heat
exchanger area, and energy consumption.
In order to further reduce the negative environmental

impacts, a shift from fossil-derived energy toward renewable
energy sources may be a viable solution, as they do not depend
on finite resources. Advances in technology and economics of
scale have resulted in a significant reduction in the cost of
renewable energy, while fossil fuels have become increasingly
expensive due to stricter regulatory measures, depletion of
resources, and rising demand. Consequently, the deployment
of renewable energy sources can bring substantial economic
benefits in the long term.28 Overall, these transitions can lead
to a reduced energy consumption and significant reductions in
the environmental footprint, rendering the chemical recycling
process more sustainable.
The comparison of the two scenarios showed that reclaiming

all depolymerized products and recycling solvents used in the
system is environmentally beneficial. However, this benefit
comes at an economic cost. For small- and medium-sized
enterprises (SMEs), it may be more economically feasible at
the initial stage to recover the primary components (i.e.,
BHET and metals) from the depolymerized products and
dispose of the remaining materials. Once the payout period has
been reached, the focus can then be shifted toward building the
necessary infrastructure to recover other products, such as
CHDM and solvents. This additional recovery process can
help to reduce the environmental impacts associated with the
chemical recycling process. Furthermore, both scenarios
revealed significant environmental impact of the organo-
catalyst, despite it being used in such small quantities (∼1
wt%). Much of this environmental burden is derived from its
synthesis, which highlights the need to design alternatives with
similar catalytic efficiency and tolerance to the ambient
atmosphere but with fewer steps and less reliance on rare
earth metals during synthesis.
One of the uncertainties regarding the potential transition to

chemically recyclable plastics is the market dynamics of the
recovered depolymerization products. In this case, the key
drivers (besides metals) will be demanded for BHET and
CHDM. At present, BHET is an intermediate chemical in PET
production, and thus, the market price used in this study may
not be reflective of the need from the plastics sector; therefore,
additional sensitivity analyses on the market price of BHET
would be beneficial in determining to what extent the
economics of each scenario may be impacted. As both
scenarios recover similar amounts of BHET (and metals), we

Figure 5. (a) Techno-economic analysis, (b) equipment costs
breakdown analysis, (c) utility costs breakdown analysis, and (d)
revenue versus price variation of CHDM of S1 and S2. High-pressure
steam is used in distillation column 1 for the evaporation of water, and
a fired heater is used in columns 2 and 3 for the recovery of ethylene
glycol and CHDM. CHDM: 1,4-cyclohexanedimethanol.
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focused our sensitivity analysis on the CHDM market price.
Although we anticipate that the increasing adoption of PET-G
payment cards (and other PET-G products) will drive demand
for CHDM, it is important to acknowledge that further market
research and analysis are necessary to validate the assumption
that all byproducts of CHDM can be successfully sold. The
feasibility of this assumption may change with evolving
recycling infrastructure and market dynamics, requiring
ongoing monitoring and evaluation for accurate economic
assessments. Finally, our present investigation deliberately
omits the pursuit of catalyst recovery, despite its significance in
the realm of catalytic chemical recycling strategies. This
strategic decision was driven by the overarching objective of
our study: the isolation and refinement of the primary
constituents: BHET, CHDM, and metals. The endeavor to
reclaim the DBU catalyst, particularly given its nominal loading
(1 wt%), would likely entail a series of energetically demanding
separation and purification procedures. These intricacies, while
requisite, could significantly augment the overall cost of the
industrial-scale chemical recycling process and also potentially
induce oxidative degradation of the organocatalyst. Future
experimental work and modeling will be carried out to evaluate
this possibility and the potential trade-offs between DBU
recovery and overall process economics.
Finally, the economics of both scenarios will be dependent

on two factors that were also considered out of scope for this
initial study: the cost of cards as raw materials and the costs of
collection and sorting. These are additional important
contributors that would skew the numerical values from the
TEA presented herein, although we suspect the trends gleaned
from both scenarios would remain. Fortunately, pilot schemes
are already underway in the UK37 that will ultimately provide
data to refine this TEA by addressing these factors. This is
especially important for collection costs, as they are heavily
dependent on region, method, and market conditions.43,44

■ CONCLUSIONS
In this study, we conducted a comprehensive LCA and TEA to
evaluate the environmental and economic impacts of the
chemical depolymerization of plastic PET-G payment cards.
Our analysis compared two scenarios: recovery of metals,
water, EG, BHET, and CHDM (S1) or recovery of only metals
and BHET (S2). We found that S1 gives greater environmental
benefits, while S2 is more economically feasible.
Importantly, S1 yielded significant reductions (relative to

S2) in environmental impacts across several key categories
including GWP, TE, and HNCT. These benefits are largely
attributed to the contributions gained from CHDM and EG
recovery, which easily offset the impacts of added energy
needed for distillation/evaporation. The only two categories in
which S2 has a lower environmental burden than S1 are IR and
LU due to the increased amount of electricity needed for S1.
TEA revealed that S1 generates higher revenue due to the

sale of recovered CHDM, despite the higher capital costs
required. However, it is only economically feasible to recover
all components in S1 when the market price of CHDM
exceeds £13.4/kg, which may necessitate an increase in the
global PET-G market share. Currently, it is more economically
feasible to recover only metals and BHET from depolymerized
cards, but it becomes advantageous to recover other products
once profits have been generated, and the discount rate is
below 10%.

Our study highlights the importance of considering the
environmental and economic impacts of different components
and processes in the chemical recycling of PET-G multi-
materials to develop more sustainable and efficient recycling
practices. To transition toward a sustainable, resource-efficient,
and circular economy model for plastic cards and other
multimaterials, it is crucial to revamp the design and
production process and redefine what is achievable through
recycling. The proposed chemical depolymerization of plastic
cards reduces the dependence on fossil fuels and enables the
closure of the materials loop, enabling a potential circular
economy for complex multimaterials.
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