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ABSTRACT: Low levels of plastics circularity today reflect major
challenges for the sector to reduce environmental impacts and a
need for wider systemic change. In this work, we investigated the
potential for climate and socioeconomic benefits of circular
economy (CE) interventions in the plastic packaging system. By
means of a mixed-unit input−output (IO) model, we performed a
comparative scenario analysis for the development of demand and
waste management up to 2030 within the EU-28 (EU27 + United
Kingdom). We modeled the development of material flows and
assessed the effects of both demand-side and end-of-life
interventions. Different levels of ambition toward 2030 based on
EU circular economy strategies were tested. Results showed that on reaching high levels of circularity, between 14 and 22 Mt CO2-
eq/year could be reduced by 2030 (20−30% of the total sector impact in 2018) compared to business-as-usual. Demand change
(e.g., by decreasing product packaging intensities) showed similar emission-saving potential as achieving the current recycling target
of 55%, which emphasizes the role of demand-side actions. Most scenarios displayed moderate employment gains and potential
economic losses, pertaining to both direct and indirect activity shifts in the economy. While considering model limitations, the
approach is useful in indicating potential first-order effects of system changes.
KEYWORDS: socioeconomic effects, scenario analysis, policy targets, plastic recycling, industrial ecology

1. INTRODUCTION
The transition to a circular economy (CE) encompasses
economy-wide changes affecting broad societal areas. The
premise of such a transformation is economic development,
which benefits business, society, and the environment, primarily
by extending/perpetuating the productive stage of material
resources, thus avoiding pressures connected to new resource
exploitation.1,2 However, there is a lack of consensus on the
magnitude of such ″win−win−win″ benefits.3 Global studies
suggest that environmental impacts can be reduced, while
employment opportunities can increase, driven by more labor-
intense secondary sector activities as well as the increasing
importance of services.4 However, the effects may be different
per sector or by different circularity interventions.5,6 Thus, the
use of material recirculation as a proxy for societal benefits may
lead to unwanted consequences.7

Plastics overall and packaging as its main application are
priority materials within CE strategies, especially in EU policy.8

However, plastics have currently very low circularity, with less
than 20% overall recycling in the EU and around 5% input of
secondary streams to closed-loop applications.9,10 Moreover,
while the understanding of potential environmental effects of
large-scale transition to circularity for plastics has improved
substantially, socioeconomic implications, and particularly the
potential for environment-economy tradeoffs, are understudied.

Increased scientific attention has expanded the understanding
of societal flows by use of region-wide material flow analysis
(MFA) (e.g., refs 11−13). The possibilities to close physical
plastic loops were assessed for the EU9,14 and even globally with
a perspective on reducing plastic pollution.15 Recently, several
studies evaluated region-wide circular economy strategies in the
plastic sector from an environmental and/or cost perspective.
Zheng and Suh,16 followed up by Meys et al.,17 used bottom-up
process life cycle assessment (LCA) models to estimate global
GHG emissions and evaluated mitigation strategies toward net-
zero emission systems. They highlighted key challenges, such as
a large need for renewable energy, biomass, efficient recycling,
and demand-side measures. Using combined MFA and LCA
frameworks, Chu et al.18 assessed when GHG emissions would
peak in China for three polymers, and similarly Chaudhari et
al.19 assessed energy and climate impacts in the United States
(U.S.) but did not address system interventions. GHGs and
costs/investments with end-of-life (EoL) options under differ-
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ent scenarios for the U. S. were assessed by Basuhi et al.20 In
Europe, several studies addressed impacts of meeting policy
targets, such as the recycling of packaging in 203021 and 2025
targets for recycling and recycled content.22 The latter found
that the total emissions of plastic use in 2018 were 208 Mt CO2-
eq, which may be reduced by around 26 Mt CO2-eq by 2025.
Direct employment and economic costs of interventions were
assessed by Hestin et al.,23 and recently, Bassi et al.24 used LCA
and societal life cycle costing (CLCC) to study the effects of
PET packaging consumption in the EU to 2030, testing several
waste management and consumption scenarios.
These studies take a high-resolution approach in terms of

process system descriptions (and activities within study scope)
and provide comprehensive assessments. Nevertheless, they
have limitations in capturing indirect or supply chain effects that
connect assessed activities to the rest of the economy.25 As will
be shown in this work, environmental effects may be driven
primarily by changes in (so-called) foreground activities, but a
large portion of socioeconomic effects may occur in connected
supply chains. Additionally, process-based LCA suffers from
well-recognized systemic incompleteness due to truncation in
inventory data (e.g., missing consumption of services).26,27

