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Spotlight 33 

• Predicts the environmental and economic performance of policy instruments to promote plastic 34 

recycling.  35 

• Combines equilibrium model (top-down) with techno-economic and life cycle assessment (bottom-36 

up) 37 

• Policy instruments that do not target a specific technology are more likely to increase 38 

thermochemical recycling than mechanical recycling.  39 

• Policy instruments should focus on environmental outcomes rather than increasing recycling rates.  40 

• Future research should include geographical considerations and asses other circular economy 41 

strategies.  42 

Abstract  43 

The objective of this paper is to examine the recycling rates for mechanical and thermochemical recycling 44 

of postconsumer polyethylene flexible packaging after the implementation of different policy instruments. 45 

The study uses a supply chain equilibrium model that incorporates market data and techno-economic 46 

assessments to simulate market equilibrium. It combines this with a life cycle assessment to explore the 47 

environmental implications of implementing different policy instruments. The results show that instruments 48 

that do not target a specific technology are more likely to increase thermochemical recycling than 49 

mechanical recycling. Furthermore, a higher recycling rate is not equivalent to a better environmental 50 

outcome. An increased collection target that ensures a supply of plastic waste would increase the overall 51 

recycling rates the most. A recycled content standard for mechanical recycling would lead to the highest 52 

increase in mechanical recycling, with top results for environmental indicators, but low results for economic 53 

indicators. 54 

Keywords 55 

Plastic waste, mechanical recycling, thermochemical recycling, recycled content, tax, recycling 56 

target, supply chain equilibrium model 57 
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Graphical Abstract 64 

1 Introduction 65 

The rise in plastic packaging production and disposal has encouraged the progress of recycling technologies 66 

and aroused policy discussion on how to increase recycling rates. In traditional or mechanical recycling, 67 

the waste is transformed by physical processes into new plastic granulates. In thermochemical recycling, 68 

the polymer chains are broken producing a crude-oil mixture. Key principles of the circular economy 69 

include circulating products and materials at their highest value and minimizing their environmental impact 70 

throughout their entire life cycle  (Ellen MacArthur Foundation et al., 2016). However, without appropriate 71 

regulations or incentives, markets will tend to prioritize short-term profit-driven technologies, regardless 72 

of their environmental implications. Environmental policies are therefore crucial to steer innovation 73 

towards technologies that better meet these principles.  74 

This study investigates how specific policy instruments can influence the adoption of mechanical and 75 

thermochemical recycling, considering their environmental and economic consequences under current 76 

conditions and potential policy scenarios. With an innovative methodology it links policy issues, market 77 

issues, technical issues, and environmental issues to quantitatively predict the effects of regulations in the 78 

environment and the economy. The following paragraphs describe how these issues have been partially 79 

linked in previous studies.  80 

Palmer and Walls made an early development in the use of equilibrium models to study the influence of 81 

policy instruments in waste management (Palmer and Walls, 1997). Dubois (2012) extended this model to 82 



study how extended producer responsibility (EPR) schemes would affect waste management. Lately, 83 

Lahcen et al. (2022) made an important contribution by studying the effect of policies for a plastic circular 84 

economy with a supply chain equilibrium model. The study takes into account how different markets affect 85 

each other endogenously through simultaneously determined equilibrium prices along the supply chain of 86 

polyethylene terephthalate (PET) bottles.  87 

Economic analysis and environmental analysis can be coupled to study the potential implications of policy 88 

interventions that promote the implementation of a new technology. Equilibrium models coupled with life 89 

cycle assessment (LCA) are better in providing exhaustive and quantitative information to decision makers 90 

than other economic – environmental model coupling such as econometric models, or agent-based models 91 

(Loiseau et al., 2019). There are few examples of equilibrium models coupled with LCA in the context of 92 

plastic waste. Zhao and You (2021) developed a systematic consequential life cycle optimization 93 

framework to determine the economically optimal and environmentally sustainable technology pathways 94 

for thermochemical recycling of high-density polyethylene (HDPE). Similarly, Cornago et al. (2021) 95 

performed a consequential LCA of a PET chemical recycling technology, evaluating the potential market 96 

penetration of its products and consequences on the LCA.  97 

Even though circular economy policy has gained attention in the last years, there is still a need to address 98 

circular economy strategies in a holistic and quantitative way (Goyal et al., 2021).On the one hand, the 99 

abovementioned studies provide important insights on the consequences of plastics recycling in the 100 

packaging markets but haven’t connected policy issues with technological issues. The analysis of these 101 

interrelations is crucial to design policies that will promote the deployment of the most circular 102 

technologies. On the other hand, research that takes an integrative perspective (Milios, 2018; Tencati et al., 103 

2016) has mostly been theoretical or qualitative. Our study fills these gaps by exploring and evaluating the 104 

market dynamics in a supply chain equilibrium model that considers thermochemical recycling and 105 

mechanical recycling of polyolefin waste and its potential environmental and economic implications.  106 

European countries lead the world in recycling rates, headed by countries like Belgium, Netherlands and 107 

Luxembourg (Eurostat, 2023; OECD, 2022). This regional success hinges on recycling PET or HDPE 108 

bottles (Thomassen et al., 2022). The reason for this is that, after sorting, these fractions are homogenous 109 

and have relatively low contamination levels, thus their recycled products are of high quality and demanded 110 

on the market (Faraca and Astrup, 2019).  111 

Nevertheless, there are some types of plastic waste, such as those that come from films that are harder to 112 

recycle and that are mainly disposed or incinerated worldwide. Most films are made from polyethylene 113 

(PE), both HDPE and low-density polyethylene (LDPE), and have numerous applications across various 114 

sectors. In packaging, PE films are used for bags in food packaging, shrink wrapping, and protective 115 

wrapping. Due to their heterogenous composition, mechanical recycling has not been profitable yet and 116 
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additional policies are deemed necessary to promote their recycling.  This low recycling levels have caused 117 

three major problems: greenhouse gas emissions, inefficient consumption of fossil resources and leak of 118 

waste into the natural ecosystems (SYSTEMIQ, 2022).  119 

In spite of their currently low recycling rates, recycling technologies for PE films have evolved in the last 120 

years (Antonopoulos et al., 2021). Mechanical recycling technologies are now capable of converting plastic 121 

films into regranulates through physical processes such as cleaning and extrusion. In addition, the plastics 122 

industry is currently targeting pyrolysis as the dominant pathway for chemical recycling in the 2020s 123 

(SYSTEMIQ, 2022). This process, in which polymers are broken down into naphtha at high temperatures 124 

and in the absence of oxygen, can also treat highly contaminated waste fractions such as plastic film.  125 

Recycled products, both plastics regranulates and recycled naphtha, can be used more or less as substitutes 126 

for products made from virgin oil or natural gas. The amount of recycled products and of plastic recycled 127 

by each technology (recycling rates) depend on the cost of the processes, the market for plastic waste and 128 

the markets for recycled products. These markets, and consequently recycling rates, are affected by 129 

exogenous conditions that disrupt oil prices (Larrain et al., 2020). This effect is evidenced by the decline in 130 

recycling rates by mid-2020 (De Meester et al., 2020) and the shortage of recycled material by mid-2022 131 

(Plastics Recyclers Europe, 2022). Mechanical recycling and thermochemical recycling can use the same 132 

sorted plastic waste as feedstock and can therefore be considered as market competitors for plastic waste. 133 

In addition, recycled plastic, plastic produced from virgin naphtha and plastic produced from recycled 134 

naphtha can be substitutes. Thus, mechanical recyclers and thermochemical recyclers can be considered as 135 

market competitors for the supply of plastic products. Understanding these market dynamics is therefore 136 

necessary to design policy instruments that will promote the most sustainable technology.  137 

Academics and governance actors agree that a mix of different policies, rather than a single policy, is needed 138 

to enable a circular economy for plastic packaging (Milios, 2018; Tencati et al., 2016). The Global Plastics 139 

Outlook proposes implementing policies in three phases to achieve increasingly ambitious circularity 140 

objectives: close leakage pathways, create incentives for recycling by making it more profitable and restrain 141 

the demand of fossil-based plastics.  Leakage of plastics to the environment can be significantly reduced 142 

by investing in waste management infrastructure and banning or taxing items that are frequently littered. 143 

Measures that deal with the plastic waste market and the recycled products market can increase recycling 144 

profitability. Applying taxes to landfills and implementing Extended Product Responsibility Schemes 145 

encourages the provision of plastic waste to recyclers. To create a well-functioning secondary market for 146 

recycled products, their prices need competitive when compared to fossil-based product prices. This can be 147 

done by removing fossil fuel subsidies or taxing fossil-based plastic, by increasing the demand with 148 

recycled content standards (Ellen MacArthur Foundation, 2017) or by stablishing modulated fees in EPR 149 

schemes (OECD, 2022).  150 



To date, the most implemented policy globally is EPR schemes  (Seay and Ternes, 2022). Moreover, a 151 

landfill tax or ban has already been imposed in the countries analyzed in this study (Plastics Europe, 2021). 152 

