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ABSTRACT 

Under Regulation 2025/40, the European Union (EU) intends to improve resource 

efficiency and reduce GHG emissions from the packaging sector by raising the recycling target to 

55% in 2030. This regulation allows the target to be achieved not only through domestic recycling 

industries but also by sending plastic packaging waste for recycling in other countries. While 

facilitating compliance, this may lead to uneven GHG leakage, with GHG reductions achieved at 

the expense of increases elsewhere. This study, therefore, assesses the impacts of meeting the 

recycling target on both GHG leakage and reduction. Using Agent-based modeling (ABM), this 

study simulates the achievement of the recycling target across 27 EU countries to further estimate 

its GHG leakage and reduction. This study projects that most countries will increase their GHG 

leakage. However, this is offset by reductions in major waste-producing countries, resulting in an 

overall reduction in GHG leakage both within and outside the EU. GHG reductions are observed 

in most countries, including countries that send and receive GHGs, due to the integration of closed- 

and open-loop recycling. The policy recommendations may include more targeted financial 

support for domestic recycling industries and enhanced country collaboration to alleviate recycling 

burdens in specific countries. 
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1. INTRODUCTION 

Plastics across their life cycle have contributed to significant greenhouse gas (GHG) 

emissions (Di Paolo et al., 2022) and are estimated to reach 1.34 Gt per year by 2030 (Shen et al., 

2020). Plastics are mostly used for packaging, accounting for approximately 40% of total 

consumption (Torkelis, Dvarionienė and Denafas, 2024). Packaging, as the main plastic 

application (Cimpan, Bjelle and Strømman, 2021), contributes to GHG emissions primarily 

through its manufacturing and waste treatment (Izhar and Yap, 2020).  

Through Regulation 2025/40, the European Union (EU) addresses this issue by promoting 

recycling in the packaging sector to improve resource efficiency and reduce GHG emissions. 

Under this directive, recycling is defined as any recovery operation in which waste materials are 

reprocessed into products, materials, or substances for either their original purpose or other 

purpose, excluding energy recovery, reprocessing into fuels and backfilling. To further tackle this 

growing issue, the EU has raised the recycling target for plastic packaging waste from 50% by 

2025 to 55% by 2030. Progress toward these targets is monitored based on the weight of packaging 

waste entering recycling plants—whether domestically or abroad—relative to the total weight of 

packaging waste generated in the country.  

Under such a definition, an EU country can achieve its recycling target through domestic 

efforts or by outsourcing to other countries. When EU countries outsource recycling activities, the 

associated emissions from operating recycling plants shift to others where recycling takes place, 

even though the waste originates outside (IPCC, 2019). GHG reductions in one place can therefore 

be achieved by shifting emissions to others, a phenomenon known as GHG leakage.  
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The term GHG leakage, or carbon leakage, first originated in climate policy. The 

Intergovernmental Panel on Climate Change (IPCC, 2007) defines carbon leakage as the increase 

in GHG emissions outside the countries divided by the reduction in the emissions of these 

countries”. In practice, however, the methods used to calculate GHG leakage vary across studies 

(Paltsev, 2001; Peters and Hertwich, 2008; Bernard and Vielle, 2009; Peters et al., 2011), reflecting 

differences in system boundaries, modeling approaches, and underlying assumptions. IPCC (2015) 

further elaborates that carbon leakage may occur due to operational relocation driven by financial 

considerations. Plastic waste recycling, in particular, has higher costs compared to traditional 

waste recycling (Beghetto et al., 2023). Sending plastic packaging waste to be recycled elsewhere 

would then financially make sense; even now, the EU still allows such practices (European 

Parliament and Council, 2024). Identifying and assessing GHG leakage is important to ensure 

equitable climate mitigation. Even if overall GHG emissions are reduced, climate mitigation 

cannot be considered equitable when such reductions in some countries come at the expense of 

increased emissions in others. In addition, GHG leakage might also indicate that certain countries 

avoid climate responsibility by outsourcing carbon-intensive activities to others (Jakob, 2021).  

Even though GHG leakage increases as more waste from abroad enters recycling plants, 

more recycled plastics are produced, which can be later used to replace virgin materials. However, 

not all plastic packaging waste is fully recirculated due to material losses during the recycling 

processes (Hestin, 2015). Plastic packaging is also technically complex (Cimpan, Bjelle and 

Strømman, 2021) and contains contaminants such as adhesives and additives (Fan et al., 2024), 

which also could further hinder recycling processes. Recycled plastics are also considered lower 

in quality than virgin ones (Peragin, 2025), limiting their circularity within the packaging sector. 
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Therefore, the production processes on the upstream still rely on raw fossil-based materials, which 

contribute significantly to GHG emissions (Vuk, Szűcs and Bauerné Gáthy, 2023).  

Meanwhile, EU member states vary in their waste growth (Eurostat, 2025d), recycling 

capacity (Eurostat, 2025c) and investment in the circular economy (Eurostat, 2025e), resulting in 

different approaches to plastic packaging waste management across the EU. In addition, sorting 

and recycling rates vary greatly across the EU member states due to factors such as material 

complexity and processing technologies (Cimpan et al., 2016; Ragaert, Delva and Van Geem, 

2017). EU member states also adopt varying approaches to Extended Product Responsibility (EPR) 

for plastic packaging (Watkins et al., 2017). Policy frameworks, recycling infrastructure and public 

awareness contribute to significant variations in the efficiency and effectiveness of packaging 

waste management (Barca et al., 2024).  

Such heterogeneity complicates efforts to develop a comparative perspective at the national 

level (Jacobsen, Buysse and Gellynck, 2013). On the other hand, this country-level comparison is 

crucial for improving  performance (Lu et al., 2015; Lavigne, De Jaeger and Rogge, 2019) and 

national circular economy strategies (Di Foggia and Beccarello, 2022). Assessing GHG leakage at 

the national level could also yield valuable insights to refine EU Regulation 2025/40, which 

currently aims to reduce GHG emissions but does not adequately address potential leakage across 

countries. 

