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Eoin Martino Grua a,b

a Department of Electronic and Computer Engineering, University of Limerick, Limerick, Ireland
b Data-Driven Computer Engineering (D2iCE) Group, University of Limerick, Limerick, Ireland
c Sustainable Cycles Programme (SCYCLE), United Nations Institute for Training and Research (UNITAR), Bonn, Germany

A R T I C L E  I N F O

Keywords:
Ex-post policy assessment
Interrupted time series
Causal inference
EU policy
Waste management

A B S T R A C T

Plastic packaging waste (PPW) presents a major sustainability challenge across the European Union (EU). The 
2004 amendment to the EU Packaging and Packaging Waste Directive (2004/12/EC) introduced the first PPW 
recycling targets, yet little empirical evidence evaluates its real-world implications. This study addresses the 
research question: Was the implementation of Directive 2004/12/EC associated with statistically significant 
changes in PPW recycling rates across EU member states? Interrupted time series and a volume trend analysis 
were applied to PPW recycling rates in 13 EU countries with data spanning 1999–2022. Significant positive 
associated effects were detected in the Netherlands, Germany and Spain. Significant negative associated effects 
were detected in Belgium, France, Austria and Ireland. These findings suggest that policy-associated changes 
likely reflect differences in national implementation conditions. The results provide an empirical evidence base 
for future EU policy by identifying where additional support or strengthened governance mechanisms may be 
needed.

1. Introduction

Plastic waste poses a major global sustainability challenge due to its 
environmental impacts and potential risks to human health (Beaumont 
et al., 2019; Bergmann et al., 2019; Wright and Kelly, 2017). The global 
production and consumption of plastic increased over 24 times between 
1964 and 2020 (Somlai et al., 2023). Of the 6.3 billion tonnes of plastic 
waste produced prior to 2015, only 9 % has been recycled (Geyer et al., 
2017). Packaging accounts for 44 % of global plastic production 
(Plastics Europe, 2022) and is the second largest packaging waste ma
terial in the European Union (EU). In 2022, the EU generated an esti
mated 16.2 million tonnes of plastic packaging waste (PPW) (Eurostat, 
2024).

In 1994, the EU adopted the EU Packaging Waste Directive (94/62/ 
EC) which marked the first step at reducing the environmental impact of 
packaging and packaging waste. The directive aimed to reduce pack
aging waste generation, establish targets for reuse, recycling, and re
covery, mandate reporting of packaging waste figures, and introduce 
extended producer responsibility (EPR) systems across Europe 

(European Parliament and Council, 1994). It’s important to note that the 
EU sets recycling targets as recycling rates, defined by the proportion of 
packaging recycled relative to that generated (by weight). It wasn’t until 
the 2004 amendment of this directive (2004/12/EC) that individual 
targets would be set for PPW (22.5 % of PPW was required to be recycled 
by weight by 2008) (European Parliament and Council, 2004). Since 
Directive 2004/12/EC was the first directive to set specific targets for 
PPW, its effects are the focus of this study.

The most recent recycling targets for PPW (Directive 2018/852) in 
the EU stand at 50 % by 2025 and 55 % by 2030 (European Parliament 
and Council, 2018). The Packaging and Packaging Waste Regulation 
(PPWR), which was adopted in 2024, sets out minimum recycled con
tent in plastic packaging based on the type of packaging (European 
Parliament and Council, 2024). For example, the minimum recycled 
content targets for single use plastic beverage bottles have been set to 30 
% by 2030 and 65 % by 2040.

Meeting these increasingly ambitious targets requires not only im
provements in recycling infrastructure but also the adoption of com
plementary policy instruments designed to boost collection rates. One 
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such instrument is the Deposit Return Scheme (DRS). The implementa
tion of DRS across member states represents a significant institutional 
response to enhance collection and recycling of single-use containers. 
Ireland, for example, was among the more recent countries to launch a 
DRS in February 2024, decades after early adopters such as Germany 
and Sweden, which implemented their systems as early as 1991 (Picuno 
et al., 2025). Early indicators suggest the DRS in Ireland has performed 
well. Over 980 million drinks containers have been recycled through the 
scheme, and 630 million extra plastic bottles and cans have been recy
cled than prior to it’s introduction (Re-turn, 2025).

Although recent initiatives like the PPWR aim to further transform 
waste management across the EU, their long term impacts remain to be 
seen. In contrast, earlier legislation such as Directive 2004/12/EC offers 
an opportunity to evaluate the effectiveness of EU level waste policy 
using longer running recycling data verified and published by Eurostat.

Despite the central role of PPW in EU waste legislation, ex-post as
sessments of EU packaging directives remain scarce. Much of the exist
ing literature relies on ex-ante modelling or descriptive trends, leaving 
limited evidence on how enacted policies have corresponded with real- 
world recycling outcomes. Addressing this gap is essential for under
standing the effectiveness of earlier policy frameworks and for inform
ing the design and implementation of emerging initiatives such as the 
PPWR, Circular Economy Action Plan (CEAP) and European Green Deal 
(EGD).

This study examines whether the implementation of Directive 2004/ 
12/EC was associated with statistically significant changes in PPW 
recycling rates in 13 EU countries with sufficient data coverage. The 
sample includes 13 EU countries with complete annual data on PPW 
recycling rates from 1999 to 2022, the most recent data available at the 
time of writing. Countries with uninterrupted data coverage were 
selected to ensure the robustness of the statistical analysis. By quanti
fying policy related shifts in national recycling trends, this analysis 
provides evidence on the effectiveness of EU level environmental 
regulation. These results should be of particular interest to policymakers 
within the EU who are evaluating the impacts of existing waste legis
lation or considering further reforms. They may also be relevant to in
ternational stakeholders, such as regulators, researchers, and 
environmental NGOs, seeking insights from the EU’s experience when 
designing or assessing their own packaging waste management 
strategies.