The policies that have a higher impact on the circular use of plastics are related to the demand of recycled 153 

products, and therefore are the ones considered in this study.  154 

The objective of this study is to predict how much PE film waste would be recycled through mechanical 155 

recycling and thermochemical recycling under three oil and energy price levels observed throughout 2019, 156 

in April 2020, and in August 2022, and with the implementation of different policy instruments. In addition, 157 

the economic and environmental impacts of the implementation of the policy instruments are examined. 158 

The main novelty of this study is the coupling of techno-economic assessment (TEA), with a supply chain 159 

equilibrium model and LCA. The cost structures of mechanical and thermochemical recycling obtained 160 

from TEA are used as inputs for a supply chain equilibrium model and combined with the results of an 161 

LCA. The main analysis is carried out for the Benelux region, which consists of Belgium, the Netherlands 162 

and Luxembourg. This paper also examines how the equilibrium quantities vary when geographical scales 163 

are analyzed: the city of Antwerp, the region of Flanders, the region of Benelux, Western Europe and 164 

Europe as a whole.  165 

The paper has been organized in the following way. Section 2 describes the plastics recycling supply chain 166 

equilibrium model, including the equations used to calculate the quantities in the equilibrium, and a 167 

description of the policy scenarios. Section 3 presents the results: first the recycling rates in the policy 168 

scenarios, then the economic and environmental implications and finally a sensitivity analysis. Section 4 169 

discusses policy recommendations and finally section 5 discusses the main conclusions.  170 

2 Methods: 171 

The value chain, depicted in Figure 1 is based on the EPR scheme implemented in Flanders. It shows the 172 

plastic producer, packaging producer, consumer, producer responsibility organization (PRO), mechanical 173 

recycler, thermochemical recycler and final disposal responsible and the material flows (grey continuous 174 

lines) and the financial flows (black dashed lines) between them. The stakeholders obtain or buy the plastic 175 

material (plastic, packaging, waste, sorted waste and naphtha), process it at a cost and then sell or transfer 176 

the processed material to another stakeholder. Due to the economies of scale observed in recycling centers 177 

(Fivga and Dimitriou, 2018; Larrain et al., 2020; Lubongo et al., 2022; Riedewald et al., 2021; Volk et al., 178 

2021), the unitary processing costs for recyclers depend on the amount of plastic recycled. Besides the 179 

processing costs, stakeholders usually pay for the material they use as feedstock and are paid for their 180 

products. Thus, the profits of the stakeholders are a function of the amount of material processed and the 181 

prices at which they buy and sell the material.   182 
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𝑄 
Amount of plastic packaging placed in the market 

(tonne) 
𝑐m 

Primary plastic production unitary cost  

(EUR/tonne of primary plastic) 𝑃𝑚 
Primary plastic price  

(EUR/tonne) 
𝑐𝑝 

Packaging production unitary cost  

(EUR/tonne of plastic packaging) 𝑃𝑂 
Observed naphtha price  

(EUR/tonne) 
𝑐𝑠 

Collection, transport and sorting unitary cost  

(EUR/tonne of plastic waste) 𝑃𝑤 
Observed wax price 

(EUR/tonne of wax) 
𝑐𝑟1 

Mechanical recycling unitary costs  

(EUR/tonne of input) 𝑃𝑟1 
Recycled plastic price  

(EUR/tonne) 
𝑐𝑟2 

Thermochemical recycling unitary costs  

(EUR/tonne of input) 𝑃𝑟2 
Recycled naphtha price  

(EUR/tonne) 
α 

Plastic waste collected from consumer`s household 

(tonne of plastic waste/tonne of plastic packaging) 𝑃𝑟3 
Recycled wax price  

(EUR/tonne) 
β1 

Recycled plastic products 

(tonne of recycled plastic/tonne of plastic packaging) 𝑃𝑑 
Final disposal fee  

(EUR/tonne of waste) 
β2 

Naphtha from thermochemical recycling  

(tonne of recycled naphtha/tonne of plastic packaging) 𝑃𝑝 
Plastic packaging price  

(EUR/tonne ) 
β3 

Waxes from thermochemical recycling  

(tonne of recycled waxes/tonne of plastic packaging) 𝑃𝑓1 
Sorted plastic waste price to mechanical recycler  

(EUR/tonne of sorted waste) 
γ1 

Sorted plastic waste treated by mechanical recycling 

(tonne of sorted plastic waste/tonne of plastic 

packaging) 𝑃𝑓2 
Sorted plastic waste price to thermochemical recycler  

(EUR/tonne of sorted waste) γ2 

Sorted waste treated by thermochemical recycling   

(tonne of sorted plastic waste/tonne of plastic 

packaging) 𝑃𝑠 
Green dot fee  

(EUR/tonne of plastic packaging) 

Figure 1: Circular plastic recycling value chain. Continuous grey lines show material flows and black dashed lines show 183 
financial flows between stakeholders. The producer responsibility organization (PRO) collects the plastic waste from consumers’ 184 

household, sorts it and sells it to the recyclers. After processing, the mechanical recycler sells the product to the packaging 185 
producer and the thermochemical recycler to the plastic producer and to external buyers. 186 

 187 



A supply chain equilibrium model evaluates price and product flows taking into account the independent 188 

behavior of the various decision-makers and the effect of their interactions (Nagurney et al., 2002). Using 189 

profit functions, we predict how much plastic will be recycled in the equilibrium, the transaction prices and 190 

the material processed by each stakeholder for different policy scenarios. Then, we combine these recycled 191 

quantities with the results of an LCA for mechanical recycling and thermochemical recycling to estimate 192 

the environmental implications and with the profit functions to estimate the economic implications.  The 193 

complete analysis is carried out with the software Analytica from Lumina.  194 

The PRO collects and sorts the recyclable waste into different fractions. The PE films fraction contains a 195 

85% of PE films and a 15% of other films and impurities (Roosen et al., 2020), which are removed in the 196 

recycling process. We evaluate the results under three energy (electricity and natural gas) and oil price level 197 

conditions. The low energy and oil price level takes the prices observed after the COVID pandemic in April 198 

2020, the high energy and oil price level takes the prices after the Russian invasion into Ukraine of June 199 

2022, and the median oil and energy price levels observed during 2019. Electricity and natural gas price 200 

fluctuations vary the processing costs and oil prices vary product prices. Following the evidence that shows 201 

that virgin plastic, naphtha and wax prices are correlated with oil prices (Jiang et al., 2015; Selmi et al., 202 

2022), all product prices are varied proportional to the oil price variation for the three levels. Oil, electricity 203 

and natural gas prices in the three conditions are shown in Table A.1 of the Appendix. Additionally, we 204 

calculate these equilibrium points for different geographic areas to demonstrate the effects of distance and 205 

population. Taking as a center a recycling plant installed in Flanders, the following geographic areas are 206 

taken into account: the city of Antwerp, the region of Flanders (Belgium), Benelux (Belgium, Netherlands 207 

and Luxemburg), Western Europe and Europe.  208 

2.1 Model description:  209 

The model of the circular plastic packaging value chain (Figure 1), is based on the model presented by 210 

(Palmer and Walls, 1997) and improved by (Dubois, 2012). The packaging producer manufactures 𝑄 tonne 211 

of plastic packaging at a cost 𝑐𝑝, sells it to the consumer at a price 𝑃𝑝 and pays a fee (green dot fee) 𝑃𝑠 to 212 

the PRO. He buys 𝛽1 ∗ 𝑄  tonne of recycled plastic from the mechanical recycler at a price 𝑃𝑟1 and (1 −213  β1) ∗ 𝑄 tonne of primary plastic from the plastic producer at a price 𝑃𝑚.  In some scenarios, the packaging 214 

producer has to pay a tax (𝜏𝑃) for every tonne of virgin plastic they use. Equation 1 describes the unitary 215 

profit function for the packaging producer.  216 

Equation 1: Profit function for the packaging producer for a tonne of plastic waste placed in the market 217 𝛱𝑃𝑄 = 𝑃𝑝 − 𝑐𝑝 − 𝑃𝑠 − 𝛽1 ∗ 𝑃𝑟1 − (1 − 𝛽1) ∗ 𝑃𝑚 − 𝜏𝑃  218 

After the consumer uses and separately disposes of a fraction α of the plastic packaging, the PRO collects 219 

it from his household and sorts it at a cost 𝑐𝑠. The PRO sells a fraction γ1 to the mechanical recycler and a 220 
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fraction γ2 to the thermochemical recycler at a price 𝑃𝑓. The remaining waste (α −  γ1  − γ2)  is disposed 221 

of at a fee 𝑃𝑑.  222 

Equation 2 shows the unitary profit function for the PRO. The relation between the waxes from 223 

thermochemical recycling (β3) and the naphtha from thermochemical recycling ( β2) used in the second 224 

part of Equation 4 is explained later in the text.   225 

 226 

Equation 2: Profit function for product responsibility organization 227 𝛱𝐶𝑄 = 𝑃𝑠 +  𝛾1𝑃𝑓 + 𝛾2𝑃𝑓 −  (α −  γ1  − γ2)𝑃𝑑 − 𝑐𝑠𝛼 = 𝑃𝑠 +   𝛽1𝑌1 𝑃𝑓 + 𝛽2𝑌2 𝑃𝑓   −   (𝛼 − 𝛽1𝑌1   − 𝛽2𝑌2 ) ∗ 𝑃𝑑 − 𝑐𝑠 228 