Despite this importance, most studies assessing the impact of EU plastic packaging waste 

recycling on greenhouse gas (GHG) emissions were conducted at the aggregate level and 

overlooked GHG leakage. For instance, Tenhunen-Lunkka et al. (2023), Tonini (2021), Pilz, 

Brandt and Fehringer (2010) estimated the aggregated GHG reduction potential of the EU’s plastic 

circularity, although their study did not specifically focus on plastic packaging. Even though 
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Cimpan et al. (2023), Meys et al. (2020) and Andreasi Bassi et al. (2022) have narrowed their 

studies to focus on plastic packaging in the EU, their impact assessments on GHG emissions 

remain aggregated.  Among them, Fan et al. (2024) assessed GHG impacts at the country-level 

but, like the others, did not address GHG leakage. In conclusion, the existing literature falls short 

in capturing the dynamics of GHG leakage at the national level, leaving a substantial gap in this 

strand of research. 

Therefore, this study intends to conduct a thorough study to address that important gap. 

Against this background, the research question is: What are the impacts of achieving plastic 

packaging waste recycling targets on GHG leakage and reduction across EU countries? This study, 

therefore, aimed to identify GHG leakage, quantify GHG emissions and provide recommendations 

for equitable climate mitigation. The novelty of this study primarily lies in its in-depth 

consideration of heterogeneity and country-specific variation across EU member states. 
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2. THEORY 

2.1 Relationship between Recycling Targets and GHG 

To date, recycling has been defined by scholars across many fields. For instance, Mwanza 

(2021) defines recycling as activities that involve reusing waste materials to reproduce new 

products. Meanwhile, Coelho, Castro and Gobbo (2011) include not only waste material but also 

energy waste on the input side to define the recycling process. In contrast, when energy comes as 

the output, Tshifularo and Patnaik (2020) argue that it cannot be considered recycling. Following 

other scholars, including Caro et al. (2023), Habib et al. (2025), Quicker, Seitz and Vogel (2022), 

this study considers recycling in line with the definition established under EU Regulation 2025/40, 

as stated earlier in the introduction.  

Recycling can be classified into closed-loop recycling, in which recycled materials are fully 

circulated back into the original products, and open-loop recycling, in which recycled materials 

can also be used for other products (Coelho, Castro and Gobbo, 2011; Mwanza, 2021). Among 

these two, Chilton, Burnley and Nesaratnam (2010) endorse the closed-loop recycling as the best 

option for the environment, while Larrain et al. (2020) state that open-loop recycling performs 

better economically. A common misconception about recycling is the naive belief that it is 

exclusively a closed loop (Geyer et al., 2016), overlooking open-loop recycling. Some studies 

(Andreoni, Saveyn and Eder, 2015; Hestin, 2015; Tallentire and Steubing, 2020) even assume such 

a naive perspective. In a more realistic way, this study recognizes the inherent limitations of 

recycled materials by assuming that not all recycled materials fully substitute original products 

and are sent to other sectors as well. 
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Figure 1 illustrates the flow of plastic packaging from production to end-of-life (left side) 

and shows the percentage of its final treatment (right side) taken from (Eurostat, 2025d).  In this 

illustration, one particular EU country (for example, country A) may achieve its recycling target 

through domestic recycling (W-R) within its national boundaries. Alternatively, country A may 

send its waste across its borders for recycling elsewhere (W from country A to R in countries B 

and C), resulting in GHG leakage in the receiving countries. For real examples, although Belgium 

(BE) and Latvia (LV) have achieved the recycling target, a significant share of the recycling is 

processed outside the country. Other countries that rely on foreign recycling industries include 

Slovakia (SK), Slovenia (SI), the Netherlands (NL), Estonia (EE), Finland (FI) and Sweden (SE).  

Such strong external reliance on recycling industries abroad is mostly found in small countries 

such as Malta (MT), Cyprus (CY) and Luxembourg (LU). A detailed country-by-country 

breakdown of these externalities is available in Appendix A (Figure A.1). While such external 

reliance is nuanced in the EU, Germany (DE), the Czech Republic (CZ), Italy (IT) and Poland 

(PL) mostly employ their national recycling industries. On the contrary, countries such as Hungary 

(HU), France (FR), and Austria (AT) left a significant gap in achieving their targets due to their 

lowest investment in the circular economy (See Figure A.3 in Appendix A). 
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Source: own elaboration based on Eurostat (2025d) 

Figure 1. Flow of plastic packaging and the percentage of its final treatment. 

Achieving the recycling target would also mean more waste is sent to recycling plants (W-

R), reducing the flow to energy recovery facilities (W-E) and to landfill (W-L), which is later 

incinerated (L-I), GHG emissions from incineration and energy recovery facilities would be 

reduced respectively by 0.253 and 0.673 tons of GHG/ton of plastic waste, as estimated in a Life 

Cycle Analysis (LCA) by Ganesan et al. (2023).  During the recycling process (W-R), recycling 

plants also consume electricity, estimated at 443 kWh/ton of processed waste, based on 

assumptions from Cimpan et al. (2023) and Bataineh (2020). This electricity consumption is later 

converted into GHG emissions based on the national electricity emission factors. 

Electricity emission factors represent the amount of GHG emissions per unit of electricity 

(g/kWh) and differ among EU countries (due to different power plant mixes), as presented in 
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Appendix A (Figure A2 and Table A1). As a consequence, GHG emissions associated with 

recycling plants vary by country, thereby influencing GHG leakage. To illustrate this influence, 

France (FR), despite having a relatively low electricity emission factor (see Figure A2 in Appendix 

A), sends around half of its plastic packaging waste for recycling elsewhere (See Figure 1). France 

most likely sends their plastic packaging waste to neighboring countries with higher electricity 

emission factors, which may contribute to greater GHG (leakage) in receiving countries compared 

to if the waste is recycled in the origin country.  

Even in cases of leakage due to increased waste imports, recycled materials, as the output 

from recycling plants, can be further utilized to substitute for virgin materials. Recycled materials 

partially return to plastic packaging production (closed loop, R-P) to replace virgin plastics (V), 

thereby indirectly reducing 3.75 tons of GHG/ton of replaced materials (Ganesan et al., 2023). 