Environmentally extended input−output analysis (EE-IOA)
has gained momentum in CE evaluation due to its ability for
integrated assessment, linking economic development with
environmental and socioeconomic aspects, within economy-
wide or even global settings.28 Recently, studies showcased
scenario tools based on EE-IO and their application to forward-
looking assessments with a focus on energy/climate transitions
andCE strategies.29 Examples includeCE intervention scenarios
in countries6,30 and globally.4,5 Cabernard et al.31 provided a first
global analysis of environmental and socioeconomic footprints
of plastic production and use, including their evolution to 2030,
but without CE implementation. Nevertheless, some major
limitations of applying EE-IO to CE assessment persist: (1) the
standard monetary framework does not fully represent actual
physical transitions in the economy, (2) weak or missing EoL
stages, and (3) low material/product and sector resolution.
Most CE policies are formulated in physical units (reduction,
recycling targets). In response, hybrid and mixed-unit models
were developed, starting with the well-known waste IO (WIO)
approach to extending IO to include EoL,32 to economy-wide
physical dimensions,33,34 and further disaggregating material/
product systems.35,36 These IO approaches were used
extensively to assess EoL systems, as well as broader CE
strategies.37−40 However, hybrid approaches can lose the ability
to maintain monetary balance, thus precluding measuring
socioeconomic effects. With increased complexity, hybrid and
monetary EE-IO models could supplement each other to assess
CE indicators, as shown for Belgium by Geerken et al.40

This contribution showcases an IOmodel with the capacity to
simulate physical circular system flows with economic
accounting balance. The model was constructed to investigate
environmental and socioeconomic effects of circularity inter-
ventions in EU plastic packaging consumption. While
addressing a specific material, this work contributes also to the
wider discussion on benefits/costs of the CE, specifically on
challenges to the prevailing “win−win” perspectives. We intend
to answer: to what extent could current strategies contribute to
climate and socioeconomic benefits? And what are the potential
tradeoffs of plastic packaging CE? A comparative scenario-based
approach to 2030 was taken to answer these questions. We
estimated the development of region-wide plastic packaging

flows, potential GHG emissions, employment, and value
creation, with different consumption and waste management
interventions that embody current policy ambitions as well as
system efficiency limits. The scenario analysis integrated the
effects of (short-term) economic development, as well as
changing “background” conditions, i.e., decarbonization of the
economy.

2. METHODS
2.1. Mixed-Unit Input−Output Model for the EU-28.

We built a simple EE-IO model in mixed units,35 which
distinguishes plastic packaging production, consumption, waste
generation, and treatment, from the rest of the economy.
Borrowing from LCA, we denote these activities as the
foreground and the rest of the economy as the background
system. While flows of the background system are measured in
monetary units (million euro or MEUR), flows of the
foreground, consisting of products and waste management
services, are measured in both mass and monetary units. The
foreground sections represent, essentially, disaggregated parts of
the economy, with the model maintaining the original monetary
accounting balances. The table structure is similar to the hybrid
model by Nakamura et al.,36 with the distinction that we used a
supply-use table (SUT) formulation41 instead of an input−
output table (Figure S8 in the Supporting Information (SI) A).
This was deliberate, as it supports the MFA perspective by the
direct and explicit representation of both sectors (or activities)
and products/services. Circular mass flows are endogenized in
the model, reflecting substitution processes, as secondary
plastics contribute input to packaging conversion in the
foreground (denoted as closed-loop recycling), as well as to
the production of other plastic goods in the background
(denoted as open-loop recycling).
The underlying SUT was built starting from the EU-28

Eurostat tables for the year 2018 (NACE*64 industry level), as a
single region with distinct representation of the use of imports.
Although more sector aggregated than some multiregional IO
(MRIO) databases such as EXIOBASE42 by comparison,
Eurostat SUTs constitute an up-to-date base, which is consistent
with production, trade, and EU-28 structural business statistics.
EU intercountry monetary SUTs are now available with the
FIGARO project.43 However, the single-region approach was
prompted by the lack of data to describe foreground activities at
the country level. Further, the foreground sections were
disaggregated from parent sector/products by combining
physical flow information, sector-specific economic data, and
life cycle inventory data (see ref 44). Finally, the table framework
was completed by adding GHG emissions and employment
extensions based on Eurostat.45,46 The approach and details on
disaggregation are documented in the SI A Section 2.
To analyze the direct and indirect impacts of circularity

interventions, we used the standard Leontief demand-driven
modeling, in which the total output x required for a certain final
demand y in a region or country is determined as x = (I−A)−1 y,
where L = (I − A)−1 is the Leontief inverse, A is the matrix of
technical coefficients, and I is an identity matrix of size A.47 This
allows us to calculate the overall upstream supply chain impacts
(or footprints) induced by the consumption of goods and
services, as c = b L y, where c are footprints for different metrics
(here GHGs, employment, and value added) induced by final
demand and b represents vectors of sectoral intensities for the
metrics. We point out that here A was a compound square
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coefficient matrix in supply-use formulation, determined with
the industry-technology assumption.41,48