The mechanical recycler processes the sorted waste at a cost 𝑐𝑟1 with a ratio 𝑌1, and obtains β1 ∗ 𝑄 tonne 229 

of recycled plastic. They sell the recycled plastic at a price 𝑃𝑟1 and dispose of the remaining material (γ1 −230 β1) ∗ 𝑄 at a fee 𝑃𝑑. Equation 3 shows the unitary profit function for mechanical recyclers.  231 

Equation 3: Profit function for mechanical recycler for a tonne of plastic waste placed in the market 232 𝛱𝑅1𝑄 =  𝛽1𝑃𝑟1  −  𝛾1 𝑐𝑟1 −  𝛾1𝑃𝑓   − (𝛾1 − 𝛽1) ∗ 𝑃𝑑 =  𝛽1𝑃𝑟1  −   𝛽1𝑌1  𝑐𝑟1 −   𝛽1𝑌1 𝑃𝑓   − (𝛽1𝑌1 − 𝛽1) ∗ 𝑃𝑑 233 

Similarly, the thermochemical recycler processes γ2 ∗ 𝑄 tonne of sorted plastic waste at a cost 𝑐𝑟2 and 234 

produces β2 ∗ 𝑄 tonne of naphtha with a ratio 𝑌2 and β3 ∗ 𝑄 tonne of wax with a ratio 𝑌3. They sell the 235 

recycled naphtha at a price 𝑃𝑟2 and the waxes at a price 𝑃𝑟3 to external buyers. The residues from the 236 

recycling process (γ2 − β2 − β3) ∗ 𝑄 are disposed of at a fee 𝑃𝑑. Equation 4 shows the unitary profit 237 

function for the thermochemical recycler. We choose pyrolysis as a representative of thermochemical 238 

recycling because is the most widely implemented thermochemical recycling technology for plastics (Solis 239 

and Silveira, 2020).   240 

Equation 4: Profit function for thermochemical recycler for a tonne of plastic waste placed in the market 241 𝛱𝑅2𝑄   =  𝛽2𝑃𝑟2  + 𝛽3𝑃𝑟3 −  𝛾2 𝑐𝑟2 −  𝛾2𝑃𝑓2  − (𝛾2 − 𝛽2 − 𝛽3) ∗ 𝑃𝑑242 =  𝛽2𝑃𝑟2  + 𝛽2 ∗  𝑌3 ∗ 𝑃𝑟3𝑌2 −   𝛽2𝑌2  𝑐𝑟2 −   𝛽2𝑌2 𝑃𝑓   − (𝛽2𝑌2 − 𝛽2  −  𝛽2 ∗ 𝑌3𝑌2 ) ∗ 𝑃𝑑 243 

The plastic producer manufactures at a cost 𝑐𝑚 (1 − β1) ∗ 𝑄 tonne of plastic, by using β2 ∗ 𝑄 tonne of 244 

recycled naphtha and (1 − β1 − β2) ∗ 𝑄 tonne of virgin naphtha. We assume naphtha is turned into plastics 245 

at a ratio of 1:1. They get  𝑃𝑚 for each tonne of plastic sold and pay 𝑃𝑟2 for the recycled naphtha and  𝑃𝑜 246 

for the virgin naphtha. In some scenarios, the plastic producer pays a tax (τ𝑁) for every tonne of virgin 247 

naphtha.  Equation 5 shows the unitary profit function for the thermochemical recycler.  248 

Equation 5: Profit function for plastic producer for a tonne of plastic waste placed in the market 249 

ΠM𝑄   = (1 − 𝛽1)𝑃𝑚 − (1 − 𝛽1)𝑐𝑚 −   𝛽2 𝑃𝑟2  −  (1 − 𝛽1 − 𝛽2)𝑃𝑂  −  𝜏𝑁 250 



Several assumptions enable solving the supply chain equilibrium model. The first assumption is that the 251 

producers choose the amount of recycled material they buy to maximize their profits. The percentage of 252 

recycled plastic (β1) is obtained by maximizing the profit function of the packaging producer. The 253 

percentage of recycled naphtha (β2) is obtained by maximizing the profit function of the plastic producer. 254 

Waxes are a co-product of naphtha, so the percentage of waxes produced (β3) is proportional to the 255 

percentage of naphtha produced (β2). The recycling rate for each technology (γ1, γ2) is given by the 256 

percentage of recycled product divided by the recycled product to sorted waste ratio (Y1, Y2, Y3). Finally, 257 

the collection rate is calculated as the maximum between the minimum collection target of Flanders ((RDC, 258 

2018) and the rate required to meet the total recycling rate.  259 

The second assumption, that allows us to calculate the price for recycled plastic (𝑃𝑟1), is that there is perfect 260 

competition among mechanical recyclers and that consequently, their unitary profit is zero (Π𝑅1 = 0). 261 

Similarly, the price of naphtha (𝑃𝑟2) is calculated by assuming perfect competition among thermochemical 262 

recyclers and taking the unitary profit equivalent to zero (Π𝑅2 = 0). The price for waxes (𝑃𝑟3), decreases 263 

with the amount of wax produced with thermochemical recycling, because it is a supply shock to the current 264 

wax market. The PRO is considered to be non-profit by law, so its profit is also zero (Π𝐶 =  0). This is used 265 

to estimate the plastic feedstock price (𝑃𝑓).  266 

It is also assumed that mechanical recycling and thermochemical recycling are equally mature technologies.  267 

The mechanical recycling costs (𝑐𝑟1(𝛽1)) and the thermochemical recycling cost  (𝑐𝑟2(β2))  depend on the 268 

quantity of plastic recycled, and thus on recycling rates. They are both decreasing power functions, resulting 269 

from the combination of TEA for mechanical recycling plants (Larrain et al., 2021) and for thermochemical 270 

recycling plants (Larrain et al., 2020) and the total amount of plastic packaging waste placed in the market.    271 

The packaging price (𝑃𝑝), collection, sorting and transport cost (𝑐𝑠 ) depend on the amount of waste that is 272 

sorted. The price for plastic packaging (𝑃𝑃) is negatively correlated with the amount of recycled plastic in 273 

the packaging because the latter has a lower perceived quality than virgin plastics (Friedrich et al., 2020) 274 

and cannot easily be used for food applications (De Tandt et al., 2021).   275 

Collection costs are considered to be constant for collection rates lower than 80%, after which they increase. 276 

Contrarily, sorting costs are considered to decrease with higher collection rates ((Cimpan et al., 2016)). 277 

Transport costs are higher if a larger geographic area is covered because they depend on the distance 278 

between the collection point (household) and the recycling center.   279 

The green-dot fee (𝑃𝑠), packaging manufacturing cost (𝑐𝑝 ) naphtha price (𝑃𝑂), disposal fee (𝑃𝑑), primary 280 

plastic manufacturing cost (𝑐𝑚 ), are exogenous and independent of the recycling rates.  The packaging 281 

production cost (𝑐𝑝) is calculated considering that the operating margin of the packaging industry, 282 

calculated as the difference of the revenues with all the costs divided by the revenues, for PET was 10.3% 283 

(McKinsey and Company, 2019). The production cost for PE is then assumed to be proportional to the 284 
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production cost of PET according to their virgin price levels. In a similar way, the plastic production cost 285 (𝑐𝑚) is calculated by assuming that the profit margin of the plastic producer is 10%. The price for primary 286 

plastics (𝑃𝑀) is obtained from (Plastic Portal EU, 2021).  287 

Finally, the total cost (𝑐𝑡𝑜𝑡) to process a tonne of plastic waste is calculated with Equation 6 and includes 288 

collection cost, sorting cost, transport cost, disposal cost, thermochemical recycling cost and mechanical 289 

recycling cost (without considering landfill tax). Packaging production cost and plastic production cost are 290 

omitted from this calculation because they are assumed to be independent of the amount of recycled 291 

material.  292 

Equation 6: Total cost for processing a ton of plastic waste 293 𝑐𝑡𝑜𝑡 = 𝑐𝑠 ∗ 𝛼 + 𝑐𝑟1 ∗ γ1 + 𝑐𝑟2 ∗ γ2 + 𝑑𝑖𝑠𝑝𝑜𝑠𝑎𝑙 𝑐𝑜𝑠𝑡 ∗ (1 − γ1  −   γ2)  294 

2.2 Policy scenarios:  295 

In addition to the reference case scenario, which considers only the implementation of an EPR scheme, six 296 

policy scenarios are studied. These policies aim to increase the supply of recyclable waste and stablishing 297 

well-functioning secondary market for recycled products. This can be achieved by making their prices more 298 

competitive when compared to fossil-based product prices or by increasing the demand (Ellen MacArthur 299 

Foundation, 2017). The policies included in this study, shown in Table 1, seek to increase the availability 300 

of feedstock by augmenting current regulations, rise fossil-based material prices with economic or market-301 

based incentives (taxes and bonuses), or increase the demand for recycled materials with recycled content 302 

standards. 303 

Table 1: Policy scenarios description 304 

Scenario Type Description 

Reference case  EPR scheme as described above.  