Materials with insufficient quality for closed-loop recycling are redirected to other sectors (open-

loop, R-O), in which this study assumes the other sector that receives this recycled material is the 

road sector, following Cimpan, Bjelle and Strømman (2021). Incorporating these recycled 

materials would reduce 0.154 tons of GHG/ ton of replaced materials in the road sector, as 

estimated in another LCA study by Hanson, Noland and Cavale (2012). 

2.2 Hypotheses 

Empirical evidence from Li et al. (2021) shows that plastic waste flows are driven primarily 

by resource demand, particularly in developing countries, suggesting that this GHG leakage would 

also flow to those countries. Wang et al. (2019), Ošlovnik et al. (2024) and Krasnikova et al. 

(2025) also confirm that, due to the plastic waste ban by China, the plastic waste trade flow is 

shifting to Southeast Asian countries. Those include Malaysia (MY), Indonesia (ID) and Vietnam 

(VN), and outside this region are Turkey (TR), Britain (GB) and Serbia (SR).  Even Liang et al. 
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(2021) reported that the flow of waste to Vietnam, Malaysia, and some other Asian countries shows 

an increasing trend. Therefore, this study hypothesizes that achieving the recycling target would 

increase GHG leakage into developing regions (H1). 

When imported waste is effectively managed to further replace virgin materials, the 

resulting avoided GHG emissions can outweigh the emission leakage. Many studies, including 

those from  Turner, Williams and Kemp (2015), Smith et al. (2001), Fisher (2006), WRAP (2012), 

Pratt (2014) and US EPA (2015) consistently report GHG reduction. Lyngfelt, Johansson and 

Lindeberg (2019) argue that carbon leakage, unless rapid, does not compromise negative 

emissions. Maria and van der Werf (2008) found that GHG leakage is also inaccurately overstated 

in the existing literature. From an aggregated perspective, Bernard and Vielle (2009) suggest that 

GHG leakage does not represent a real concern. Burniaux and Oliveira Martins (2012), in addition, 

highlight that carbon leakage might serve as a means for joint climate mitigation. Even Liu et al. 

(2021) conclude that China, as the former largest destination for plastic waste shipments, 

historically reduced its GHG emissions by serving as a recipient of global waste flows. Based on 

these perspectives, the next hypothesis is that achieving the recycling target might lead to GHG 

reductions across EU countries (H2).  

2.3 Agent-based model 

To test the hypotheses and ultimately answer the research question about how achieving 

plastic packaging waste recycling targets affects GHG leakage and reduction across EU countries, 

this study employs an Agent-Based Model (ABM). Salgado and Gilbert (2013) define ABM as a 

computational method that enables modelers to create and experiment with models composed of 

autonomous and heterogeneous agents. Klügl and Bazzan (2012), on the other hand, define agents 

as active (aggregated or disaggregated) components or decision makers in the model. One of the 
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primary assumptions in ABM is that complex systems emerge from the bottom up and consist of 

heterogeneous agents (Crooks, Castle and Batty, 2008). As such, ABM allows the decomposition 

of systems (such as the EU) into sovereign entities (member states) that may have their own 

characteristics (Crooks and Heppenstall, 2012). Therefore, ABM is a suitable model for this study, 

as it aims to model country-level recycling dynamics and measure GHG leakage and reduction as 

emerging phenomena.  

According to Walzberg et al. (2023), ABM is a promising approach to answering whether 

increased circularity (achieving recycling targets) is linked to sustainability (GHG leakage and 

reduction). Korhonen, Honkasalo and Seppälä (2018) add that circularity may lead to unintended 

consequences (GHG leakage) due to poorly defined system boundaries (GHG is attributed to the 

country, regardless of the root causes). They also provide a remarkably relevant illustration of a 

company sacrificing its internal circularity to benefit the overall system. This illustration perfectly 

resonates with how one country allows GHG leakage to achieve total GHG reduction across the 

system. In that case, ABM is proven to model such systemic implications (Walzberg et al., 2023), 

which traditional approaches find challenging (Niero et al., 2021; Walzberg, Carpenter and Heath, 

2021).  

A growing body of literature has employed ABM to assess the impacts of circular economy 

initiatives on GHG emissions. For instance, Tong et al. (2023) investigated various business 

models to assess their impact on reducing GHG emissions through post-consumer recycling 

infrastructure in Beijing. Meanwhile, Kerdlap et al. (2020) evaluated the GHG contribution of 

distributed and centralized plastic waste recycling in the Singaporean context. Kahalimoghadam 

and Thompson (2026) assessed the viability of construction and demolition waste recycling and 

its implications for GHG savings, using the state of Victoria in Australia as the case study.  Koide 
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et al. (2025) examined the impacts of the reuse, refurbishment and subscription models of 

refrigerators and laptops in Japan on GHG savings.  
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3. METHODOLOGY 

3.1 Research Design 

The research is slightly different than traditional “X → Y” frameworks with independent 

and dependent variables. ABM is a mechanism-driven concept in which the emerging phenomena 

(equivalent to variable Y, which in this study is GHG leakage and reductions) result from 

interactions among heterogeneous agents (in this study, the agents are countries) under a specific 

environment and rules (equivalent to variable X, which in this study is achieving recycling target), 

rather than from a single variable directly “causing” an outcome. The study, therefore, operates 

under a relatively unique operationalization. ABM assumes that the real world and the interactions 

within can be replicated and simulated in a controlled environment (e.g., a computer).  

3.2 Agents, data collection and input 

This study selected the current 27 EU member states as the primary agents.  The data is 

secondary data collected from government statistics, reports from authoritative bodies and 

scientific articles. The data input for the ABM includes current waste generation and treatment 

(Eurostat, 2025b; Eurostat, 2025d; Eurostat, 2025f; Eurostat, 2025g), investment growth (Eurostat, 

2025e), waste growth (Eurostat, 2025a), waste shipment (United Nations, 2025), and electricity 

emission factors (EMBER, 2025). The data are taken from the most recent update within the past 

5 years, as outlined in Table A.1 (Appendix A).  