With IO frameworks, both static and temporally dynamic
scenarios can be modeled by the implementation of exogenous
changes in (1) the structure and size of final demand, (2)
changes in the matrix of technical coefficients, and (3) changes
to value added components and to environmental and social
extensions.5,49,50 The effects of interventions implemented in
scenarios can be measured simply asΔc = c* − c, where c* = b*
L* y* is the footprint outcome based on potential changes (*) in
the sectoral intensities (b), technical coefficients (A), and/or
final demand (y). The results represent a comparison between a
reference and scenarios in which the interventions, ceteris
paribus, have been achieved.49 Importantly, in the mixed-unit
system, the plastic mass flows after interventions can be
determined by recalculating interindustry flows (the transaction
matrix) Z* = A* diag(L* y*), where “diag” refers to the
diagonalized matrix. Finally, while Δc represents the net
difference between scenarios, the total impact of the plastic
packaging system in isolation from the rest of the economy can
be estimated by placing a demand-pull y equivalent to the total
consumption of converted packaging in a year and for associated
waste management services (with all remaining demand for
products set to zero). The result is total impact under the
domestic technology assumption, i.e., import flows are
accounted as produced/waste handled with domestic technol-
ogy.

2.2. Triple Bottom Line and System Efficiency
Indicators. Circularity interventions induce environmental
and socioeconomic effects. The present work used well-
established indicators to measure these effects. Value added is
a conventional indicator for representing economic impacts, as it
represents the production-side calculation of GDP.30 Employ-
ment indicates socioeconomic effects; however, we do not detail
changes in skill level and other social aspects. For environmental
aspects, GHG emissions are a reliable indicator, which also links
CE to the wider climate transition but nevertheless does not
capture potential burden shifting between different impacts.
The plastic mass flows in the model were used to measure the

overall efficiency of the plastic packaging system by two widely
used indicators. The recycling rate (RR) in a year expresses the
percentage of plastic waste supplied to the market as secondary
plastics, thus, after full reprocessing or secondary plastic
production. The RR point of measurement here differs slightly
from the new EU requirement, which precludes some final
reprocessing steps.51 The second indicator is a closed-loop
circularity rate (CR) that expresses the percentage of packaging
conversion demand covered by recycled plastics. While closed
loop is generally defined as plastic flows pertaining to a specific
product group being recycled into the same, here we more
broadly use it to encompass the use of secondary plastics in the
production of new packaging vs their use in all other sectors
(open loop).

2.3. Mass Flows Underlying the Foreground System.
The model required establishing the base system flows for 2018,
which is the starting year for scenario simulations. Mass flows
were calculated with a resolution of seven polymer types
(thermoplastics) and a group denoting the remaining types.
Production stages, including primary plastic production and
conversion/manufacturing of packaging, were based primarily
on Plastics Europe.52,53 The consumption and waste generation
stages within the EU-28 economy were described using the IO-
MFA approach,33,54 i.e., monetary intersectoral and sector-final

demand flows served as a vehicle for the estimation of packaging
flows and waste generation, considering that a certain amount of
packaging is associated with goods/services produced and used
throughout the economy or internationally traded. In the
present model, this amount was calculated with product
packaging intensities (measured in kt/kt or kt/MEUR). An
elaborate attempt to determine intensities for the EU was
performed earlier by ref 10. Here, intensities were derived in a
simpler manner by using the detailed U.S. SUT,55 a reasonable
proxy for the EU.
Waste streams generated at multiple points in the process

chain were accounted: (1) production waste, (2) preconsumer
waste (packing/manufacturing, transport/wholesale-retail, and
service waste), (3) postconsumer waste (in sectors and final
demand), and (4) secondary waste (sorting rejects, incineration
residues). Pre- and postconsumer wastes were denoted in the
following as plastic packaging waste (PPW). Polymer-specific
flows within collection, sorting, and recycling stages for 2018
were calculated with data from several recent reports
commissioned by Plastics Recyclers Europe,56−58 as well as
other sources (e.g., refs 53, 59).
Packaging production and waste statistics at the EU level52,60

reflect a large unsupported gap of around 15%, which is generally
treated as addition to stock in MFAs.12,53 Accordingly, in 2018,
packaging production for EU-28(+2) stood at 21,000 kt, while
PPW stood at 17,800 kt. Although several causes contribute,
there is increasing confidence that packaging consumption and
waste are underreported in many EU member states.61 In the
present model, we used a different approach whereby PPW
generation is determined as the sum of domestic use + net trade
− stock additions. The latter accounts for the potential stock
additions due to delays between consumption and disposal. This
resulted in a PPW generation closer to 19,500 kt. The complete
2018 mass balance is illustrated in Figure S2. Data sources and
approach to mapping physical flows are detailed in the SI A.