Naphtha tax Economic Plastic producer pays a tax of 200 EUR per each tonne of virgin naphtha used to 

produce plastic packaging. 

Packaging tax Economic Packaging producer pays a tax of 450 EUR for each tonne of non-recycled plastic 

packaging placed in the market 

Green- dot fee bonus 

MR 

Economic Packaging producer receives a discount on the green-dot fee (𝑃𝑠) proportional to the 

amount of recycled plastic (𝛽1) 

Green dot fee bon MR 

- CR 

Economic Packaging producer receives a discount on the green-dot fee (𝑃𝑠) proportional to the 

amount of plastic made from recycled naphtha and recycled plastic (β1 + β2) 

Increased collection 

target 

Regulation PRO must collect up to 90% of the plastic film waste that is placed in the market 

Recycled content 

standard MR 

Regulation Packaging producers must include at least 30% of recycled plastic in their packaging 

Recycled content 

standard MR - CR 

Regulation Packaging producers must include at least 30% of recycled plastic or plastic made 

from recycled naphtha in their packaging 

In the naphtha tax scenario, the plastics producer is required to pay a tax of 200 EUR / tonne of virgin 305 

naphtha. Similarly, the packaging tax scenario contemplates that the packaging producer pays a tax of 450 306 

EUR/ tonne of non-recycled plastic packaging. This value was taken from the case of Italy where single 307 

use plastic manufacturers have to pay a tax of 450 EUR/tonne for the non-recycled plastic packaging they 308 



place on the market (EY Global, 2020). These taxes seek to decrease the demand of virgin material by 309 

increasing the price perceived by plastic producers and packaging producers.  310 

There are two policy scenarios that aim to increase the demand of the packaging producers for recycled 311 

material by offering a discount in the green-dot fee (𝑃𝑠). In the green-dot fee bonus MR, the discount is 312 

proportional to the percentage of recycled plastic (𝛽1) of the packaging placed in the market. In the green-313 

dot fee bonus MR-CR, the discount is proportional to the percentage of plastic made from recycled naphtha 314 

and recycled plastic (𝛽1 +  𝛽2) of the packaging placed in the market. The manufacturers share of his 315 

supplier selling price is determined by a manufacturer`s vertical upstream market power (Steiner, 2008). 316 

Therefore, in the last scenario, the primary plastic price (𝑃𝑚) is reduced proportionally to the savings 317 

achieved by the packaging producer coming from recycled naphtha (500 ∗ 𝛽2) and to the market power 318 

(𝑚𝑝) of the plastic producer with respect to the packaging producer.  319 

In the increased collection target scenario, the PRO must collect up to 90% of the plastic film waste that is 320 

placed in the market. It is expected that a higher availability of plastic waste would increase recycling rates 321 

by taking advantage of economies of scale. Finally, another instrument to increase the demand of packaging 322 

producers for recycled material is setting a standard of minimum recycled content. There are two recycled 323 

content standard scenarios that consider that the packaging producer must include at least 30% of recycled 324 

material in their packaging: the recycled content standard MR considers that this material must come from 325 

mechanical recycling and the recycled content standard MR-CR considers that the recycled material can 326 

come from mechanical recycling or thermochemical recycling.  327 

2.3 Economic and environmental implications 328 

To study the economic implications, we calculate the profit of the plastic producer with Equation 5, the 329 

profit of the packaging producer with Equation 1 and the total cost (𝑐𝑡𝑜𝑡) to process a tonne of plastic waste 330 

with Equation 1.  331 

To calculate the environmental implications, we first multiply the recycling rates (γ1𝑎𝑛𝑑 γ2) resulting from 332 

the equilibrium model by the environmental indicators reported in (Civancik-Uslu et al., 2021), a LCA that 333 

compares the treatment of 1 tonne of collected plastic waste with mechanical and thermochemical recycling. 334 

We select the most commonly reported environmental indicators in the literature of LCA of plastic: global 335 

warming, ozone formation, terrestrial acidification, mineral resource scarcity,, fossil resource scarcity and 336 

water consumption. Then, we take the difference between the environmental impact of plastic incineration 337 

and the environmental indicator of each scenario. The environmental impacts of incineration were taken 338 

from the Ecoinvent v3.6 database using the ReCiPe method.   339 
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2.4 Sensitivity analysis  340 

The exogenous parameters are varied independently between 50% and 150% of their initial value to assess 341 

their impact on the amount of plastic treated in the results. This is done for the reference case scenario and 342 

the median energy and oil price levels.  343 

3 Results 344 

3.1 Recycling rates in the equilibrium points of the policy scenarios  345 

Figure 2 shows (a) the recycling rate for mechanical recycling (γ1), the (b) recycling rate for 346 

thermochemical recycling (γ2) and the (c) total recycling rate (γ1 + γ2) when low oil and energy prices 347 

are observed (inverted triangles), when intermediate oil and energy prices are expected (circles) or high oil 348 

and energy prices are expected (triangles).  The figure reveals that low oil and energy prices (inverted  349 

triangles) will entail lower recycling rates, because the effect of lower oil prices on product prices is more 350 

pronounced than the effect of lower energy prices in decreasing processing costs. Since mechanical 351 

recycling requires more external energy than thermochemical recycling, the effect is more pronounced for 352 

the former (red symbols) than for the latter (purple symbols).   353 

Figure 2: Recycling rates for mechanical recycling (a), thermochemical recycling (b), and for both technologies (c) in the policy 354 
scenarios for low, median, and high oil and energy price levels.  355 

The figure also shows that for all policy instruments and oil and energy price levels, more plastic waste is 356 

recycled with thermochemical recycling (purple symbols) than with mechanical recycling (red symbols). 357 



The main reason for this is that the quality of recycled naphtha is assumed to be the same as its virgin 358 

alternative, while the quality of recycled plastic is assumed to be lower than its virgin alternatives. 359 

When comparing the policy scenarios, the naphtha tax increases the amount of plastic recycled by 360 

thermochemical recycling when oil and energy prices are medium or high. This is due to the reduction in 361 

the relative price of recycled naphtha compared to virgin naphtha. Similarly, the packaging tax applied to 362 

the primary plastic fraction of packaging increases the level of mechanical recycling. In this policy scenario, 363 

packaging managers will have to pay more for primary plastic, increasing the demand for recycled plastic 364 

despite the potential decrease in the price of plastic packaging.  365 

Increasing the collection target is the policy with the largest increase in overall recycling rates. This policy 366 

tool increases the amount of waste recycled through thermochemical recycling (purple symbols) and 367 

reduces the amount of waste recycled through mechanical recycling (red symbols). This is because at these 368 

recycling levels, economies of scale are relevant for thermochemical recycling but not for mechanical 369 

recycling. In addition, increasing the recycled content in mechanical recycling would reduce the price of 370 

packaging, an effect that is more pronounced when oil and energy prices are low (inverted triangles).  371 

The Green Dot fee bonus MR increases the overall recycling rate by increasing the price of sorted waste 372 

and the price of recycled products. These two prices also increase when the bonus is applied to both 373 

technologies (green dot fee bonus MR-CR), but their effect is offset by an increase in the price of plastic 374 

(𝑃𝑀) . Figure A.3 in Appendix III shows these results in more detail.  375 

Regarding the recycled content standard, Figure 2 shows that when it is applied to mechanical recycling 376 

only (MR standard), the amount of plastic recycled increases up to the target level. However, the 377 

thermochemical recycling rate decreases compared to the reference case scenario when oil and energy 378 

prices are low (purple inverted triangles) or average (purple circles).  379 

When the 30% standard applies to recycled products from mechanical and thermochemical recycling, the 380 

recycling rates do not change because the overall recycling rate in the Reference Case scenario is higher 381 

than 30%. It should be noted that a higher recycled content is technically feasible for thermochemical 382 

recycling. If this tool were applied with a higher standard, the results would be similar to those of the 383 

increased collection standard. 384 

3.2 Effect of the geographic scale on the amount of plastic recycled with mechanical and 385 

thermochemical recycling 386 

Figure 3 shows that economies of scale have a critical role on the amount of plastic waste that would be 387 

recycled for low oil and energy price levels (a), median oil and energy price levels (b) and high oil and 388 

energy price levels (c). These results agree with a previous study from Chen et. al. (2012), that showed that 389 

larger towns were able to obtain more products. Mechanical recycling is feasible for low population levels 390 
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because mechanical recycling plants are profitable at a small scale. Thermochemical recycling is only 391 

feasible if the plant is located in a region with a population larger than 6.6 M habitants for all oil and energy 392 

price scenarios. The larger the area in which the plastic waste is treated, the higher the fraction of plastics 393 

that would be treated with thermochemical recycling.  This result is related to the larger economy of scale 394 

of thermochemical recycling when compared to mechanical recycling. The fact that the cost – plant size 395 

curve is steeper for thermochemical recycling than for mechanical recycling makes the former a more 396 

competitive technology for larger amounts of plastic waste.  397 

Since transport costs are higher for a larger area, Figure 3 also shows that the total recycling rate is lower 398 

for all Europe than for Western Europe only if oil and energy prices are expected to be median or high. This 399 

supports that, from a certain point, plants that cover a smaller geographic are more cost efficient than larger 400 

plants. 401 

 Figure 3: Plastics recycled with each technology for regions with different population levels 402 