2. Related work

Despite growing attention, there is limited empirical evaluation of 
policy impacts on recycling rates in the EU. Instead, the literature fo
cuses on predicting the possible effects of policies.

Larrain et al. (2022) used a partial equilibrium model to estimate the 
effects of direct interventions (recycled content standards & recycling 
targets) on plastic packaging. EPR systems similar to those found in 
Europe were modelled. The results showed that direct interventions can 
help decouple the recycling industry from external markets. However, 
the authors state any economic incentives created by green dot schemes 
or packaging taxes are diminished by lower perceived packaging qual
ity. The authors also acknowledge that plastics are assumed to be in a 
closed loop recycling system. This may lead to an overestimation of the 
recycling content in the results.

Nguyen et al. (2025) employed a system dynamics simulation model 
to assess the effectiveness of three policy types to enhance domestic EU 
recycling capabilities. The authors modelled the implementation of 
innovation focused (R&D funding, tax incentives), subsidy focused 
(financial subsidies) and market based policies (EPR systems). The au
thors found the optimal mix of policy to be 84 % innovation focused and 
16 % market based.

Cimpan et al. (2023) used a mixed-unit input-output model to 
perform a comparative scenario analysis in the EU-28. The authors 
modelled the development of demand and waste management outcomes 

of plastic packaging using three possible scenarios. The first projected 
recycling based on past trends, the second imagined that the recycling 
targets (50 % in 2025 and 55 % in 2030) were met. The final projected 
that a recycling rate of 70 % was achieved in 2030, suggested to be the 
max recycling capacity. The authors found that most scenarios led to 
moderate employment gains and potential economic losses.

Lorang et al. (2022) evaluated the effect of EPR schemes on PPW 
management in the 5 most populated EU countries - Germany, Spain, 
France, Italy and Poland. A correlation analysis was performed between 
PPW generation, gross domestic product (GDP) and population growth. 
It was found that EPR systems increased the financial and operational 
viability of plastic waste management, leading to higher recycling rates.

Despite this growing body of simulation based and scenario driven 
research, there remains a notable lack of empirical studies that statis
tically evaluate the real-world effects of plastic packaging legislation. 
Most existing work projects future outcomes or evaluates broader policy 
frameworks (such as EPR systems), without isolating the effect of spe
cific directives on recycling rates. This study contributes to filling that 
gap by statistically assessing the impact of Directive 2004/12/EC on 
plastic packaging recycling across multiple EU countries. Through the 
use of ITS, it offers insights into how this directive may have influenced 
recycling trajectories. This type of research grounds the discussion in 
observed data and effects rather than modelled expectations.

3. Methods

Interrupted time series (ITS) analysis is employed to test for abrupt 
shifts or changes in the trajectory of recycling rates, with separate 
models fitted for each member state. ITS was selected as it provides a 
straightforward and interpretable framework that fits well with the 
relatively short available data (years 1999–2022), without requiring 
overly complex modelling approaches.

To ensure the validity of the ITS results, simulations are performed to 
calculate the statistical power and the Type I error rate of the ITS models 
for each country. In this context, the statistical power is the probability 
the ITS model will correctly identify a change in recycling rates. The 
Type I error rate is the false positive rate, or the probability that the 
model will identify a change in recycling rates when there is none.

While the details of the ITS method follow in this section, the 
simulation process for calculating power and Type I error can be found 
in Appendix A. For member states where a statistically significant 
change in recycling rates is identified, a trend analysis of the volume of 
PPW generated and recycled is carried out. This aids the interpretation 
of the ITS results, focusing on changes in recycling and generation trends 
before and after the policy was introduced. All analysis and modelling 
carried out in this study was performed using R version 4.4.1 (R Core 
Team, 2024).

3.1. Data sources

Member states were selected for analysis based on the availability of 
consistent and complete data. Thirteen EU countries in the Eurostat PPW 
recycling dataset had full data coverage from the years 1999 to 2022 
(Eurostat, 2025c). These countries were the Netherlands, Germany, 
Portugal, Spain, Denmark, Belgium, France, Italy, Luxembourg, Austria, 
Finland, Sweden and Ireland. For each country, the recycling rate served 
as the dependent variable in the ITS model, which tests for statistically 
significant changes in level or trend following the policy intervention 
(explained in Section 3.2). A plot of the PPW recycling rate for each of 
the thirteen selected countries can be seen in Fig. 1. The red vertical line 
represents the transposition year of the directive into national 
legislation.

Data on the volume of PPW generated (in tonnes) for the years 1999 
to 2022 was attained from Eurostat for each of the thirteen countries 
(Eurostat, 2025b). The total volume of recycled plastic packaging was 
calculated by multiplying the reported recycling rate by the 
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Fig. 1. Recycling rates of PPW for the thirteen selected countries, with national policy transposition year shown as a red vertical line. Data sourced from the Eu
ropean Union (European Union, 2004) and Eurostat (Eurostat, 2025c).
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corresponding volume of waste generated. These volume measures 
(generated and recycled) were used in the post hoc volume trend anal
ysis discussed in Section 4.2 to contextualize the ITS results and identify 
any parallel changes in physical waste flows.