3.3 Data analysis 

To provide more detail on the operationalization of the research, the simulation flow is 

presented in Figure 2. This model consists of two subsequent analyses. One is material analysis, 

covered in flow with rectangular shapes, to assess the achievement of recycling targets in EU 
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countries in 2030.  Another one, GHG analysis, covered in rounded shapes, assesses the resulting 

GHG leakage and reductions. 

3.3.1 Material analysis 

The model starts with material analysis. The data input (Table A.1 in Appendix A) is first 

entered into the model before commencing the model. Once commences, agents estimate their 

annual plastic packaging waste generation in 2030, following their annual growth rates  (Eurostat, 

2025d). EU countries were assumed to recycle at least 55% of their packaging plastic waste (𝑅𝑖  ≥

55% . 𝑊1) and distribute that process within and outside countries (𝑅𝑖 =  𝑅𝑖
𝑑𝑜𝑚 + 𝑅𝑖

𝑒𝑥𝑝 ). Their 

recycling domestic capacity (𝐶𝑖) are assumed to grow annually, following investment data from 

Eurostat (2025e). The amount of waste recycled (𝑊𝑖) within the country was assumed to be limited 

by its domestic capacity (𝑅𝑖
𝑑𝑜𝑚 = min(𝐶𝑖, 𝑊𝑖)), and sending the rest abroad (𝑅𝑖

𝑒𝑥𝑝 =

max(0, 𝑊𝑖 −  𝐶𝑖 )). International shipments will be proportionally allocated following the current 

share, based on the data from United Nations (2025).  
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Source: own elaboration based on data from Eurostat (2025b,d,e,f,g), United Nations (2025), EMBER (2025) and assumptions from Hanson, Noland and Cavale 

(2012), Bataineh (2020), Cimpan, Bjelle and Strømman (2021), Cimpan et al. (2023) and Ganesan et al. (2023) 

Figure 2. Simulation flow and analysis. 
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The total recycling within can then be calculated as 𝑅𝑖
𝑤𝑖𝑡ℎ𝑖𝑛 =  𝑅𝑖

𝑑𝑜𝑚 + 𝑅𝑖
𝑖𝑚𝑝 . These total 

recycled materials from 𝑅𝑖
𝑤𝑖𝑡ℎ𝑖𝑛,  will later be circulated back to new packaging at a certain ratio, 

following the references from Cimpan, Bjelle and Strømman (2021), while considering the loss 

during recycling processes; 15% during pre-treatment and 24% during the recycling process, 

referring to Hestin (2015). The total new packaging (𝑃𝑖) from within the country comprises 

recycled materials and virgin material with their respective shares (𝑃𝑖 =  𝑆𝑖 + 𝑉𝑖). Meanwhile, 

increasing the recycling target would mean forcing several countries to reduce their packaging 

waste sent to landfill (↓ 𝐿𝑖), which later send to incinerator (↓ 𝐼𝑖), and energy recovery facilities 

(↓ 𝐸𝑖), again proportional to data from Eurostat (2025d) This new configuration and shares among 

𝑅𝑖
𝑑𝑜𝑚 , 𝑅𝑖

𝑖𝑚𝑝
 , 𝐿𝑖 , 𝐼𝑖  , 𝑆𝐼  eventually shape GHG emissions and their leakage for each country, which 

are further identified and analyzed. 

3.3.2 GHG analysis 

Intermediate results from the material analysis are processed to quantify GHG emissions 

and their leakage. GHG emissions and leakage are further analyzed to test hypotheses in this study. 

This study adopted the standard and procedure from (IPCC, 2019) to estimate GHG. The GHG 

leakage and  reduction in 2030 (recycling target scenario) are compared to those in the baseline, 

the GHG leakage and reduction level in 2023, as reflected in the most current recycling report by 

Eurostat (2025d). 

GHG gross emissions from recycling plants are affected by their energy requirement, in 

this case, electricity (𝐸𝑙𝑟𝑖
𝑒) and the electricity emission factor within the country (𝐸𝑓𝑖

𝑒𝑙). 

↑ 𝐺𝐻𝐺𝑖
𝑤𝑖𝑡ℎ𝑖𝑛 =  𝐸𝑙𝑟𝑖

𝑒 . 𝐸𝑓𝑖
𝑒𝑙 . 𝑅𝑖

𝑤𝑖𝑡ℎ𝑖𝑛 (A1) 
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Meanwhile, the GHG emission leakage is quantified as the gross emission transfer (Peters and 

Hertwich, 2008) and calculated as follows.  

↑ 𝐺𝐻𝐺𝑖
𝑙𝑒𝑎𝑘𝑎𝑔𝑒

 =  𝐸𝑙𝑟𝑖
𝑒 . 𝐸𝑓𝑖

𝑒𝑙 . 𝑅𝑖
𝑒𝑥𝑝

 (A2) 

Where:  

𝐸𝑙𝑟𝑖
𝑒  = electricity requirement, 443 kWh/ton of processed waste, based on assumptions from 

Cimpan et al. (2023) and Bataineh (2020) 

𝐸𝑓𝑖
𝑒𝑙   = vary across countries, taken from EMBER (2025) 

Meanwhile, emissions from energy recovery facilities (𝐸𝑖) and incineration (𝐼𝑖)  are 

obtained by multiplying the waste stream to energy recovery facilities and incinerators by their 

respective emission factors (𝐸𝑓𝑖
𝐸  𝑎𝑛𝑑 𝐸𝑓𝑖

𝐼). 

↑ 𝐺𝐻𝐺𝑖
𝐸 =  𝐸𝑓𝑖

𝐸  . 𝐸𝑖 (C1) 

↑ 𝐺𝐻𝐺𝑖
𝐼 =  𝐸𝑓𝑖

𝐼 . 𝐼𝑖 (D1) 

Where:  

𝐸𝑓𝑖
𝐸    = emission factor from waste to energy facility, 0.673 ton GHG/ton waste, taken from 

Ganesan et al. (2023) 

𝐸𝑓𝑖
𝐼    = emission factor from incineration, 0.253 ton GHG/ton waste, taken from Ganesan et al. 