3.3 Economic and environmental implications  403 

Figure 4 shows environmental and economic performance indicators of the policy scenarios for the low oil-404 

energy price scenario (inverted triangles), median oil-energy price scenario (bars), and high oil-energy price 405 



scenario (triangles). To calculate the environmental performance indicator, we first took the differences of 406 

life cycle indicators of mechanical and thermochemical recycling with incineration from Civancik-Uslu et 407 

al. (2021) and multiply them by the recycling rates. The economic indicators were calculated using the 408 

profit functions and the total cost. The best performing scenario takes the value of 1, the worst performing 409 

scenario takes the value of zero, and the remaining scenarios are linearly interpolated. Since the 410 

performance indicators are always higher for the scenarios with a better outcome, the size of the shaded 411 

area gives an idea of which scenario performs best.  412 

 413 
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 414 

Figure 4: Economic and environmental indicators in the policy scenarios.   Results are shown as performance indicators, 415 
varying between 0 and 1. The environmental indicators were calculated by combining the results from Figure 2 with the results 416 
from an LCA of recycling technologies (Civancik-Uslu et al., 2021). The economic indicators were calculated using the profit 417 

functions of mechanical and thermochemical recyclers and the total costs. 418 



This figure is revealing in several ways. The environmental indicators in the reference case scenario for 419 

high oil and energy price levels (triangles) are better than for low price levels (inverted triangles) and the 420 

latter are better than the ones of the median price levels (bar). An explanation for this is that with high price 421 

levels both recycling rates increase and with low price levels mechanical recycling decreases significantly, 422 

but thermochemical recycling slightly increases.  423 

The figure also shows that the packaging tax scenario and the naphtha tax scenario perform better than the 424 

reference scenario in terms of fossil resource consumption and emissions. It can also be seen that in these 425 

scenarios the profits of the plastic and packaging producers are lower than in the reference case, which can 426 

be translated into a resistance of the producers in case one of these policies would be implemented.  427 

Looking at the green dot fee bonuses, the figure illustrates that the emissions indicators, the fossil resource 428 

scarcity and water consumption are better than in the reference scenario. Besides, both policies increase the 429 

profit of the packaging producer and reduce the one of the plastic producer.  430 

Finally, a recycled content standard for mechanical recycling would show the best environmental 431 

performance for ozone formation and water consumption. Global warming performs equally well in 432 

recycled content standard for mechanical recycling and increased collection target. Fossil resource scarcity 433 

and terrestrial acidification also perform best in the increased collection target. These two policy scenarios, 434 

comparatively perform worse than the reference case scenario for all economic indicators.  435 

A detail of the collection, transport, sorting, recycling and total costs of processing the plastic waste is 436 

provided in Table A.3 of Appendix II. It can be seen that collection, transport and sorting costs and total 437 

processing costs are the highest for the increased collection target scenario, the scenario with the highest 438 

recycling rates. On the contrary, recycling costs decrease with higher recycling rates.  For mechanical 439 

recycling this is the recycled content MR scenario and for thermochemical recycling the increased 440 

collection target scenario. Comparatively, mechanical recycling costs are always lower than those of 441 

thermochemical recycling. 442 

Given the scale effects of collection, transport, and recycling costs, it should be noted that these results may 443 

vary for the different geographical scales.  Recycled content standard for MR should have a positive effect 444 

in all scales. For smaller areas, in which thermochemical recycling is not expected to occur (see Figure 445 

3(b)), policies that promote this technology could increase overall recycling rates. In contrast, increasing 446 

the availability of feedstock by increasing higher collection targets would be useful for larger areas.  447 

3.4 Sensitivity analysis 448 

In the sensitivity analysis, to analyze how the recycling rates of mechanical recycling (γ1) and 449 

thermochemical recycling (γ2) fluctuate, the exogenous parameters are independently varied between 50% 450 

and 150% in the reference case scenario and the median oil-energy price level. Figure 5 shows the results 451 
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of the most influencing parameters and Figure A.4 of the appendix shows the results of all parameters that 452 

were varied. The mechanical recycling rate is mostly affected positively by the primary plastic price (𝑃𝑚) 453 

and the green dot fee (𝑃𝑠). An increase on the primary plastic price (𝑃𝑚) would increase the demand for 454 

recycled plastic. A higher green dot fee (𝑃𝑠) would cause a higher sorted plastic waste price (𝑃𝑓), and 455 

consequently provide more incentives for mechanical recycling.  456 

 457 

 458 

Figure 5: Sensitivity analysis. Parameters are varied between a 50% and a 150% on the horizontal axis in the reference case 459 
policy scenario. The response is shown on the vertical axis.  460 

On the other hand, the recycled plastic to sorted waste ratio (𝑌1) and mechanical recycling unitary costs 461 

(𝑐𝑟1) have a negative correlation with the amount of plastic waste that would be treated with mechanical 462 

recycling (γ1).  463 

The figure also shows that the naphtha price (𝑃𝑂), the naphtha to sorted waste ratio (𝑌2), thermochemical 464 

recycling unitary costs (𝑐𝑟2), the green dot fee (𝑃𝑠) and the price elasticity of demand for waxes (η) have a 465 

positive effect on the thermochemical recycling rate (γ2).  The effect of the naphtha price is due to the 466 

positive effect on the demand for recycled naphtha, given by the profit function of the plastic producer. 467 

Similarly, a higher naphtha to sorted waste ratio (𝑌2) and lower thermochemical recycling unitary costs 468 

(𝑐𝑟2) would increase the profitability of thermochemical recycling. As it is the case for mechanical 469 

recycling, a higher green dot fee (𝑃𝑠) would increase the sorted plastic waste price (𝑃𝑓), and provide more 470 

incentives for recycling.  471 



The sensitivity analysis is also useful in proving the robustness of the model, by demonstrating that there 472 

is no variable that changes the results more than 15 percentage points. Furthermore, this analysis exposes 473 

that caution should be applied when extrapolating these results to regions with different economic contexts, 474 

as the model uses specific costs and product to sorted waste ratios for the recycling processes.  The recycling 475 

costs rely on variables that are specific to each country, such as labor cost or discount rates. The product to 476 

waste ratios depend on the contamination levels of the sorted plastic waste which are determined by the 477 

behavior of the households and the sorting systems of each country. Further research could enhance the 478 

results of this study by including region or country specific economic variations.  479 

4 Discussion  480 

The first important finding of this research is that low oil and energy prices decrease recycling rates and 481 

that this effect is more pronounced for mechanical recycling than thermochemical recycling. This means 482 

that mechanical recycling is more vulnerable to oil and energy price fluctuations than thermochemical 483 

recycling.  484 

The second important outcome is that different policy instruments trigger distinct impacts on the type of 485 

technology promoted, leading to a diverse landscape of economic and environmental outcomes. Taxes, such 486 

as packaging tax and naphtha tax, would increase the overall environmental performance compared to the 487 

one observed in the reference case, but they could decrease the profit of the packaging and plastic producers. 488 

Policy makers should be aware that some resistance could be expected from these industries when trying 489 

to implement these interventions. Palliative measures, like implementing taxes gradually, could help firms, 490 

especially those with lower market power, to adopt policies. A naphtha tax would mainly promote 491 

thermochemical recycling and have a balanced positive effect on most indicators. A packaging tax would 492 

mainly promote mechanical recycling and could significantly reduce the consumption of fossil resources, 493 

but would worsen the profitability of the packaging producer.  494 

Command and control regulations, such as increased collection target and recycled content standard for 495 

mechanical recycling, are the best performing interventions of the ones analyzed in this study in terms of 496 

emissions (related to global warming, terrestrial acidification and ozone formation) and fossil resource 497 

consumption. An increased collection target, that secures the supply of plastic waste, would increase the 498 

overall recycling rates the most. Nevertheless, most of the increase will be due to thermochemical recycling, 499 

which has a larger water consumption than mechanical recycling.  500 

Furthermore, a recycled content standard for mechanical recycling is the intervention that increases 501 

mechanical recycling the most. This intervention ranks first or second place for all environmental 502 

indicators, except for mineral resource scarcity, but it is one of the worst performing interventions for all 503 
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economic indicators. As in the case of taxes, implementing the targets or standards gradually would help 504 

small and medium firms adopt the measures.   505 

Regarding the robustness of the various policy interventions to oil and energy price variation, in agreement 506 

with Larrain et al. (2022), the study shows that direct interventions like increased collection target or 507 

recycled content standards can increase recycling rates regardless of the external market conditions. On the 508 

contrary, the effect of economic interventions like taxes depends on external market conditions. Taking this 509 

into consideration, a combination of economic and direct interventions would secure recycling activities 510 

regardless of external market conditions and ensure innovation.  511 

Replication of these results to other countries should be done carefully, considering their geographic 512 

characteristics, cost levels and policy development. The specific price levels of a country (labor, transport, 513 

equipment, etc.), and geographic characteristics (density, distance between towns) will affect the cost 514 

structure of both recycling technologies, and consequently the recycling rates. To take advantage of the 515 

economies of scale seen in thermochemical recycling, a coordinated action from different territories would 516 

allow higher recycling rates at a lower cost, in agreement with policy briefs.  Finally, the policy 517 

implementation should follow the phases proposed by the Global Plastics Outlook: first, implementing 518 

adequate waste management system, then EPR schemes and finally, securing the secondary markets.   519 