Data on the monetary value (in euro) of plastic packaging imports 
and exports was obtained from Eurostat for each country from 1999 to 
2022 (Eurostat, 2025a). This data will be included as a covariate (input) 
to the ITS models to control for the effects of the plastic packaging 
market on recycling rates. To improve the interpretability and stability 
of the ITS models, these values were scaled by dividing by 10,000,000, 
000, converting them to units of ten billion euro. Net imports (imports 
minus exports) were subsequently calculated. This trade data corre
sponds specifically to international trade in products classified under 
CN8 code 3923, which covers ‘articles for the conveyance or packing of 
goods, of plastics; stoppers, lids, caps and other closures, of plastics.’ In 
practical terms, this category represents plastic packaging materials.

Transposition dates for Directive 2004/12/EC were obtained directly 
from the official EUR-Lex legislative database (European Union, 2004). 
The initial year in which each member state transposed the directive 
into national law was used as the intervention point in the ITS models. 
These transposition years are listed in Table 1.

3.2. Interrupted time series

Interrupted time series (ITS) is a quasi-experimental research design 
commonly used in causal inference research (Penfold and Zhang, 2013). 
Causal inference aims to estimate the effect of a treatment or external 
intervention on an outcome variable (also known as the dependent) 
(Pearl, 2009). The nature of the intervention and outcome depends on 
the application. For example, ITS could be used to evaluate the effect of a 
new drug on disease outcomes, the impact of a marketing campaign on 
sales, or, in this case, changes in recycling rates following a policy 
intervention. ITS requires time series data of the dependent collected at 
regular intervals before and after the intervention. Time series data can 
be defined as observations recorded at successive, evenly spaced points 
in time (Box et al., 2015). This is why countries with full data coverage 
for the years 1999–2022 were selected for this study (that is, countries 
with complete annual recycling rate and plastic packaging trade data 
from 1999–2022).

ITS has been used across a wide variety of disciplines. Bernal et al. 
(2013) and Corcoran et al. (2015) used ITS to examine the effect of the 
2008 financial crisis on suicide rates in Ireland and Spain respectively. 
Multiple studies have used ITS to evaluate the effect of policies, usually 
in healthcare/medical settings (Abegaz et al., 2014; Jiang et al., 2022; 
Lang’at et al., 2019; Penfold and Zhang, 2013; Pridemore and Snowden, 
2009; Ranapurwala et al., 2021; Štelemėkas et al., 2021). To the best of 
the authors’ knowledge, ITS has not been applied to evaluate the effect 
of policy on waste management outcomes.

A basic ITS model requires three variables, as well as the dependent 
in question (usually denoted Yt, PPW recycling rates in the context of 
this study); a ‘time’ variable, which can either be the year of the 
observation, or the amount of time elapsed, a dummy ‘level change’ 
variable, coded 0 pre and 1 post intervention, and a ‘slope change’ 
variable, coded 0 before the intervention and denoting the amount of 
time post since the intervention (Bernal et al., 2017). Mathematically, 

this is expressed as; 

Yt = β0 + β1time + β2level change + β3slope change (1) 

Eq. (1). Basic Interrupted Time Series model
Because ITS is a linear model, the coefficients have a straightforward 

interpretation. The time coefficient (β1) represents the pre intervention 
trend (the average yearly increase/decrease in recycling rates). The level 
change coefficient (β2) captures any immediate change following the 
intervention (a sudden percentage jump/fall in recycling rates post 
policy). The slope change coefficient (β3) reflects any change in trend/ 
slope after the intervention (the change to the pre intervention trend). 
Each of these coefficients has a corresponding p-value, which indicates 
whether the measured intervention effect was statistically significant or 
not. For example, a statistically significant level coefficient of 10.5 
would imply a statistically significant level change (jump) of 10.5 % in 
recycling rates.

The strengths and downfalls of ITS have been well discussed in the 
literature (Bernal et al., 2017; Biglan et al., 2000; Penfold and Zhang, 
2013; Wagner et al., 2002). Some of its strengths include its ability to 
control for long term trends unrelated to the intervention, its inter
pretable graphical results and its usefulness when randomized trials are 
infeasible/unethical. However, for ITS to be effective, the intervention 
point needs to be clearly defined. For each country, the year of national 
transposition (shown in Table 1) is taken as the intervention point. ITS 
also measures absolute effect, and can be affected by external con
founders/shocks. The inclusion of covariates (inputs) to the ITS model 
allows it to adjust for external drivers, thereby isolating the in
tervention’s effect more credibly (Bernal et al., 2018). It is also impor
tant to consider the power and Type I error rate of an ITS model. Details 
of power and Type I error simulations are provided in Appendix A.

In this study, ITS is used to quantify the change in each country’s 
PPW recycling rates following the transposition of Directive 2004/12/ 
EC into national law. Therefore, thirteen different models are fit, one for 
each country. The ITS models employed in this study have one extra 
variable than the basic model shown in Eq. (1). The model is provided 
with the net imports of plastic packaging materials, in order to mitigate 
any confounding effects that changes in the plastic packaging market or 
supply chain might have on recycling rates. Therefore, the models 
employed in this study are of the form in Eq. (2) below; 

Yt = β0 + β1time + β2level change + β3slope change + β4net imports
(2) 

Eq. (2). Interrupted Time Series model used in this study.
That is, for each country, an ITS model is fitted. The models test for a 

level and slope change in the recycling rate of PPW, with net imports of 
plastic packaging supplied as a covariate. The model is also capable of 
detecting a significant pre intervention trend, though this is not evidence 
of a policy effect.