(2023) 

From the production side, emissions from virgin materials are expressed as follows. 

↑ 𝐺𝐻𝐺𝑖
𝑉 = 𝐸𝑓𝑖

𝑉  . 𝑉𝑖 (B1) 
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Emission savings are reflected in the amount of recycled materials replacing virgin materials (𝑆𝑖) 

in packaging (𝑆𝑖
𝑉) and road sector (𝑆𝑖

𝑂)  multiplied by their emission factor from producing virgin 

materials for plastic packaging (𝐸𝑓𝑖
𝑉) and road (𝐸𝑓𝑖

𝑂) respectively. 

↓ 𝐺𝐻𝐺𝑖
𝑆 = 𝐸𝑓𝑖

𝑉  . 𝑆𝑖
𝑉 

↓ 𝐺𝐻𝐺𝑖
𝑂 = 𝐸𝑓𝑖

𝑂 . 𝑆𝑖
𝑂 (E1) 

Where: 

𝐸𝑓𝑖
𝑉    = emission factor from manufacturing plastic packaging, 3.75 ton GHG/ton virgin materials, 

taken from Ganesan et al. (2023) 

𝐸𝑓𝑖
𝑂   = emission factor from road construction, 0.154 ton GHG/ton virgin materials, taken from 

Hanson, Noland and Cavale (2012) 

3.4 Ethical considerations 

This study uses publicly available Eurostat data owned by the EU and licensed under the 

Creative Commons Attribution 4.0 International license. Therefore, the data source is 

appropriately cited, and any changes are indicated. The data are aggregated at a country level and 

used solely for research purposes (non-commercial). No private, restricted, confidential datasets 

or human subjects are involved.  
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4. RESULT 

The results section first presents findings from the material analysis to show how EU 

countries may achieve their plastic packaging recycling targets, and then is followed by findings 

from the GHG analysis to test the hypotheses and answer the research question. The findings from 

the GHG analysis are further broken down to separately show the impact of achieving the recycling 

target on GHG leakage and reduction. The results section presents the differences between GHG 

leakage and emissions in 2030 and those in the baseline scenarios (the complete data are available 

in Appendix B). These differences (increases or reductions in GHG leakage and emissions) serve 

as metrics for quantifying the impacts of achieving the recycling target on GHG leakage and 

emissions. The first result compares the baseline and the expected progress toward the 2030 

recycling target, as shown in Figure 3.  
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Source: (left side) own elaboration based on Eurostat (2025d) and (right dise) based on simulation  

Figure 3. Achievement of the recycling target in EU countries based on the model output. 

Countries such as Germany (DE), the Netherlands (NL), Spain (ES), Belgium (BE), Lithuania 

(LT), Poland (PL) and Italy (IT) are expected to reach the recycling target, reflecting their relatively 

high investment growth among EU countries (See Figure A3 in Appendix A). However, with the 

exception of Germany (DE), Spain (ES), and Lithuania (LT), these countries are expected to meet 

the recycling target at the expense of increased GHG emissions elsewhere. Meanwhile, countries 

that are estimated to fail to meet their targets, such as Denmark (DK), Finland (FI), and Sweden 

(SE), need to take additional measures (such as increasing domestic capacity or collaborating with 

other countries) to close the gap. Less-developed countries in Eastern Europe, such as Croatia 

(HR), Hungary (HU), Romania (RO), Bulgaria (BG) and Greece (GR), are expected to face similar 
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challenges in meeting the recycling target. Other notable large countries, such as France (FR) and 

Portugal (PT), are also expected to make extra efforts to achieve the target, much like smaller 

countries such as Malta (MT) and Cyprus (CY).  

4.1 The impact of achieving the recycling target on GHG leakage (H1 test) 

This study found that efforts to achieve the recycling target are expected to reduce overall 

GHG leakage both within the EU and beyond its borders, even though a considerable number of 

countries are projected to experience an increase in GHG leakage, as shown in Figure 4. Most EU 

countries are projected to increase their GHG leakage, with France (FR), Sweden (SE), Poland 

(PN), and Belgium (BE) among the largest. In contrast, Cyprus (CY), Germany (DE), Lithuania 

(LT), the Netherlands (NL), and Spain (ES) are expected to reduce their GHG leakage. These 

reductions are driven by domestic recycling industries, which are supported by higher investment 

growth from the respective countries. As a consequence, their receiving countries (AT, BE, FR, 

GR, NL, PL, PT) receive less GHG leakage. Overall, reductions in GHG leakage across EU 

countries outweigh increases, resulting in a net reduction of up to 1.88 kton of GHG leakage within 

the EU territory.  
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Source: own elaboration based on simulation  

 

Figure 4. GHG leakage within and outside the EU 
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The reduction in GHG leakage outside the EU is substantially larger. Countries such as 

Germany (DE), the Netherlands (NL), and Spain (ES) reduced their GHG leakage, resulting in less 

leakage entering developing countries in Southeast Asia (MY, ID, VN). The greater impact was 

observed in Malaysia (MY), with a total of 14.09 kton of GHG leakage prevented from entering 

the country, largely due to increased domestic recycling activities in Spain (ES). Although Italy 

(IT) is found to send more leakage to other EU countries, it simultaneously reduces GHG leakage 

outside the EU, preventing GHG leakage from flowing to Turkey (TR). However, more GHG 

leakage flows to other non-EU countries.  For example, the UK, which receives leakage from its 

neighboring country, Ireland (IE). While Serbia (RS) and Ukraine (UA) receive increased GHG 

leakage from Eastern European countries (BG, SI, HU), where investment in circularity remains 

comparatively lower than in other EU countries. Overall, however, GHG leakage outside the EU 

reduces by 25.82 kton. When combined with the reduction in GHG leakage within the EU (1.88 

kton), this results in a total decrease of approximately 27.7 kton of GHG leakage.   