2.4. Scenarios to 2030. We developed two reference
scenarios and three intervention scenario narratives for the
development of packaging consumption and waste management
to 2030. In the following, we distinguish between the
background frame, describing the overall evolution of the EU
economy, and the foreground scenarios, which contain the
specific circularity interventions studied.

2.4.1. Background Frame. Considering the short time
horizon, we developed a single background frame scenario,
driven by exogenous macroeconomic data.62 The scenario was
implemented by scaling final demand components without
structural changes.63 For the EU-28 GDP development between
2019 and 2023, we used the 2021 short-term economic forecasts
by the European Commission, which includes the effects of the
Covid-19 pandemic.64 For the subsequent period up to 2030, we
used the approach of Scott et al.,65 i.e., we applied econometric
trends in the projection of the different components of final
demand.World GDP projections up to 2025 were available from
the IMF World Economic Outlook Database, and up to 2030,
we applied growth rates in line with the shared socioeconomic
pathway SSP2�middle of the road.66

The second major component of the background frame was
the potential development of GHG emissions. To reflect EU
decarbonization efforts, we (1) projected sectoral GHG
emission intensities following historical trends (2008−2019)
given by linear least-squares regression67 and (2) the intensity
for power and heat production was reduced, consistent with
levels indicated by the European Environment Agency, which
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would allow the EU to achieve a net 55% reduction (from 1990
levels) in GHGs by 2030. With this approach, total GHGs in the
EU changed over the period roughly in line with the EU
Reference Scenario 2016, displaying a decrease of approx.
20%.68,69

2.4.2. Foreground Narratives.We first defined two reference
scenarios that constitute the baseline for comparison to
intervention scenarios. The references differ in the way product
packaging intensities are treated. In the first, intensities are
maintained constant; thus, packaging flows evolve proportion-
ally with demand of goods/services, while in the second, a
decrease of 1% per year was implemented to reflect
dematerialization (based on evidence over 25 years70), as well
as potential effects of societal pressure to transition from plastics.
Savings due to packaging decrease were reallocated as an
increase in sector research/innovation, and waste management
savings were added to value added.
The foreground intervention scenarios were built around the

main quantitative targets within EU policy, as well as general
directions given in the EU Strategy for Plastics in a Circular
Economy.8 Interventions modeled (i) increased recycling (a
product of collection, sorting, and reprocessing), (ii) reduced
the consumption of single-use packaging (SUP), (iii) reduced
exports of recovered plastics, and (iv) increased closed-loop
recycling. The intervention scenarios were modeled within both
references.
The overall scenarios then were:

(0) Reference or business-as-usual (BAU)�scenarios with
constant or decreasing product packaging intensity while
the foreground is unchanged.

(1) Baseline development�this scenario narrative projected
recycling over the period based on historical precedent.
The time series for packaging waste recycling from
Eurostat was used as a predictor. SUP consumption
reduction measures were in line with the EU direc-
tives.71,72 Exports followed a 10% reduction per year, in
line with developments between 2018 and 2020. The ratio
of secondary plastics returned to the packaging sector
remained constant. The landfilling ratio of plastic waste

decreased from 40% to 20%, in line with historical
development.60

(2) EU targets�this normative scenario narrative imple-
mented the current targets for 50% recycling by 2025 and
55% by 2030.73 SUP reduction measures were in line with
the adopted legislation. Exports followed a 10% reduction
per year. Closed-loop recycling (to packaging) increased
to satisfy the mandated and pledged recycled content rate
of 30%.71,74 The landfilling ratio decreased further from
40% to 10%, in line with targets for the reduction of
municipal waste landfilling.75

(3) Max potential�this scenario narrative increased the
recycling rate to 70% by 2030, deemed the maximum
possible by several studies.76,77 SUP reduction measures
were in line with the adopted legislation. Exports followed
a linear reduction per year to achieve complete
elimination by 2030. Closed-loop recycling increased to
90%. The landfilling ratio decreased from 40% to 10%.
This scenario was guided by plausible efficiencies,
assuming best-available techniques (separate collection,21

sorting, and reprocessing efficiencies in European
plants9), as well as inherent packaging design changes
(not directly modeled).

The effects of SUP consumption reductionmeasures based on
the targets of the SUP Directive and the Carrier Bag Directive
were estimated at a potential of 1000 kt or the equivalent of 5%
of plastic packaging used in 2018. SUP reduction was modeled
by reducing direct consumption of packaging by final demand
and compensated with increased expenditure for paper
products.
Each of the (1−3) scenarios was modeled as a group of five

subscenario variants, whereby increased recycling constituted
the core intervention, and the remaining interventions were
added individually and eventually combined. The scenario
variants were (a) efficiency changes toward recycling, (b)
recycling + SUP reduction, (c) recycling + export reduction, (d)
recycling + increased closed-loop, and (e) combined inter-
ventions. The system was projected every year until 2030, and
the adoption of the different interventions was implemented in a

Figure 1. (Left) Evolution of the domestic packaging demand and associated packaging waste between 2018 and 2030; dotted lines and full lines
denote reference flows with and without packaging intensity decrease and SUP denotes scenarios with mandated reduction. (Center and right)
Evolution of domestic EU recycling (RR) and recycled content (CR) in packaging conversion (.a - recycling interventions; .e - all interventions) from
the level in the reference year 2018.
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linear manner. Additional description of scenario development
is available in the SI A Section 3.