This study has some limitations. It is based on the EPR scheme implemented in Flanders, in which the PRO 520 

is responsible for the collection and sorting of the waste and then sells the sorted fractions to recyclers. The 521 

green dot fee scenarios results would probably vary in countries with different EPR schemes, but the model 522 

would still be reliable for the tax, increased collection targets and recycled content standards scenarios. 523 

Besides, it assumes that producers have all market power when interacting with recyclers and that the 524 

packaging producer and plastic producer share equal market power. Since market power affects the 525 

sustainability transition (Biely and Van Passel, 2022), further research should be undertaken to assess the 526 

effect of market power on the presented results.  527 

In addition, it has been assumed that both technologies, mechanical and thermochemical recycling are 528 

equally mature. This could be shifting the equilibrium point towards higher thermochemical recycling and 529 

lower mechanical recycling rates than what would be observed if learning effects were considered. Despite 530 

this limitation may affect the specific values, the model is still reliable in terms of the direction of the effects 531 

of the policy interventions.   532 

Previous academic and governance organization papers have emphasized the importance of implementing 533 

a policy mix of downstream and upstream measures and of advanced measures like modulated fees, taxes 534 

and recycled content standards (Ellen Mc Arthur (2017), SYSTEMIQ (2022), Milios (2018)). This study 535 

contributes to the existing literature by providing evidence that a mix of economic and regulatory policies 536 

are necessary for decoupling recycling rates from oil prices and providing incentives for innovation. The 537 



choice of a best policy instrument will depend on the relevance given to the different environmental 538 

outcomes, which can be deducted with a multicriteria assessment.  539 

5 Conclusions 540 

This paper fills the gap in the academic literature by quantitatively studying the market dynamics between 541 

mechanical and thermochemical recycling of plastic waste. It digs deeper into the evaluation of several 542 

policy instruments and its implications on the economic and environmental performance. It also examines 543 

the effects of the geographic scale at which the policies are studied.   544 

There are four main conclusions that emerge from this paper. First, mechanical recycling is more vulnerable 545 

to oil and energy price fluctuations than thermochemical recycling. Second, policy instruments that do not 546 

target a specific technology are more likely to increase thermochemical recycling instead of mechanical 547 

recycling of PE films. Hence, if increasing mechanical recycling is desired, the policy instruments should 548 

specifically target this technology.  549 

Third, higher recycling rates are not equivalent to a better environmental outcome. This particular finding 550 

points to the need for evaluating policy instruments case by case and according to the objectives that are 551 

expected to be met, rather than focusing the attention on recycling rates solely. And finally, policy makers 552 

should consider the potential economic impacts of the policies on the different stakeholders. For example, 553 

packaging producers could be strongly opposed to a packaging tax because of the expected profit reduction, 554 

but this could be balanced by government stakeholders given the funding that it would provide for them.  555 

This work contributes to the existing knowledge of circular economy by providing a simulated scenario of 556 

the possible outcomes of the implementation of several policy instruments. It can be used by policy makers 557 

to assess the potential implications of the interventions and industrial stakeholders to understand how an 558 

intervention could impact their industry. Moreover, the novel methodology can be replicated to any other 559 

environmental technology development. 560 
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Supporting Information 703 

Appendix I: Variable calculation 704 

In this section we briefly describe how the quantity variables, price variables and cost variables are 705 

calculated to find the equilibrium point of each policy scenarios. The equations that are used to calculate 706 

these values are shown in Appendix I.  707 

Recycled sorted waste (γ1, γ2) 708 

It is assumed that producers buy the amount of recycled products that maximize their profits. In every 709 

scenario, except the recycled content standard scenarios, the amount of recycled products is obtained by 710 

maximizing the profit function of the packaging producer, maximizing the profit function of the plastic 711 

producer and intercepting the resulting functions. Waxes are a co-product of naphtha from thermochemical 712 

recycling so the amount of waxes produced (β3) is proportional to the amount of naphtha produced (β2). 713 

Following this, the amount of sorted waste that would be recycled with each technology (γ1, γ2) is given 714 

by the amount of recycled product divided by the recycled product to sorted waste ratio (Y1, Y2, Y3).    715 

Finally, the collection rate is calculated as the maximum between the minimum collection target of Flanders 716 

((RDC, 2018) and the rate required to meet the total recycling rate.  717 

The amount of sorted waste that would be recycled with each technology (γ1, γ2) is given by the amount 718 

of recycled product and by the recycled product to sorted waste ratio (Yi).  Equation A.1 and Equation A.2 719 

show how these values are calculated for mechanical and thermochemical recycling respectively.   720 

Equation A.1: Sorted waste recycled with mechanical recycling 721 𝛾1 = 𝛽1𝑌1   722 

Equation A.2: Sorted waste recycled with thermochemical recycling 723  𝛾2 = 𝛽2𝑌2   𝑎𝑛𝑑  𝛾2 = 𝛽3𝑌3    724 

Recycled products (β1, β2, β3) 725 

Waxes are a co-product of naphtha from thermochemical recycling (Larrain et.al. 2020). Hence, the amount 726 

of waxes produced (β3)  is proportional to the amount of naphtha produced (β2). Equation A.3, that comes 727 

from Equation A.2, shows this relationship.  728 

Equation A.3: Waxes products 729   𝛽3 = 𝛽2 ∗ 𝑌3𝑌2  730 
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To calculate the amount of recycled plastic (𝛽1) the profit function for packaging producer for a tonne of 731 

plastic waste placed in the market, shown in Equation 1 is maximized. After replacing the values of recycled 732 

plastic price (𝑃𝑟1) and sorted waste price (𝑃𝑓),  this profit function depends on the recycled plastic (𝛽1) and 733 

recycled products from thermochemical recycling (𝛽2 𝑎𝑛𝑑  𝛽3). Therefore, when it is maximized with 734 

respect to the plastic product (𝛽1), a function F of the amount of recycled products is obtained.  735 

Equation A.4 736 𝛽1̂ =  𝑚𝑎𝑥 (𝛱𝑃(𝛽1,𝛽2,𝛽3)𝑄 ) = 𝐹(𝛽2, 𝛽3) =  𝐹 (𝛽2, 𝛽2∗𝑌3𝑌2  )  =  𝐹(𝛽2) 737 

Likewise, the amount of recycled naphtha (β2) is given by the maximization of the unitary profit function 738 

of plastics producer, shown in Equation 5. The profit function also depends on the recycled plastic on the 739 

recycled plastic (β1) and recycled naphtha (β2 and  β3). A function G of the recycled plastic results from 740 

this maximization.  741 

Equation A.5 742 𝛽2̂ =  𝑚𝑎𝑥 (𝛱𝑀(𝛽1,𝛽2,𝛽3)𝑄 ) = 𝐺(𝛽1) 743 

Finally, the recycled naphtha and recycled plastic in equilibrium is given by the intersection of the 744 

maximized functions F and G.  745 

Equation A.6 746 𝛽1∗ = 𝐹(𝛽2̂ ) = 𝐹(𝐺(𝛽1∗)) 747 

For the recycled content standard MR scenario the recycled plastic (𝛽1) is set at 30% and the recycled 748 

naphtha is given by the maximized function of the plastic producer when the recycled plastic is 30%.  749 

Equation A.7  750 (β1∗ = 30%  𝑎𝑛𝑑 β2∗ = 𝐺(30%)) 751 

For the recycled content standard MR-CR scenario the recycled naphtha and recycled plastic must be at 752 

least a 30% (β1 +  β2 ≥ 30%). It is considered that the packaging producer maximizes their profit and that 753 

the plastic producer manufactures the remaining necessary naphtha to achieve the standard (β2∗ = 30% −754 β1) 755 