Considering the flows of GHG leakage within and outside EU countries, total GHG leakage 

to developing countries is reduced, leading to the rejection of H1. This reduction is primarily due 

to high investment in circularity among major waste-generating countries, such as Germany (DE), 

Italy (IT) and Spain (ES). If these countries maintain current investment growth in circularity, they 

are expected not only to achieve the recycling target but also to reduce GHG leakage out of the 

countries. Meanwhile, due to lower investment in some Eastern European countries, they still rely 

on sending plastic packaging waste, thereby exporting their associated GHG emissions to 

neighboring countries within and outside the EU. Strengthening domestic recycling industries is 

therefore crucial to meet recycling targets while minimizing GHG leakage.  
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4.2 The impact of achieving the recycling target on GHG reduction (H2 test) 

Furthermore, this study found that most EU countries experience total GHG reductions, as 

illustrated in Figure 5. In this figure, negative values represent reductions in GHG emissions 

relative to the baseline (in %), and positive values indicate otherwise. Figure 5 also compares two 

cases: closed-loop recycling only and closed- and open-loop recycling combined. 

 
Source: own elaboration based on simulation  

 

Figure 5. GHG reduction within and outside the EU 
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The findings show that H2 holds for most countries, except Belgium (BE), Latvia (LV), 

Slovenia (SI), Greece (GR) and Slovakia (SK). Belgium (BE), Latvia (LV) and Slovenia (SI) bear 

a substantial burden from receiving GHG leakage from other countries, to the point that this 

received leakage accounts for more than half of their total GHG emissions from their domestic 

recycling plants (See Figure B.3 in Appendix B). As the domestic recycling waste capacity is 

overloaded, these countries continue to rely on energy recovery to manage domestic waste, thereby 

sustaining GHG emissions. For these countries, the additional emissions from imported GHG 

leakage cannot be fully offset, even when open-loop recycling is included. This implies that GHG 

leakage flowing to these countries should be further reduced. Greece, on the other hand, 

experiences an increase in GHG emissions due to a decline in investment in the circular economy, 

as reflected in its lowest achievement of the recycling target (see Figure 3). This situation has left 

Greece with limited recycled materials to replace virgin materials, resulting in higher emissions 

from the packaging production sector. 

Through closed-loop recycling, the EU plastic packaging sector could reduce GHG 

emissions by 1529.41 kton. Even though open-loop recycling contributes a small share of GH 

reduction (97.95 kton), when combined with closed-loop recycling, it may prevent Slovakia (SK) 

from having increased GHG. In several cases, it delivers additional reductions, notably in Germany 

(DE) and Lithuania (LT). At the EU level, open-loop recycling may provide additional GHG 

reduction to complement closed-loop recycling.  

 This finding also conveys an important point: overall GHG reductions are achieved by 

both countries that send and receive GHG leakage, rather than being attributable exclusively to 

either side of the flow. Countries of origin achieve GHG reduction by shifting recycling and its 

associated GHG emissions to other countries, while also reducing their GHG emissions from 
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energy recovery and incineration processes, where applicable. The receiving countries, despite 

bearing the burden of GHG leakage, may redirect the resulting recycled materials to replace virgin 

materials within and outside their respective sectors to achieve substantial GHG reductions. 

Beyond the EU, meeting the recycling target also avoids approximately 25.82 kton of GHG 

emissions from recycling plants located outside the EU. However, this shift may have a side effect: 

those countries outside the EU may procure more virgin materials due to reduced recycled 

materials, potentially raising emissions associated with primary production. This underscores the 

importance of strengthening domestic waste recovery to improve resource efficiency and achieve 

greater local GHG reductions. 
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5. DISCUSSION 

Apart from identifying and assessing the impact of recycling targets on GHG leakage and 

reduction, this study also offers interesting perspectives and implications worth academic 

discussion. The results of this study are compared with prior relevant studies to identify similarities 

and differences. Some theories and remarks from closely related studies are also revisited and 

contested against the findings of this study to generate a more nuanced understanding of the 

research topic. 

At first, the achievement of the recycling target estimated in the study (See Figure 3) is 

compared to the previous estimation from (Scrioșteanu and Criveanu, 2024). While similarly 

aiming to estimate recycling achievement in each EU country using Eurostat data, they used a 

different model, the so-called Prophet model (Taylor and Letham, 2018). The comparison is 

presented in Figure 6. 

Estimates from both studies are closely approaching 100% similarity, especially for France 

(FR), Lithuania (LT), Romania (RO), Latvia (LV), the Netherlands (NL), Luxembourg (LU), 

Belgium (BE), Spain (ES), and Croatia (HR). These close results suggest that the ABM model in 

this study has a reasonably robust ability to simulate the effects of meeting recycling targets. 

However, discrepancies between the two results are still found in Finland (FI), Slovenia (SI), 

Greece (GR) and Germany (DE), showing an opportunity to tune up the model.  
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Figure 6. The achievement comparison of the recycling target compared to a previous study 

Although the model in this study only partially covers the complete framework of the EU 

plastic packaging management system (see Figure A.4 in Appendix A) proposed by Cimpan et al. 

(2023), it dives deeper into assessing country-level details of GHG leakage beneath the system. As 

a result, it offers in-depth insights into the dynamics of GHG leakage embedded in the framework. 

The insights include how domestic recycling industries may improve circularity and mitigate GHG 

leakage. This study also found that some countries bore an excessive burden due to substantial 

GHG leakage, further suggesting the need for country-specific support. This recommendation 

aligns with Giurea, Gavrila-Paven and Rada (2026), who highlighted the importance of targeted, 

country-specific interventions to address constraints in collection systems and recycling capacity. 
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This study finds that supporting domestic recycling industries is key to improving circularity and 

climate mitigation, a point also emphasized by Wen et al. (2021). 

This study found that GHG leakage still exists, yet does not excessively harm the system 

(or most countries individually), consistent with prior studies that have made similar observations, 

including Smith et al. (2001), Fisher (2006), Bernard and Vielle (2009), WRAP (2012), Pratt 

(2014), US EPA (2015), Lyngfelt, Johansson and Lindeberg (2019) and Li et al. (2021). Although 

some others express more precautions toward GHG leakage, such as Fischer and Fox (2012), 

Böhringer, Rosendahl and Storrøsten (2017), Jakob (2021), Fournier Gabela and Freund (2023) 

and Meng et al. (2023). As the GHG leakage in this study is associated with the production of 

recycled materials, these materials can be used to replace virgin materials, resulting in GHG 

reductions that outweigh the leakage.  