3. RESULTS AND DISCUSSION
3.1. Plastic Packaging Flows and Circularity Potential

toward 2030. With domestic demand for packaging in 2018 at
21,000 kt, and estimated PPW amounting to 19,500 kt (flows in
Figure S2), separate collection systems in Europe captured for
recycling around 38% of the waste generated. Around 30% of
this was sorted and sent to recycling within (22%) or outside
Europe (8%). After final processing stages, recovered secondary
plastics constituted around 18% of the original generated waste
(domestic recycling rate RR). Less than one-third (5%) of this
contributed to new production of packaging (closed-loop
circularity CR).
In the two reference scenarios, domestic packaging demand

was projected to first decrease in 2020 due to the Covid-19
pandemic and then to recover during 2021−2022. Figure 1
(left) illustrates the development up to 2030. In the absence of
interventions, packaging demand over the period increased by
8−22% and PPW by 4−19%, with the lower ranges in the
reference accounting for product packaging intensity decrease.
When the consumption reduction of SUP was included, the
demand increase was limited to 2−16% and PPW decreased by
−2% or increased up to 16%. For comparison, the recent study
by Antonopoulos et al.9 projected PPW by 2030 at 22,000 kt,
which is in the higher range here. A widening gap between
demand and PPW was observed, caused by a faster increase in
exports of packaged products compared to imports. This follows

past trends and reflects faster economic growth in extra-EU
regions in the current decade.
Figure 1 (center/right) follows the development of system

efficiency indicators. We distinguish the scenario variants
implementing only recycling and the ones implementing the
full narratives (all interventions). Results highlight the
importance of export reduction (of recovered plastics) on the
domestic RR. In the EU targets scenarios, the overall RR reached
55% by 2030 but domestically only 40−50% (depending on the
export rate). RR reached its domestic target of 70% only in the
maximum potential scenario with exports fully eliminated. The
same scenario showed that with an RR of 70%, the contribution
of secondary material (CR) could reach 55% of converter
demand by 2030.
The material flow balances in 2030 for the reference and the

three intervention scenarios, with constant packaging intensity,
are illustrated by Sankey diagrams in Figure 2. The equivalent
figures with decreasing packaging intensity are found in the SI A.
The figures highlight the growing role of waste-to-energy (WtE)
at the expense of landfilling, a decreasing direct use of SUP by
the final demand of over 1 Mt, as well as the extreme system
transformations needed to achieve the current targets of EU
policy and beyond. Roughly, there is a need for a threefold
increase in recycling output until system limits would be
reached.

3.2. Environmental and Socioeconomic Effects. Circu-
larity interventions led in the different scenarios to significant
GHG emissions reduction and more moderate employment
gains concurrent with minor losses of value added. Net

Figure 2. EU-28 flows for the plastic packaging system in 2030 [kt y−1]; scenarios without a packaging intensity decrease (equivalent Sankey diagrams
for the systems with a decreasing packaging intensity are available in the Supporting Information A). The scenario variants (1−3) include the
application of all interventions studied (variant e). Values denote process totals and are rounded to two/three significant digits. The flow data
underlying the figure is available in the Supporting Information B.
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differences between intervention scenarios and the reference
(Δc), under constant packaging intensity, are illustrated in
Figure 3. In the same figure, the difference between the two
references was also highlighted (black line), revealing that a
decreasing packaging intensity alone could contribute to around
7 Mt CO2-eq. savings by 2030, as well as lead to a small loss of
employment and minor negative value added.
Extending past progress, emission savings in the baseline

development narrative followed closely the reference, achieving
only a minor 1−3 Mt CO2-eq. savings by 2030. The reason for
this was that recycling improvements were (initially) unable to
compensate for emissions from the increasing use ofWtE (to the
detriment of landfilling). However, eventually benefits appeared,
in part due to the diminishing capacity of WtE to save emissions

by energy production (as background production decarbon-
izes). Meeting EU targets and beyond (max potential scenario)
led to savings of 6−10 Mt CO2-eq. and 14−22 Mt CO2-eq.
respectively. The lower range accounted for changes in recycling
alone (.a), while the upper range pertains to full narrative
implementation (.e). For perspective, the maximum emission
savings shown correspond to 0.74% of total industrial emissions
in 2018 EU-28 (3,570 Mt CO2-eq.