If the ITS model detects a statistically significant level and/or slope 
change, this is considered a significant result. Therefore from a statis
tical perspective, two hypothesis tests are conducted for each country. 
To account for multiple testing, a Bonferroni correction was applied 
(Dunn, 1961). Without this correction, the chance of finding a signifi
cant result by random chance increases because more tests are being 
conducted. The Bonferroni correction controls for this by adjusting the 
threshold of statistical significance. Specifically, instead of using the 
conventional α = 0.05 significance level, it is divided by the number of 
tests (in this case, two), yielding a more conservative significance 
threshold of α = 0.025 (Armstrong, 2014). This helps reduce the like
lihood of false positives (Type I errors), ensuring that any significant 
change in recycling rates detected by the model is unlikely to be due to 
chance alone. A member state is considered to have experienced a sig
nificant policy associated change if the level and/or slope change coef
ficient is significant at the α = 0.025 level.

As mentioned, the ITS model can also be used to assess whether there 

Table 1 
Transposition year of Directive 2004/12/EC for the selected countries 
(European Union, 2004).

Transposition 
Year

Country

2005 The Netherlands, Germany, Denmark, Belgium, France, 
Finland, Sweden

2006 Spain, Italy, Luxembourg
2007 Portugal, Austria, Ireland
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is a statistically significant pre intervention trend by examining the 
significance of the time coefficient. This is done for exploratory pur
poses, to understand whether recycling rates were increasing or 
decreasing prior to the policy intervention. It is important to note that 
the significance level for this variable is 0.05, not 0.025. Since the pre 
intervention trend is not being tested in conjunction with the level or 
slope change, the Bonferroni correction does not apply.

3.3. Volume trend analysis

A volume trend analysis was performed to provide context to the 
statistically significant level and slope changes identified in the ITS 
analysis. Specifically, trends in the volume of PPW generated and 
recycled were explored pre and post policy introduction in each country.

The purpose of this analysis was to examine whether statistically 
significant changes in recycling rates were associated with changes in 
the absolute volume of waste being recycled or generated. In particular, 
it aimed to differentiate between changes in recycling volume and 
changes in generation volume.

For each country, four separate linear models were fitted, one for the 
pre and post intervention periods for both generation and recycling 
volume. These models regressed the quantity of PPW against time, with 
the time coefficient representing the annual change in volume. The 
resulting trends were plotted and their slopes examined to identify shifts 
coinciding with the transposition of Directive 2004/12/EC. This analysis 
was exploratory in nature and intended to investigate the ITS findings, 
rather than to serve as a formal statistical test of policy associated 
changes.

While linear models are a simplified representation of potentially 
more complex waste dynamics, they offer a straightforward and inter
pretable means of estimating trends in generation and recycling vol
umes. Linear models provide a suitable and transparent approach for 
identifying and comparing shifts in the direction of volume trends.

4. Results

4.1. Interrupted time series results

The estimated ITS coefficients and associated p-values are reported 
in Table 2. The time coefficient captures the pre policy trend in recycling 

rates, with positive values indicating growth and negative values indi
cating decline. The level and slope change coefficients represent any 
immediate shift in recycling rates after the transposition of Directive 
2004/12/EC and any change in the subsequent growth trajectory 
respectively. Statistical significance is assessed using the adjusted 
threshold of 0.025 for level and slope changes, with significant values 
highlighted in bold. Importantly, the table does not represent averages 
across countries but rather individual country results.

Eight countries exhibited statistically significant pre policy trends. 
Portugal, Spain, Belgium, France, Italy, Austria and Ireland all experi
enced increasing recycling rates prior to the intervention, while Ger
many showed a significant annual decline of approximately 5 %. As 
shown in Fig. 1, Germany is the only case displaying a clear downward 
trajectory before the policy. These pre intervention trends are descrip
tive and serve to contextualise the policy effect estimates.

Significant level changes were observed in three countries. The 
Netherlands had a statistically significant level change coefficient which 
suggested a 14.874 % jump in recycling rates following the adoption of 
the policy. Germany also had a statistically significant level change 
coefficient of 10.75 %.

Spain saw a small decrease in recycling rates of roughly − 1.775 % 
post policy. These results suggest immediate changes in recycling rates 
coinciding with the implementation of the policy.

Six countries exhibited significant slope changes, indicating shifts in 
the post policy trajectory of recycling rates. Germany and Spain showed 
positive slope changes, reflecting an acceleration in post policy growth. 
For Spain, the long-run positive slope effect outweighs the small im
mediate decrease, resulting in an overall upward post policy trajectory. 
In contrast, Belgium, France, Austria and Ireland experienced significant 
negative slope changes. In Austria and Ireland, the magnitude of the 
negative slope change exceeded the positive pre policy trend, implying a 
reversal from growth to decline. For Belgium and France, the negative 
slope changes represent a deceleration in recycling rate growth relative 
to pre policy trends.

Six countries showed no statistically significant level or slope 
changes. These were Portugal, Denmark, Italy, Luxembourg, Finland 
and Sweden. Power simulations indicated that Luxembourg and Sweden 
were under powered, so null findings for these countries should be 
interpreted cautiously. By contrast, Portugal, Denmark, Italy and 
Finland had adequate power, suggesting limited or no detectable policy 
associated change in their recycling rate trajectories.

These results suggest varying policy associated changes across 
member states, with some experiencing clear changes in recycling rate 
dynamics, while others exhibited either stable pre-existing trends or 
insufficient evidence to infer change.