The presence of both reduced GHG leakage and emissions in this simulation reinforces the 

finding from Bai et al. (2026), who also observed similar dynamics in the Chinese context, 

indicating broader relevance. However, unlike China, the EU exhibits a certain degree of 

uniqueness as a region with considerable disparities among its member countries. Considering 

GHG reduction from a regional perspective, Western Europe tends to show stronger performance, 

consistent with Holmen et al. (2025), who also reported that such regional disparities left Southern 

and Eastern Europe behind. The relatively lower GHG reduction impacts in Eastern Europe may 

also reflect various difficulties in achieving their recycling targets, as reported by previous studies, 

including those from Rada (2013), Kirillova and Musinova (2022) and Tsimnadis and 

Kyriakopoulos (2024). These disparities identified in this study highlight the importance of 

strengthening regional cooperation to address uneven capacity and local barriers. Such an 
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emphasis also aligns with the findings of Georgescu et al. (2025), who highlighted the need for 

region-specific strategies to support the transition toward a sustainable circular economy. 
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6. LIMITATION 

This study heavily relies on data from Eurostat, which, to some degree, are prone to 

potential underreporting by the respective countries (Cimpan, Bjelle and Strømman, 2021; Somlai, 

Bullock and Gallagher, 2023). This underreporting may affect the result of the simulation. The 

simulation also employs several assumptions, including the assumption that historical growth, 

extracted from the past, will remain consistent in the future. Some numbers are rounded for 

simplicity and clearer visualization, although this may introduce deviations from the actual values. 

In this study, ABM can be considered a mechanical model, with less involvement of social 

networks due to limited data input and a lack of references to social and political interactions 

among countries (as the agents in this study).  In that process, the intricate elements of ABM, 

including heuristic rules (Gintis, 2000) and bounded rationality (Simon, 1957) are overlooked. 

This can be further explored in future studies of price dynamics in the recycling sector. 

In terms of scope, this study is limited to assessing the dynamics within EU countries and 

a substantial amount of GHG leakage flows outside the EU. Therefore, this study should be 

approached with caution, as it portrays the EU not as a fully open. Potential interferences and 

interactions with external influences are then limited.  

The future direction of research includes: complementing the government data with direct 

market surveys to improve the accuracy and avoid reporting bias, integrating price dynamics and 

shocks such as price drop of recycled materials, price increase of fossil materials, etc, and 

extending the model to cover regions outside the EU to have a broader horizon of study. 
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7. REFLECTION ON TRANSDISCIPLINARY 

This study is part of the academic collaboration with the Complexity Research Group in 

the Faculty of Science and Engineering, the University of Groningen. The collaboration focuses 

on replicating the world dynamics in computer simulations. The challenges include selecting 

parameters for calculation under limited data and assumptions. While navigating these challenges, 

some perspectives are discovered and contested. Those include the practicality of computer 

simulation for conducting fast simulations, which, in reality, would be almost impossible due to 

the extensive and costly operationalization of this study in a real-world setting.  

For example, it is almost impractical and inconvenient for real human research participants 

to adjust business processes solely to accommodate the research investigation, such as altering 

waste logistics. Because such alteration/modification may interrupt their business processes, 

potentially resulting in financial losses. On the other hand, assuming humans act mechanically like 

a computer would also raise questions about how a computer represents real human participants 

in academic studies. Nonetheless, during this study, all strengths and weaknesses from both 

perspectives are considered, following the best practices of academic and ethical guidelines. 
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8. CONCLUSION 

This study has successfully assessed the impacts of achieving plastic packaging waste 

recycling targets on GHG leakage and reduction across EU countries. As EU countries work to 

meet their recycling targets, most countries increase their GHG leakage, yet this is outweighed by 

reductions in such flows in major waste-producing countries, such as Germany (DE), Spain (ES), 

and Italy (IT). As a result, GHG leakage decreased both within and outside the EU.  

High investment growth in the circular economy in well-performing countries leads to great 

utilization of domestic recycling industries. In turn, this reduces the dependency on recycling 

industries abroad, thereby preventing GHG leakage. Strengthening domestic recycling capacity 

within the EU not only mitigates GHG leakage among member states but also prevents emissions 

from being exported to developing countries, contributing to more equitable climate mitigation. In 

contrast, countries with relatively low investment growth tend to experience greater outward GHG 

leakage, with France (FR) as a notable example. 

This study, on the other hand, projects GHG reductions across many EU countries, 

particularly in Western regions.  Both countries that send and receive GHG leakage experience 

GHG reduction, except for a small number of countries, such as Belgium (BE), Latvia (LV), 

Slovenia (SI), Greece (GR) and Slovakia (SK).  The main contribution to these reductions comes 

from closed-loop recycling processes, where recycled materials replace virgin materials and reduce 

demand for their production. Circulating recycled materials back into packaging supply chains 

mitigates GHG emissions associated with primary material extraction and manufacturing. Open-

loop recycling also contributes to GHG reduction by utilizing low-grade recycled materials in 

alternative applications (such as road construction), although its contribution remains 

comparatively smaller. 
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Countries that fail to reduce GHG emissions, such as Belgium (BE), Latvia (LV), and 

Slovenia (SI), receive excessive inflows of plastic packaging waste from outside their borders, 

capturing large shares and overwhelming domestic recycling capacity. As a result, domestic waste 

that cannot be absorbed by recycling plants is diverted to energy recovery, maintaining GHG 

emissions from this sector. Meanwhile, Greece (GR) and Slovakia (SK) illustrate how relatively 

low investment growth severely affects domestic recycling capacity and limits circularity, 

increasing reliance on GHG-intensive (virgin) materials.  