45) or the total country
emissions of Lithuania in the same year (23 Mt CO2-eq).
Although not completely comparable, GHG savings fall in the
range of some recent studies generally employing process-based
approaches. Tallentire and Steubing,21 for example, found that a
50% recycling of PPW (of 16.5Mt) in the EU resulted in around
7 Mt CO2-eq. savings, while ref 78 and ref 22 showed that an

Figure 3. Net difference between intervention scenarios and the reference (BAU) scenario (represented by the zero line) over the 12 year period:
GHG emissions, employment, and value added. Scenario variants are noted a−e. Results are for scenarios with constant packaging intensity; the
reference with an intensity decrease is shown with a black line.

Figure 4. Sectoral contribution to GHG emissions, employment, and value added in scenarios with constant packaging intensity. The results are
calculated as difference in 2030 from the reference (BAU) scenario (represented by the zero line) (.a - recycling interventions; .e - all interventions).
Results for the scenario alternatives with/without packaging intensity decrease for all five subscenarios are available in the Supporting Information A
and B.
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additional collection for recycling of 10 Mt plastics in the EU
would save 20−26 Mt CO2-eq. The difference in collection for
recycling between our reference and max potential scenario is 9
Mt PPW, with the latter achieving 14 Mt CO2-eq. savings by
recycling improvements alone.
We also confirm an aspect reported by Bassi et al.24 for the EU

PET system, specifically that increasing consumption with
efficient waste management does not necessarily result in lower
environmental impacts compared to lower consumption and
weak recycling. As can be seen in Figure 3, the targets scenario
decreased emissions roughly equivalent to the reference with
packaging intensity reduction.
All intervention scenarios added employment compared to

the reference, specifically in 2030 reaching 22−24,000 person-
positions with baseline development, 34−48,000 in the targets
scenario, and 34−65,000 in the max potential scenarios. In the
latter two scenarios, implementing all interventions (.e) led to
lower-range employment gains, which is elaborated in the
following contribution analysis. Results also indicated minor
value added gains in scenario variants with increased recycling,
which turned to losses in variants reducing exports (.c) and
combining all interventions (.e).

3.2.1. Contribution Analysis. Sector contributions to the net
difference illustrated in Figure 3 are captured in Figure 4 for the
end year. They reveal important reallocation effects between
sectors, especially regarding employment and value added
creation. The contributions to GHG emissions, both reductions
and additions, were dominated by foreground sectors (88−
95%) in all scenarios. Conversely, only 65−80% of contributions
to employment and value added differences pertained to
foreground sectors, indicating much stronger indirect effects
through upstream value chains.
Employment gains reflected a shift between sectors with lower

employment intensity, namely, primary production and up-
stream manufacture of chemicals, to activities with higher
intensity, such as collection, sorting, and reprocessing.79

Contributions to value added revealed losses by primary
production, upstream chemicals production, and WtE sectors,
which generally add more value per unit production than
operations toward recycling. Taking specific interventions, both
employment and value added loss due to SUP reductions were
mostly compensated by the shift to paper-based products.
Reductions of exports led to an increase in employment due to
additional recycling infrastructure, concurrent with a decrease in
value added due to displacement of primary production. An
interesting effect was observed regarding packaging conversion,
which lost employment due to decreasing demand (for SUP)
but saw substantial increases in value added in scenarios with
large closed-loop recycling. This was due to a decreasing total
cost of feedstocks, as secondary plastics have a lower price than
primary plastics in the model. Under current recycled content
policies, the average price of secondary plastics may increase. To
test sensitivity to the fixed price assumption, we ran scenarios
whereby prices were gradually increased to the primary level and
the secondary sector turnover was upscaled accordingly. As
somewhat expected, losses in value added in the conversion
sector were mostly compensated by increased inputs in the
secondary sector, and there were also associated small gains in
employment as well as small increases in GHG emissions (result
illustrated in Figure S29).
We note here that as linear models do not consider dynamic

price responses, we may overstate these effects in the economy.
Nevertheless, results do reflect potential for reallocation effects

across supply chains compared to studies capturing only direct
effects. An example is lower gains in employment shown here
compared to Hestin et al.23 or the job creation potential
indicated with PET circularity in ref 24.