To provide clearer insight into the practical significance of these 
findings, Table 3 reports the estimated level and slope changes alongside 
their 95 % confidence intervals as well as an interpretation of the esti
mated effects. This complements Table 2 by providing practical inter
pretation and not just statistical outcomes. Cases where the confidence 
intervals include zero imply non-statistically significant effects. As a 
result, these estimated effects should be viewed as uncertain and 
potentially compatible with no real change beyond normal variability.

4.2. Volume trend analysis results

A volume trend analysis was conducted for the seven countries with 
statistically significant level or slope changes to help contextualise the 
ITS findings. Table 4 summarises the estimated pre and post policy 
annual changes in the volumes of PPW recycled. Fig. 2 displays the 
corresponding time series, with black lines representing observed vol
umes, red dashed lines indicating fitted trends and vertical dashed lines 
marking the transposition year.

In The Netherlands, recycling volumes increased from 2824 to 8719 
tonnes per year after the directive, while growth in waste generation 
slowed notably (from 18,200 to 4665 tonnes). These shifts are consistent 

Table 2 
ITS coefficients and associated p-values for the selected countries. Statistically 
significant coefficients are in bold face.

Country Time (p-value) Level Change 
(p-value)

Slope Change 
(p-value)

The Netherlands − 2.141 (0.16515) 14.874 
(0.00864)

2.25 (0.08803)

Germany ¡4.929 
(0.000002)

10.752 
(0.00158)

5.460 
(0.00000059)

Portugal 2.051 
(0.001325)

3.831 (0.246881) − 0.752 
(0.207923)

Spain 0.495 (0.002) ¡1.775 
(0.0186)

0.754 
(0.00004)

Denmark 0.705 (0.569) 5.158 (0.3303) − 0.21 (0.8669)
Belgium 2.489 

(0.000123)
− 1.579 
(0.531303)

¡1.782 
(0.002597)

France 1.702 (0.0014) 2.118 (0.30471) ¡1.388 
(0.00732)

Italy 1.833 
(0.000015)

− 2.263 (0.1765) − 0.114 (0.7422)

Luxembourg − 0.0401 
(0.94973)

− 0.922 (0.75011) − 0.523 (0.48283)

Austria 1.337 
(0.00000969)

2.024 (0.0792) ¡1.581 
(0.00000574)

Finland 0.29 (0.7606) − 0.124 (0.9772) 1.269 (0.1921)
Sweden 2.263 (0.2358) 8.250 (0.33472) − 3.495 (0.11045)
Ireland 2.504 

(0.00633)
9.022 (0.088) ¡3.245 

(0.00205)
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with the immediate rise in recycling rates detected by the ITS model.
Germany exhibited a transition from declining recycling volumes 

(–419,610 tonnes annually) to modest annual growth (39,929 tonnes), 
alongside a halving of generation growth. These patterns align with the 
reversal from a negative to a positive recycling rate trajectory.

In Spain, recycling volumes grew post policy (25,551 to 44,567 
tonnes annually), while growth in waste generation slowed. This com
bination corresponds with the acceleration in recycling rate despite a 
small initial drop.

For Belgium, recycling volume growth decreased from 9591 to 4178 
tonnes per year, while generation growth also slowed but remained 
higher than recycling growth. These trends are consistent with the 
deceleration in recycling rates.

In France, recycling volume growth fell markedly (from 38,652 to 
13,086 tonnes annually), and although generation growth also slowed, 
it continued to exceed recycling growth. This imbalance aligns with the 
observed post policy slowdown in recycling rate improvements.

Austria experienced a sharp reduction in recycling volume growth 
(from 4691 to 266 tonnes annually), alongside a decline in waste gen
eration. These volume patterns are consistent with the reversal in Aus
tria’s recycling rate trajectory.

Finally, Ireland saw recycling volume growth fall from 7086 to 2381 
tonnes annually, while generation declined but continued to rise faster 
than recycling. This pattern corresponds with the slowing and eventual 
downturn in Ireland’s recycling rate after the directive.

Overall, the volume trend analysis provides descriptive context for 
the ITS results. In cases where recycling volumes increased and gener
ation growth stabilised or slowed (The Netherlands, Germany & Spain), 
recycling rates improved. Conversely, where recycling output weakened 
relative to generation (Belgium, France, Austria & Ireland), recycling 
rates declined. These relationships should be interpreted as descriptive 
associations rather than evidence of causality.

5. Discussions

The ITS analysis presented in Section 4.1 shows that the imple
mentation of Directive 2004/12/EC was associated with heterogeneous 
changes in PPW recycling rates across member states. Of the thirteen 
countries analysed, three exhibited statistically significant positive 
changes, four showed significant negative changes and six displayed no 
detectable policy associated effect. These mixed outcomes suggest that 
the directive did not generate uniform progress and that national 
characteristics (such as existing waste infrastructure, institutional ca
pacity, market dynamics and the timing of policy transposition) likely 
influenced how countries responded. Power simulations (Appendix B) 
indicate that, except for Luxembourg and Sweden, non-significant 
findings plausibly reflect limited policy associated change.

The heterogeneous results have implications for future regulatory 
design and enforcement. They suggest that uniform EU wide waste 
targets may be insufficient on their own to produce consistent im
provements and that differentiated national strategies may be needed to 
address structural barriers in countries where progress was limited. 
Member states with weaker or negative post policy trends may require 
targeted support, whether through national investment in sorting and 
recycling infrastructure, strengthened EPR enforcement, enhanced 
monitoring systems or access to dedicated EU funding mechanisms to 
enable meaningful progress. Conversely, the positive outcomes observed 
in countries such as the Netherlands, Germany and Spain highlight ap
proaches that could serve as reference points for technical guidance or 
capacity building efforts.