The findings from this study imply important country-level insights, including the 

disparities in investment growth, overreliance on exporting waste for recycling, and the potential 

GHG burden on several receiving countries, which can help refine current regulations to better 

address country-specific contexts. This is very important to ensure that both recycling and climate 

benefits and burdens are proportionally shared among EU countries. Recommendations for 

policymakers and practitioners, therefore, include providing more targeted financial support for 

domestic recycling industries, enhancing country collaboration to alleviate burdens in some 

countries, and incorporating GHG leakage and potential GHG reductions (if any) into the national 

reporting framework to facilitate timely and targeted corrective actions. 

This study has some limitations, including the exclusion of price dynamics and the 

omission of closed and open-loop recycling processes outside the EU. The influence of the market 

price of recycled materials and the extended impact that EU countries have on countries outside 

the EU's jurisdiction, therefore, remains underexplored. Further recommendations may include 

incorporating market surveys and price simulations to assess the economic uncertainties. Also, 

expanding the scope of simulation to include countries outside the EU to capture broader dynamics 

of plastic packaging recycling and their impacts on climate mitigation.  
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APPENDIX A: Data Input and Background Information 

 

Source: own elaboration based on the United Nations (2025) 

Figure A.1. Plastic packaging waste shipment across the EU and outside the EU from UN trade 
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Source: own elaboration, respectively based on Eurostat (2025d), Eurostat (2025d) and EMBER (2025) 

 

Figure A.2. Spatial map for waste generation (left), recycling facilities (middle) and emission factors (left) 
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Source: own elaboration based on Eurostat (2025d,e) 

Figure A.3. Growth in the circular economy vs. growth in waste generation in the EU countries 
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Source: Modified Figure from Cimpan et al. (2023)  

Note: The scope of this study is highlighted in blue lines, and the blue square indicates where the study extends to cover leakage flow across EU countries. Therefore, this study has a limitation: 

the estimated GHG impacts do not account for potential flows/influences from scopes connected via gray lines. However, this study explores the potential for country-level detail on GHG leakage 

from sending plastic packaging waste for recycling elsewhere (See Figure 5), refining previous work. 

 

Figure A.4. The partial scope (blue lines) and extension of this study (blue square) 
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Table A.1. Data input according to the Eurostat Data Update in 2025 

Country 
Waste 

(ton)a 

Waste 

growth 

(%)a 

Recycle 

within the 

country (ton)a 

Recycling in 

other EU 

countries (ton)a 

Recycling 

outside the EU 

(ton)a 

Recycling 

growth 

(%)b 

Energy 

recovery 

(ton)a 

Landfill (ton)c 
Incinerator 

(ton)c 

Electricity 

emission factor 

(g/kWh)d 

Investment 

growth (%)e 

Belgium 353074 2.1 70526 99711 39887 5.5 142128 183.7135 638 149.77 3.9 

Bulgaria 148367 2.1 50632 6264 1676 12.5 1 61.19225 89,733 275.34 4.8 

Czechia 280527 2.5 128537 17272 1139 4.2 104106 738.6224 28,691 401.4 3.1 

Denmark 241545 1.1 38591 28569 0 7.1 174385 0 0 114.3 5.4 

Germany 3124100 2.9 1502199 108655 21406 2.2 1474834 130.1142 4,876 331.6 9 

Estonia 47652 2.7 5932 14050 215 9.7 22917 0 4,539 319.01 5.2 

Ireland 353388 3.2 15667 31334 57445 15.1 247568 3.560948 1,369 255.89 5.4 

Greece 263200 1.2 54234 25304 6433 11.2 0 57.18448 177,172 315.63 -10.5 

Spain 1836793 2.2 753217 17651 76818 9.7 292479 7693.499 688,935 153.26 8.4 

France 2428987 1.7 317831 296981 10463 7.2 1213829 60274.37 529,609 41.79 1.5 

Croatia 71434 3.6 20148 0 0 -0.8 0 0 51,286 160.36 3.7 

Italy 2289950 1 930390 164479 28330 7.5 983611 9165.763 173,973 285.26 4 

Cyprus 21875 -2.2 0 8351 199 6.1 6739 0 6,586 487.81 -4.8 

Latvia 48423 1.6 17921 10573 188 7 6877 0 12,864 138.98 2.1 

Lithuania 103755 3.9 30580 13886 0 7.8 56965 5.001435 2,319 139.77 13.8 

Luxembourg 21747 3.4 0 8429 0 10.9 12678 0 640 124.18 6.9 

Hungary 396221 4.7 59368 23415 8192 7.5 67957 4461.169 232,828 162.34 8.2 

Malta 18057 5.7 0 5283 1148 20.4 2174 223.981 9,228 472.48 3.7 

Netherlands 532677 -0.5 109443 84271 68028 4.9 243842 14270.8 12,822 253.22 6.9 

Austria 294844 1.9 56897 20013 2429 3.1 215505 0 0 113.91 0.1 

Poland 1263520 3.9 477648 90171 17143 10.1 3817 5809.926 668,793 592.2 8.5 

Portugal 437647 2.1 150229 19802 2720 12.3 67523 2230.945 195,142 127.83 1.2 

Romania 510126 2.6 152375 11136 1826 9.2 25922 165.0578 318,702 250.75 3.4 

Slovenia 65084 3.7 18285 12725 2499 9.4 30482 62.61979 1,030 183.47 0.8 

Slovakia 136584 3.6 49424 19987 4503 11.8 34639 133.2071 27,896 94.85 2 

Finland 159098 2.1 16913 29682 0 6.4 112000 0.537914 502 56.81 2.9 

Sweden 358758 3.4 28184 74427 0 6.3 43558 207.2883 212,382 35.33 3.6 

Source: a) based on Eurostat (2025d), b) based on Eurostat (2025g), c) based on Eurostat (2025b), d) based on EMBER (2025) and e) based on Eurostat (2025e) 
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APPENDIX B: Data Output and Supplementary Results 

 

Source: own elaboration based on simulation 

 

Figure B.1. GHG leakage in the Baseline scenario 
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Source: own elaboration based on simulation 

 

Figure B.2. GHG leakage in 2030’s scenario 
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Source: own elaboration based on simulation 

Figure B.3. GHG Leakage share and GHG saving share resulted from the simulation 

 