3.2.2. Total Sector Footprint. The total (direct and indirect)
impact of the plastic packaging system in 2018, in isolation from
the rest of the economy, was estimated to be around 72Mt CO2-
eq (Figure 5). The system also contributed to the employment
of 780,000 persons, of which 48% was in upstream industries,
and around 56,000 MEUR value added to the economy, with
more than 50% occurring in upstream industries (Figure S16).
For comparison, Plastics Europe estimated that the entire
plastics industry in Europe employed directly over 1.6 million
people and had a turnover of more than 360,000 MEUR.52

In the reference scenarios, overall system GHG emissions
remained stable over time with constant product packaging
intensity and decreased by 8 Mt CO2-eq with decreasing
packaging intensity. The main sector contributions changed
substantially to 44% for WtE (36% in 2018) and 37% primary
production (41% in 2018). This reflects the changes in
background emission intensities, without which the total
emissions of the reference systems in 2030 would have increased
to 88 Mt and 78 Mt CO2-eq. Intervention scenarios lowered
total emissions to a minimum of 67% of the reference scenarios.
We note here that negative emissions observed in the system
footprint pertain to WtE heat production, of which the system
consumed overall less than it produced.
Finally, we want to point out that emissions, employment, and

value added differences in Figures 5 and S16 between the two
scenario sets (constant vs decreasing packaging intensity) are
different from the net differences indicated in Figure 3.
Specifically, Figure 5 shows an overall decrease in employment
by around 100,000 person-positions and a 7000MEURdecrease
in value added (Figure S16) between the two reference scenarios
in 2030, compared to a net difference of 10,000 person-positions
and a negligible loss of value added in Figure 3. This underscores
two different perspectives, as Figure 5 illustrates system
footprints, while Figure 3 captures net changes in the entire
EU economy. The latter includes reallocation effects (outside
the foreground system), such as an increase in other packaging
materials due to SUP reduction, as well as potential growth in
research/innovation to achieve packaging intensity decreases.
This essentially compensated employment losses by 90% and
value added almost entirely.

3.3. Limitations and Perspectives. The present work
showcased several distinct advantages of mixed-unit IO models,
as well as some important limitations. While (monetary) EE-IO
models can reflect changes in the economic structures with the
implementation of CE,4−6 they cannot quantify impacts on
material flows, such as changes in waste flows and waste
handling systems. This is achieved with hybrid IOmodels but so
far largely at the expense of assessing socioeconomic impacts
(e.g., refs 37, 39), as it becomes difficult to maintain economic
balances. For instance, changes in waste amounts or shares of
different waste treatments affect industry and household costs,
which then have to be integrated into use and final demand. In
the present model framework, all physical flows have associated
values (or prices), and the effects of changes in physical flows
reflect back in the economy. This was possible due, in part, to the
study focus on one sector or system, plastic packaging, for which
industry links and EoL stages could be reasonably well described
in Europe. As such, the present model can indicate potential
tradeoffs between environmental and socioeconomic aspects
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but from a single-region perspective, i.e., without determining
impacts in regions outside the EU affected by circularity
interventions within the EU. We aim to address this in future
efforts but note here that current MRIO databases still suffer
from low monetary sectoral and country resolution in “rest-of-
the-world regions” due to a lack of available data.80 Moreover,
much of the fate of materials, waste, and cost structures of waste
management are unknown.81,82

There are known limitations with EU IO data. SUT data is
consolidated and aggregated at the EU level from country tables,
and differences between accounting or missing data in certain
country tables require applications of gap filling and balancing
procedures.83 This is a source of uncertainty more broadly
characterizing all IO databases. Multiregional models link
countries and regions and typically require additional rebalanc-
ing, resulting in potential significant errors/deviations from
reality.84 Assessment of potential issues with themonetary tables
was outside the scope of the present work. In addition, the
mixed-unit IO model remains coarse in sector representation
and is subject to uncertainties pertaining to aggregation.27,85

Furthermore, EE-IO models (as well as LCA models), as
linear structural models compared to dynamic economic
models, cannot directly reflect repercussions of price responses,
substitution elasticities, or changes in international trade
structures. In addition, they do not capture behavior aspects

or potential for rebound effects. Recent studies have found
significant rebound potential around CE strategies.86,87 These
occur as CE may generate monetary savings and induce
substantial investments, leading to changes in consumption.
Contrastingly, dynamic economic models generally use more
aggregated representations of the economy, precluding detailed
CE intervention analyses,50 as well as having rather rigid
assumptions of agent behavior. Nevertheless, there are
opportunities for further developments around integrating
dynamic aspects in IO, as shown by Wiebe et al.30 with
endogenous consumption and investments or by Vivanco et al.88

with the integration of rebound effects. To conclude, asWood et
al.49 point, the results of IO models provide first-order impacts,
across supply chains, which are useful for policymakers/
evaluators, precisely because they are devoid of assumptions
on dynamic effects. The scenario results presented here should
not be taken as absolute values but used as indicators of potential
effects, considering the model limitations and data uncertainty.