These observations are also relevant in the context of ongoing EU 
circular economy reforms. The PPWR, the EGD and the CEAP all place 
increasing emphasis on harmonised reporting, ambitious recycling & 

Table 3 
Estimated ITS level and slope changes associated with Directive 2004/12/EC, with 95 % confidence intervals and a practical interpretation for each country. Statistical 
significance of the ITS coefficients is reported in Table 2.

Country Level change 95 % CI Slope change 95 % CI Interpretation

The Netherlands 14.874 [4.241, 
25.508]

2.25 [− 0.369, 
4.870]

Immediate jump; no clear effect on post 
policy trend

Germany 10.752 [4.644, 
16.861]

5.460 [3.902, 
7.017]

Immediate jump; post policy trend accelerated

Portugal 3.831 [− 2.880, 
10.541]

− 0.752 [− 1.958, 
0.455]

Effects small & uncertain

Spain − 1.775 [− 3.220, 
− 0.331]

0.754 [0.455, 
1.053]

Immediate decrease; post policy trend accelerates.

Denmark 5.158 [− 5.648, 
15.963]

− 0.21 [− 2.803, 
2.382]

Effects small & uncertain

Belgium − 1.579 [− 6.760, 
3.603]

− 1.782 [− 2.858, 
− 0.705]

Immediate change uncertain; post policy trend decelerates

France 2.118 [− 2.084, 
6.320]

− 1.388 [− 2.355, 
− 0.420]

Immediate change uncertain; post policy trend decelerates

Italy − 2.263 [− 5.637, 
1.111]

− 0.114 [− 0.831, 
0.602]

Effects small & uncertain

Luxembourg − 0.922 [− 6.897, 
5.052]

− 0.523 [− 2.051, 
1.006]

Effects small & uncertain

Austria 2.024 [− 0.260, 
4.309]

− 1.581 [− 2.114, 
− 1.048]

Immediate change uncertain; post policy trend reverses

Finland − 0.124 [− 9.068, 
8.821]

1.269 [− 0.695, 
3.234]

Effects small & uncertain

Sweden 8.250 [− 9.196, 
25.695]

− 3.495 [− 7.863, 
0.874]

Effects small & uncertain

Ireland 9.022 [− 1.477, 
19.522]

− 3.245 [− 5.148, 
− 1.342]

Immediate change uncertain; post policy trend reverses

Table 4 
Volume trend analysis results (in tonnes/annum).

Country Recycling Volume Trend pre/ 
post policy

Generation Volume Trend pre/ 
post policy

The 
Netherlands

2824 / 8719 18,200 / 4665

Germany − 419,610 / 39,929 116,923 / 55,723
Spain 25,551 / 44,567 71,177 / 20,413
Belgium 9591 / 4179 12,008 / 4595
France 38,652 / 13,086 57,057 / 30,096
Austria 4691 / 266 5007 / 3947
Ireland 7086 / 2381 12,471 / 10,049
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Fig. 2. Trends in recycled and generated PPW volume for countries with significant ITS results, with national policy transposition year shown as a black vertical line. 
Data sourced from European Union (2004) and Eurostat (2025b).
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waste reduction targets and stronger enforcement mechanisms to reduce 
performance gaps between member states (European Commission, 
2019, 2020; European Parliament and Council, 2024). The heteroge
neous results identified in this study help illustrate why such reforms 
have prioritised clearer accountability frameworks, improved moni
toring and strengthened national waste management capacities. In 
particular, the PPWR’s focus on harmonised requirements and 
strengthened EPR obligations directly targets many of the structural 
divergences highlighted by the results, underscoring the relevance of 
empirical assessments such as this for informing the implementation of 
emerging EU policy.

These findings have several practical applications for policymakers 
and researchers. First, the country level estimates provide an evidence 
base for ex-post assessments of packaging legislation, helping national 
authorities determine whether observed recycling trajectories align with 
expectations and where corrective action may be needed. Second, the 
identification of positive and negative policy associated changes can 
support the allocation of financial and technical resources, for example, 
by prioritising infrastructure investment, EPR enforcement or moni
toring support in countries exhibiting stagnation or decline. Third, the 
results offer a benchmarking tool for member states by highlighting 
where recycling performance diverges from comparable countries, 
thereby informing national strategy development and peer learning 
processes. Finally, the analysis provides a methodological template for 
future evaluations of EU legislation, supporting more consistent, data 
driven policy monitoring across the Union.

Despite increasing policy attention on PPW, empirical evaluations of 
the real-world impacts of such policies remain limited. Recent work in 
other plastic waste domains adopts a systems or management-oriented 
perspective rather than an empirical evaluation of policy impacts. For 
example, Maraveas and Hahladakis (2025) provide a scoping review of 
agricultural plastic waste, examining environmental impacts of disposal, 
financial aspects of recycling and legal barriers, but do not analyse 
regulatory effects on recycling outcomes. As highlighted in Section 2, 
much of the existing literature focuses on ex-ante simulations of policy 
scenarios, rather than ex-post assessments of enacted legislation. While 
simulation studies offer valuable foresight for policymakers, there is a 
need for examining how policies have performed in practice. This study 
contributes to that gap by providing rigorous statistical assessment of 
the association between Directive 2004/12/EC and changes in plastic 
packaging recycling rates across multiple EU member states. Evaluations 
of this kind are essential for evidence-based policy development and 
should play a more central role in environmental governance. By iden
tifying where and how policy effects vary, such work can guide the 
design of more effective and targeted interventions in the future.