Equation A.8 756  𝛽1̂ =  30% −  F(𝛽2̂ ) and β1∗ =  𝐹(𝛽2̂ )).  757 

We evaluate the results under three energy (electricity and natural gas) and oil price level conditions. The 758 

low energy and oil price level takes the prices observed after the COVID pandemic in April 2020, the high 759 

energy and oil price level takes the prices after the Russia invasion into Ukraine of June 2022, and the 760 

median oil and energy price levels observed during 2019. Electricity and natural gas price fluctuations vary 761 



the processing costs and oil prices vary product prices. Following the evidence that shows that virgin plastic, 762 

naphtha and wax prices are correlated with oil prices (Jiang et al., 2015; Selmi et al., 2022), all product 763 

prices are varied proportional to the oil price variation for the three levels. Oil, electricity and natural gas 764 

prices in the three conditions are shown in Table A.1 of the Appendix.  765 

Collection rate (𝛼) 766 

The minimum collection target of Flanders ((RDC, 2018) established by the EPR scheme, is corrected by 767 

the food waste and humidity (Chapter 3).  Then, the collection rate is calculated depending on the corrected 768 

minimum collection rate (αmin) and the collected waste required to meet collection targets. Table A.1 769 

shows the minimum collection rate.  770 

Equation A.9  771 𝛼 = 𝑚𝑎𝑥(𝛼𝑚𝑖𝑛, 𝛾) 772 

Table A.1: Data 773 

 Variable Value Unit Source 

 Low oil price/ Median oil price 0.58 EUR/EUR 

(Oil Pricez, 2022)  High oil price/ Median oil 

price 

1.25 EUR/EUR 

 Low electricity price/ Median 

electricity price 

0.78 EUR/EUR 

(GlobalPetrolPrices, 2022a) 
 High electricity price/ Median 

electricity price 

7.7 EUR/EUR 

 Low natural gas price/ median 

natural gas price 

0.8 EUR/EUR (GlobalPetrolPrices, 2022b) 

 Gas 8.12 EUR/EUR 𝑷𝒎 Primary plastic price  980 EUR/ton of plastic (Plastic Portal EU, 2021) 𝑷𝑶 Observed naphtha price  525 EUR/ton of naphtha (International Energy Agency (IEA), 2020) 𝑷𝒘 Observed wax price  707 EUR/ton of wax (Argus Media, 2018) 𝑷𝒅 Final disposal fee 133 EUR/ton of waste (OVAM, 2019) 𝑷𝒑𝒐 Virgin plastic packaging price 4976 EUR/ton of plastic 

packaging 

Chapter 4 𝑳 Perceived quality parameter 0.66 - Own calculation from Eriksen et al. (2019) 

and Polymer Comply Europe (2019) 𝑷𝒔 Green dot fee  510 EUR/ton of plastic 

packaging 

Fostplus 2020 𝒄𝒓𝟏𝟎  Unitary mechanical recycling 

cost for 𝛽1 = 1 

267 EUR/ton of sorted plastic 

waste 

Own calculation from Chapter 3  𝒔𝟏 Cost scale factor for 

mechanical recycling 

-0.1 - 𝒄𝒓𝟐𝟎  Unitary thermochemical 

recycling cost for  𝛽2 = 1 

234 EUR/ton of sorted plastic 

waste 

Own calculation from Chapter 2 𝒔𝟐 Cost scale factor 

thermochemical recycling 

-0.5 - 𝜶𝒎𝒊𝒏 Plastic waste collected from 

consumer`s households 

0.685 ton of plastic waste/ton of 

plastic packaging 

(RDC, 2018) 𝐘𝟏 Recycled plastic to sorted 

waste ratio 

0.88 ton of recycled plastic/ 

tonne of sorted plastic waste 

Chapter 3 𝐘𝟐 Recycled naphtha to sorted 

waste ratio  

0.58 ton of recycled naphtha/ 

tonne of sorted plastic waste 

Chapter 2 𝐘𝟑 Recycled waxes to sorted 

waste ratio  

0.31 

 

ton of recycled naphtha/ 

tonne of sorted plastic waste 
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𝛈 Price elasticity of demand for 

waxes 

-0.14 - (Caldara et al., 2019) 

     𝐐𝐩𝐰 Amount of waxes sold 90.2 tonne of waxes (Datawheel, 2021) 

 774 

Recycled product prices (𝑃𝑟1, 𝑃𝑟2, 𝑃𝑟3) 775 

According to the first assumption, the price for recycled plastic (𝑃𝑟1) is calculated by making the unitary 776 

profit function for mechanical recycler, shown in Equation 3 equivalent to zero. Similarly, the price of 777 

naphtha (𝑃𝑟2) is calculated by considering that the profit function for thermochemical recycler, shown in 778 

Equation 4, is equal to zero.  779 

Equation A.10 shows how the recycled plastic price is calculated to find the equilibrium point. According 780 

to the first assumption, the price for recycled plastic (𝑃𝑟1) is calculated by making the unitary profit function 781 

for mechanical recycler, shown in Equation 3 equivalent to zero.  782 

Equation A.10: Recycled plastic price  783 𝑃𝑟1 = 𝑐𝑟1(𝛽1) + 𝑃𝑓1 + 𝑃𝑑 ∗ (1 − 𝑌1) 𝑌1  784 

Similarly, for the price of naphtha (𝑃𝑟2) we consider that the profit function for thermochemical recycler 785 

for a tonne of plastic waste placed in the market, shown in Equation 4, is equal to zero.  786 

Equation A.11: Recycled naphtha price in equilibrium 787 𝑃𝑟2 = 𝑐𝑟2(𝛽2) + 𝑃𝑓2 + 𝑃𝑑 ∗ (1 − 𝑌2 − 𝑌3) −  𝑌3𝑃𝑟3 𝑌2  788 

Wax is an open-loop recycling product. Therefore, in the circular supply chain its price (𝑃𝑟3) will depend 789 

on factors that are external to the plastic packaging value chain. The waxes produced with thermochemical 790 

recycling will be added to the current wax market, produced from petroleum and natural (biobased) sources. 791 

Since this is a technological advance, the supply curve for waxes will be shifted to the right in this same 792 

amount as the supply shock. Consequently, after the supply shock that is produced by the introduction of 793 

the waxes coming from thermochemical recycling, the price for waxes could be expected to decrease.  If 794 β3 ∗ 𝑄  tonne of waxes are produced, the supply curve for waxes will be shifted to the right in this same 795 

amount.  796 

The slope of the supply curve is: m = P2−P1Q2−Q1and the elasticity of the demand curve can be defined as: η =797 Q2−Q1Q1P2−P1P1 . Therefore: m = 1η P2Q2 798 

Therefore, the price of waxes (𝑃𝑤𝑎𝑥), after a shock in the supply of 𝑄𝑤𝑎𝑥, if the price of the wax was 𝑃𝑤𝑎𝑥𝑂  799 

when the supply was 𝑄𝑝𝑤 can be calculated as: 800 



 𝑃𝑤𝑎𝑥 = 𝑃𝑤 + 𝑚 ∗ (𝑄𝑝𝑤 + β3 ∗ 𝑄 − 𝑄𝑝𝑤) = 𝑃𝑤 + 𝑃𝑤 η∗𝑄𝑝𝑤 ∗ (𝑄𝑝𝑤 + β3 ∗ 𝑄 − 𝑄𝑝𝑤)  801 

 802 

 803 

 804 

 805 

 806 

 807 

Equation A.12 shows the price for wax (𝑃𝑟3) after a supply shock of β3 ∗ 𝑄 𝑡𝑜𝑛 of waxes.  808 

Equation A.12: Recycled wax price in equilibrium 809 𝑃𝑟3 = 𝑃𝑤 ∗ (1 + 𝑄 ∗ 𝛽3𝜂 ∗ 𝑄𝑝𝑤) 810 

+ 811 

Equation 1 812 𝑐𝑡𝑜𝑡 = 𝑐𝑠 ∗ 𝛼 + 𝑐𝑟1 ∗ γ1 + 𝑐𝑟2 ∗ γ2 + 𝑑𝑖𝑠𝑝𝑜𝑠𝑎𝑙 𝑐𝑜𝑠𝑡 ∗ (1 − γ1  −   γ2)  813 

 814 

It is assumed that producers choose to buy the amount of recycled products that maximize their profits. In 815 

every scenario, but the recycled content standard scenarios, the amount of recycled products is obtained by 816 

maximizing the profit function of the packaging producer, maximizing the profit function of the plastic 817 

producer and intercepting the resulting functions.   818 

Sorted plastic waste prices (𝑃𝑓) 819 

The price of sorted plastic waste (𝑃𝑓) is given by assuming that the profit of the PRO, presented in Equation 820 

2  is zero and that the PRO sells the sorted waste at the same price to all recyclers.  In addition, the price 821 

for plastic packaging (𝑃𝑃) is negatively correlated with the amount of recycled plastic in the packaging 822 

because the latter has a lower perceived quality than virgin plastics (Friedrich et al., 2020) and cannot easily 823 

be used food applications (De Tandt et al., 2021).  In accordance to what is shown in (Larrain et al., 2022) 824 

the packaging price will be a concave function of a perceived quality parameter (L) negatively related to 825 

the recycled content of the packaging.  826 

 827 

Figure A. 1: Price change after and input shock 
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Equation A.13: Waste feedstock price in the equilibrium 828 

𝑃𝑓 =    (𝛼 − 𝛽1𝑌1   − 𝛽2𝑌2 ) ∗ 𝑃𝑑 − 𝑐𝑠𝛼−𝑃𝑠𝛽1𝑌1 + 𝛽2𝑌2  829 

Price for plastic packaging (𝑃𝑝): 830 

Packaging producer and packaging manager are defined as a single stakeholder. Though in reality they are 831 

mostly different firms, this is equivalent to define them as two different stakeholders and assume that the 832 

packaging managers pass the total cost of packaging to the consumer and that there is no transaction cost 833 

between packaging producers or packaging managers. The price of plastic packaging is negatively 834 

correlated with the amount of recycled plastic in the packaging. The main reason for this is that packaging 835 

with recycled plastic has a lower perceived quality than virgin plastics (Friedrich et al., 2020) and cannot 836 

be used food applications (De Tandt et al., 2021).  837 

Equation A.14 describes the function for the packaging price, with a perceived quality parameter L and 838 

recycled plastic content of β1, where 𝑃𝑝𝑜 represents the prices for plastic packaging with only virgin 839 

material. In accordance to what is shown by Larrain et.al. 2021 packaging price will be a concave function 840 

of a perceived quality parameter (L) negatively related to the recycled content of the packaging. The 841 

perceived quality (L) is calculated as the average between the non-food packaging applications ((Eriksen 842 

et al., 2019) and the percentage of converters that consider that recycled plastic are not of enough quality 843 