3.4. Circular Economy and Policy Implications. Bearing
in mind the scope of this study, i.e., plastics used in packaging,
which accounts for roughly 40% of plastic applications, we found
that current approaches to increase circularity could lead to
significant yearly emission reductions, with up to 120 Mt CO2-
eq. when cumulated to 2030. Overall, we found more modest
but positive effects on employment and small negative value

Figure 5. Total (direct and indirect) GHG emissions and employment of the plastic packaging system and main activity contribution. Each scenario is
illustrated as two stacked bars; the right and left bars represent results for the system with and without packaging intensity decrease, respectively. * and
** denote the reference scenario in 2030 with and without the change in sectoral direct emission intensities, respectively; .a− recycling interventions,
.e− all interventions. The equivalent figure for value added is available in the Supporting Information A. Sectors that contribute indirectly (not part of
the packaging system) are the manufacture of chemicals, electricity power, steam and air conditioning, and other sectors (sum of remaining
background sectors).
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added effects. We point, as other researchers,24,30 to the role of
consumption, or demand-side interventions, in driving poten-
tially substantial emission savings. Nevertheless, we warn that
savings by dematerialization and SUP substitution in packaging
are dependent on reallocation effects and the impact of induced/
avoided activities. Moreover, emission reduction may be joined
by significant employment and economic losses, although both
were found to be small here. The implementation of demand-
side interventions is particularly challenging and may be
countered by rebound effects. Past developments certainly
indicate that packaging demand did not deviate significantly
from real GDP development in the EU (R2 of 0.834; Figure
S11), despite increasing pressure on the sector. We also
emphasize that the results and conclusions of this work should
be weighted, considering limitations and uncertainty discussed
in Section 3.3.
Interventions to increase recycling, including closing loops in

the packaging sector, reflected substantial reallocation of
employment and value added in the economy. This may, in
general, be beneficial for employment due to higher rates in
secondary sector activities compared to those in primary, but
absolute benefits may be lower than expected when accounting
only for direct sector employment.23 In addition, we point again
that this work did not consider impacts outside the EU. The
evaluation of effects on economy is more difficult. As the
manufacture of chemicals and primary plastics in Europe is
characterized by high value added, results showed that economic
losses were possible but were to a large extent compensated by
gains in secondary sectors. Several IO-based studies have
indicated that CE is not in every case an environment-economy
“win−win”.5,6 From a policy perspective, these studies indicate
possible weak points, which need to be supported. Dynamic
macroeconomic models may be used to test further financial or
economic strategies.3

WtE for plastic waste, especially for residual streams, is likely
to remain a significant option in the future. It does, however,
increase critical challenges. Despite the displacement of WtE by
recycling, remaining combustion emissions could still account
for 22−25 Mt CO2-eq. or 39−43% of the total impact of the
system in 2030 (based on the targets narrative). Therefore,
additional efforts will be needed, eventually by amending ofWtE
with carbon capture and storage/use (CCS/U)89 technologies.
While so far IO-based studies of CE approaches have treated

secondary−primary materials as equivalent,4,5 the topic of
quality and its impact on substitution are central to much
research.90−92 In the mixed-unit framework, the so-called value-
corrected substitution can/was to an extent endogenized here,
as secondary plastics have a lower average monetary value. The
increase of closed-loop recycling benefited the climate
perspective by displacing more primary production, at the
expense of some employment, but value added was less
impacted due to gains in the conversion sector.
Lastly, given that several studies explored the technical

possibilities and potential implications of high circularity in the
plastic sector, a pertinent question arises�how realistic is it that
Europe will meet its ambitious targets? No doubt, to realize a
circular system, we must overcome many technical, policy, and
behavioral barriers.93 High circularity scenarios rely on dramatic
system efficiency improvements. Wide cultural and socio-
economic differences between EU regions, as well as most
areas with high population density, pose great challenges to
citizen-driven plastic recovery.94 Moreover, the Covid-19
pandemic and the more recent conflict in Ukraine once more

brought forward the vulnerabilities of recycling systems to
macroeconomic shocks (particularly to fossil fuel and energy
prices).95

We conclude by naming several priority areas, in our view,
crucial to achieving sustainable CE in the packaging sector. First,
we praise efforts in the EU to improve consumption and waste
statistics, as these are crucial to relevant assessments, policy
development, andmonitoring of progress.We point, however, to
remaining serious issues with data on consumption and EoL of
plastics. To counter potential employment and economic
displacement, regulatory interventions such as a carbon tax
and virgin material fees should be prioritized. These would also
increase the overall resilience of the secondary sector. Effects on
extra-EU regions should be considered if the aim is an overall
socially and environmentally just CE transition. Further, actual
implications of material quality and the limitations of citizen/
business behavior should be addressed more thoroughly in
policy making. Last, the largely ignored aspect of CE rebound
effects, for example, induced by material price changes and
demand dynamics, needs to be addressed both by policy and
further research.
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BAU business-as-usual
EE-IOA environmentally extended input−output analysis
EoL end-of-life
GDP gross domestic product
GHG greenhouse gas
IO-MFA input−output material flow analysis
LCA life cycle assessment
MRIO multiregional input−output
SUP single-use packaging (distinguished from all single-

use plastics)
SUT supply-use table
WtE waste-to-energy (mainly incineration with energy

recovery)
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