While this study provides a robust statistical assessment, several 
limitations must be acknowledged. It is important to recognise that 
Directive 2004/12/EC was implemented within a broader policy envi
ronment and several national or EU level measures may have interacted 
with the observed changes in recycling. During this period, legally 
binding recycling targets for PPW were set at EU level under amend
ments to Directive 94/62/EC such as 2004/12/EC. National legislation 
therefore differed primarily in implementation rather than in target 
levels. During the study period, many member states expanded or 
reformed their EPR schemes (Leal Filho et al., 2019), introduced pack
aging taxes (Dove et al., 2025), strengthened collection and sorting 
infrastructure or implemented DRS (Picuno et al., 2025). These de
velopments may reinforce or obscure the effects of the directive by 
independently influencing recycling performance or altering the in
centives faced by producers, municipalities and waste operators. 
Accordingly, the ITS estimates reported in Section 4.1 should be inter
preted as capturing associated changes within a wider policy context, 
rather than isolating a definitive causal effect of the Directive itself. This 
limitation is well acknowledged in the ITS literature (Bernal et al., 2017; 
Penfold and Zhang, 2013; Wagner et al., 2002). To partially address this, 
net imports of plastic packaging were included as a covariate in the ITS 

model to control for external market effects. Future research could 
complement statistical assessment with qualitative inquiry, such as 
expert interviews, policy process tracing or stakeholder analysis, to 
further understand the mechanisms underlying country level 
differences.

ITS assumes linear trends within pre and post intervention periods, 
which may oversimplify real-world dynamics. While this assumption 
limits flexibility, it allows for transparent and interpretable inference 
regarding shifts in trajectory. The use of more complex models may not 
only hinder interpretation, but may also not be appropriate, given the 
relatively small length of the time series’ (1999–2022).

Only countries with uninterrupted annual data on PPW recycling 
rates and plastic packaging trade from 1999 to 2022 were analysed. 
Several member states lacked data in the early 2000s or joined the EU 
after the implementation of the directive, meaning policy related effects 
couldn’t be measured. While this restriction ensured methodological 
validity, it raises the possibility of selection bias, as countries with 
complete datasets may differ systematically from those excluded. Such 
differences could mean that the sample is not fully representative of all 
EU member states. However, the final sample includes countries with 
wide variation in waste infrastructure, recycling performance and policy 
environments, reducing the likelihood that results don’t generalise. 
Moreover, country specific power simulations were used to distinguish 
truly null effects from non-significant results driven by insufficient sta
tistical power, further supporting the robustness of the conclusions 
despite this limitation (see Appendix A & Appendix B).

Taken together, while these limitations are important to consider, 
steps were taken to ensure that the analysis remained statistically 
rigorous and the findings interpretable and relevant for policy 
evaluation.

6. Conclusions

This study addressed the research question: Was the implementation 
of Directive 2004/12/EC associated with statistically significant 
changes in PPW recycling rates across EU Member States? Using ITS 
analysis for 13 countries with complete data, the results indicate a 
heterogeneous pattern of policy associated changes. Three countries 
exhibited significant positive changes, four displayed significant nega
tive changes and six showed no detectable change. These findings 
highlight that responses to the directive were not uniform and were 
likely shaped by differences in national implementation contexts, 
institutional capacity and existing waste management systems.

To aid interpretation, a volume trend analysis was conducted for 
countries with statistically significant results. This additional step pro
vided insight into whether changes in recycling rates reflected shifts in 
recycling output, waste generation or both, thereby offering a more 
complete picture of national recycling trajectories.

By providing an ex-post statistical assessment of a major EU direc
tive, this study contributes empirical evidence to an area of research that 
has traditionally relied on ex-ante simulations. The findings underscore 
the importance of complementing EU wide recycling targets with 
differentiated national support, monitoring capacity and operational 
investment to promote more consistent progress across member states.

Policy assessments of this kind are essential for evidence-based 
environmental governance and can inform the implementation of 
more recent circular economy initiatives, including the PPWR, the EGD 
and the CEAP. Future research combining statistical evaluation with 
qualitative inquiry may help understand the mechanisms behind coun
try specific trajectories and support the development of more effective 
and targeted waste policies.
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Appendix A. Power and Type I Error Simulations

Simulations were performed to calculate the power and Type I error rate of the ITS models for each country. Statistical power is defined as the 
probability that a statistical test will correctly reject the null hypothesis (Cohen, 1992). In the context of this study, it corresponds to the probability 
that the ITS model for a country correctly identifies a significant change in recycling rates. Typically, the minimum acceptable value for power is 0.8 
(Eng, 2003).

The Type I error rate is the probability of a statistical test incorrectly rejecting the null hypothesis (Emerson, 2020). In the context of this study, it is 
the probability that the ITS model detects a significant change in recycling rates when there isn’t one. A Type I error rate of 0.05 is desired, with 
Bradley (1978) stating that a value between 0.045 and 0.055 is acceptable. If the Type I error rate is too high, the model may identify significant 
changes where there are none. If too low, the model may be over conservative in identifying significance. As stated in Section 3.2, a Bonferroni 
correction is applied to control the overall Type I error rate (Akobeng, 2016).

Simulations have been used in the literature to calculate the power of ITS models. Hawley et al. (2019) and Zhang et al. (2011) both used sim
ulations to estimate the power of ITS models under different conditions, and discussed the factors which influence power. Neither of these studies 
performed simulations to verify that the Type I error was acceptable. However, simulations like those performed by Hawley et al. (2019) and Zhang 
et al. (2011) could be used to estimate Type I error. In this study, a similar procedure to these studies was performed to calculate the power and Type I 
error rate for each country.

To simulate power, each country was assessed individually. The data prior to the policy introduction was examined, with a simple linear model 
fitted to these recycling rates. This was used to estimate the pre intervention trend and the residual standard deviation, which characterises the noise in 
the data. Autocorrelation in the model residuals (errors) was assessed using autocorrelation function plots (ACF) and partial autocorrelation function 
plots (PACF). This checked for time dependence that might require adjustment in the simulations (Box et al., 2015; Zhang et al., 2011). The fitted pre 
intervention trend was then extended beyond the intervention point to generate an expected post policy trajectory under the null (i.e., no intervention 
effect). To simulate the impact of the policy, artificial level and slope changes were introduced in the post intervention period. These simulated effects 
were randomly drawn from normal distributions. The level change was drawn from a N(6,32) and the slope change from a N(1.5,1.52). These dis
tributions were chosen as they allow for the simulation of conservative but realistic effects (as validated by the observed coefficients from the ITS 
results). The series was distorted with Gaussian noise, which follows a normal distribution centred on 0 with standard deviation equal to the estimated 
residual standard deviation. An ITS model as described in Eq. (2) was then fitted to the simulated data, with the p-values of the level and slope change 
coefficients recorded. This was repeated 10,000 times, and the power was calculated as the proportion of simulations where one or more significant 
effects were observed at the Bonferroni adjusted threshold of 0.025. A 95 % confidence interval for the power was calculated using a binomial exact 
test (Clopper and Pearson, 1934). This procedure was repeated for each country.

The process for simulating the Type I error rate followed a similar procedure. A linear model was fitted to the pre intervention data, and the pre 
intervention trend and residual standard deviation were estimated. ACF and PACF plots were used to assess autocorrelation. The fitted pre inter
vention trend was extended beyond the intervention point, this time with no simulated level or slope change. In other words, a series was generated 
with a post intervention trend which was a continuation of the estimated pre intervention trend. An ITS model as described in Eq. (2) was then fitted to 
the data. This process was repeated 10,000 times, and the Type I error rate was calculated as the proportion of simulations in which one or more 
statistically significant level or slope change was detected (i.e. the proportion of false positives). The Bonferroni corrected threshold of 0.025 was used 
when testing for significance. A binomial exact test was used to calculate a 95 % confidence interval for the Type I error rate. This procedure was 
repeated for each country.

Appendix B. Power and Type I Error Simulations Results

The simulated power and Type I error rates (with associated 95 % confidence intervals) can be seen in Table B5. Of the thirteen countries 
considered for this analysis, ten had power estimates and lower 95 % confidence bands above the desired 0.8 threshold. Three countries did not meet 
the desired power of 0.8, namely Germany, Luxembourg and Sweden.
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Table B5 
Power and Type I errors (with 95 % confidence intervals) for the selected member states.

Country Power Type I Error

The Netherlands 0.8187 [0.81101, 0.82621] 0.0465 [0.04246, 0.05081]
Germany 0.7905 [0.78239, 0.79844] 0.0485 [0.04437, 0.05289]
Portugal 0.9700 [0.96647, 0.97326] 0.0451 [0.04112, 0.04935]
Spain 0.9883 [0.98599, 0.99031] 0.0432 [0.03930, 0.04737]
Denmark 0.9882 [0.98589, 0.99022] 0.0468 [0.04274, 0.05112]
Belgium 0.9826 [0.97984, 0.98507] 0.0467 [0.04265, 0.05102]
France 0.9943 [0.99262, 0.99568] 0.0481 [0.04399, 0.05248]
Italy 0.9782 [0.97514, 0.98097] 0.0444 [0.04045, 0.04862]
Luxembourg 0.4609 [0.45109, 0.47073] 0.0456 [0.04159, 0.04987]
Austria 0.9942 [0.99251, 0.99559] 0.0476 [0.04351, 0.05196]
Finland 0.9947 [0.99307, 0.99603] 0.0498 [0.04562, 0.05425]
Sweden 0.6650 [0.65565, 0.67425] 0.0458 [0.04179, 0.05008]
Ireland 0.8396 [0.83226, 0.84674] 0.0463 [0.04226, 0.05060]

Luxembourg and Sweden were low powered, achieving simulated point estimates of 0.4609 and 0.6650 respectively. This suggested that ITS 
models for these countries may lack the sensitivity to detect significant changes resulting from the directive. While Germany did not reach the target 
power of 0.8, its point estimate was 0.7905, and the upper bound of the 95 % confidence interval was 0.7984. Although this technically falls below the 
conventional threshold, the difference was marginal, and the model is likely to perform reasonably well in practice. As seen in Section 4.1, a sta
tistically significant level and slope change was identified by the German ITS model. ITS models were still fitted to these three potentially under
powered countries, with the caveat that non-significant results may reflect limited statistical power rather than the absence of a policy effect.

In terms of Type I error rates, all countries show estimates below the 0.05 threshold. All upper 95 % confidence bounds lie within the limits 
recommended by Bradley (1978). This indicates that the method adequately controls for false positives across all models.

Data availability

Data/ code can be accessed via a Github repository linked in the 
manuscript
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