(Polymer Comply Europe, 2019).  844 

Equation A.14: Plastic packaging price 845 𝑃𝑝(𝛽1) = 𝑃𝑝𝑜 ∗ (1 − 𝐿 ∗ 𝛽12)   846 

Green-dot fee (𝑃𝑠) 847 

In a EPR scheme, packaging manufacturers have to pay a green dot fee to the PRO. In this model we 848 

consider the value fixed and exogenous for most scenarios but the green dot fee bonus MR and the green 849 

dot fee bonus MR scenarios. In the green-dot fee bonus MR, the fee 𝑃𝑠  is reduced proportional to the 850 

amount of recycled plastic included: 851 

Equation A.15: Bonus green dot fee bonus MR scenario 852 𝑏𝑜𝑛𝑢𝑠 = 500 ∗ 𝛽1  853 

In a similar way, in the green-dot fee bonus MR-CR the reduction in the fee is given for the recycled plastic 854 

and the plastic made from recycled naphtha:  855 

Equation A.16: Bonus in green dot fee bonus MR - CR scenario 856 𝑏𝑜𝑛𝑢𝑠 = 500 ∗ (𝛽1 + 𝛽2) 857 



Naphtha tax (𝜏𝑁) 858 

The naphtha tax is set at 200 EUR/tonne for the naphtha tax scenario and packaging tax at 450 EUR/tonne 859 

for the packaging tax scenario.  The naphtha tax is set based on the experience of Italy, where in 2020 a tax 860 

of this magnitude was implemented (EY Global, 2020).  861 

Equation A.17: Naphtha tax in naphtha tax scenario 862 𝜏𝑁 = (1 − 𝛽1 − 𝛽2) ∗ 200 863 

Packaging tax ( 𝜏𝑃) 864 

The packaging tax is zero for all scenarios but the packaging tax scenario, where it is calculated as:  865 

Equation A.18: Packaging tax in the packaging tax scenario 866 𝜏𝑃 = (1 − 𝛽1) ∗ 450 867 

Price for primary plastics (𝑃𝑚): 868 

The price for primary plastics is obtained from (Plastic Portal EU, 2021). This value is considered fixed in 869 

all scenarios, but the green-dot fee bonus MR-CR scenario and the naphtha tax scenario.  870 

In the green dot fee bonus MR-CR scenario, the price is considered to increase with the bonus. The 871 

packaging producer partially trespass the savings obtained from the bonus related to the packaging made 872 

with recycled naphtha to the plastic producer. This is represented with increase of the price proportional to 873 

the market power of packaging producer when compared to the one of the plastic producer (𝑚𝑝). For 874 

simplicity we take a value of 0.5.  875 

Equation A.19: Primary plastic price in green dot fee bonus scenario 876 𝑃𝑚 = 𝑃𝑚𝑜 + 𝑚𝑝 ∗ 500 ∗ 𝛽2 877 

The naphtha tax scenario presents a similar situation. The plastic producer trespass partially the increased 878 

cost of taxes to the packaging producer. The proportion in which it is increased is also given by the market 879 

power of the of packaging producer when compared to the one of the plastic producer (𝑚𝑝). 880 

Equation A.20: Primary plastic price in naphtha tax scenario 881 𝑃𝑚 = 𝑃𝑚𝑜 + 𝑚𝑝 ∗ (1 − 𝛽1 − 𝛽2) ∗ 200 882 

Collection, transport and sorting costs (𝐶𝑠)  883 

Waste is collected from the households (curbside collection), sorted and transported to the recycling center. 884 

We take a collection cost of 192 EUR/ tonne (Environment, 2018) and discount 100 EUR/ton that is paid 885 

by the consumer. Economies of scale of sorting plants are also taken into account.  According to (Cimpan 886 

et al., 2016), sorting costs can vary from 72 EUR/ tonne for plants that sort more than 100 kton/ year to 112 887 

EUR/ton for plants with a capacity smaller than 50 kton/year.  888 
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Transport costs depend on the distance between the collection point (household) and the recycling center. 889 

The larger the amount of plastic waste recycled, the larger the amount of household from which it needs to 890 

be collected and the longer the average distance from the household to the recycling point.  To calculate 891 

transport costs, a circular collection area and a homogeneous distribution of households the area is assumed.  892 

The average distance from a point to the center of the circle is calculated as 0.61 times the radius (Stone, 893 

1991). The radius of the circular area is given by the population of the circular area and the population 894 

density. As a base case we take the area composed by Belgium, Netherlands and Luxembug (Benelux) and 895 

then to study the effect of the geographic scales, four representative areas with decreasing population 896 

density are taken into account: the city of Antwerp, the region of Flanders, Benelux, Western Europe and 897 

Europe.  898 

Finally, we take the average cost of transporting plastic waste in Germany of 0.24 EUR /Km /ton (Velzen 899 

et al., 2013). Table A.2 shows the average transport costs calculated with Equation A.21:  900 

Equation A.21: Transport cost function 901 

𝑐𝑡 = 0.24 ∗ 0.61 ∗ √𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝜋 902 

Table A.2: Transport cost for geographic scales 903 
Geographic scale Population (M hab) Density (hab/km2) Average distance 

(km) 

Transport cost 

(EUR/ton) 

City of Antwerp 0.53 2600 5 1.2 

Flanders 6.6 483 40 9.5 

Benelux 29 394 93 22.1 

West Europe 196 177 361 85.6 

Europe 746 34 1607 381 

Mechanical recycling cost (𝑐𝑟1) and thermochemical recycling cost (𝑐𝑟2) 904 

The costs of mechanical recycling for different recycled plastic levels 𝑐𝑟1(β1) and for thermochemical 905 

recycling for different recycled naphtha levels 𝑐𝑟2(β2) are decreasing power functions. The functions are a 906 

result of the combination of TEA for mechanical recycling plants ((Larrain et al., 2021) and for 907 

thermochemical recycling plants (Larrain et al., 2020) and the total amount of plastic packaging waste 908 

placed in the market (Environment, 2018). Equation A.22 represents the cost function for mechanical 909 

recycling and Equation A.23 the cost function for thermochemical recycling. In both cases 𝑐𝑟10  𝑎𝑛𝑑 𝑐𝑟20  is 910 

the unitary costs for plant that recycle 100% of the PE films placed in a market and 𝑠1 and 𝑠2 are cost scale 911 

factors that represent the increased cost for plants of smaller capacities. 912 

Equation A.22: Mechanical recycling cost functions 913  𝑐𝑟1(𝛽1) = 𝑐𝑟10 ∗ 𝛽1𝑠1           914 

Equation A.23: Thermochemical recycling cost function 915 𝑐𝑟2(𝛽2) = 𝑐𝑟20 ∗ 𝛽2𝑠2 916 



Production costs (𝑐𝑝 and 𝑐𝑚) 917 

The packaging production cost (𝑐𝑝) are calculated considering that the operating margin of packaging 918 

industry for PET was 10.3% (McKinsey and Company, 2019). The operating margin is calculated as the 919 

difference of the revenues with all the cost, divided by the revenues. The production cost for PE is then 920 

assumed to be proportional to production cost of PET according to their virgin price levels.  921 

The plastic production cost (𝑐𝑚) is calculated by assuming that the profit margin of the plastic producer is 922 

10%.923 



Appendix II: Results 924 

Prices in the equilibrium 925 

Figure A.2 show the prices for the different materials in the equilibrium points of the policy scenarios. 926 

We can observe that in the reference scenario, the naphtha tax scenario and packaging tax scenario the 927 

prices for recycled plastics (𝑃𝑟1) and recycled naphtha (𝑃𝑟2) are negative. There are two main reasons 928 

for this. First, the recycling system is mainly funded by the sorted waste that has a negative price (𝑃𝑓). 929 

This means that recyclers will actually be paid for recycling the sorted plastic waste.  The second one 930 

is related to the price of waxes (𝑃𝑟3) that is mostly determined outside the circular plastic packaging 931 

value chain. The price for recycled waxes is always positive because the amount of waxes that are 932 

produced with thermochemical recycling are a small fraction of the total wax market. Hence, the 933 

revenues from thermochemical recycling come only from the waxes and 𝑃𝑟2 is negative. This lowers 934 

the prices for sorted waste price (𝑃𝑓)  and also pushes down the prices for recycled plastics (𝑃𝑟1). 935 

Figure A.2: Prices for material in the equilibrium points of the policy scenarios in median oil and energy price levels 936 



Contrarily, in the increased collection target scenario the amount of waxes produced is higher, an 937 

therefore the price for waxes (𝑃𝑟3) decreases. In this case, the price of recycled naphtha (𝑃𝑟2) has to be 938 

positive, as well as the price for sorted waste price (𝑃𝑓) and the price for recycled plastics (𝑃𝑟1) . 939 

In the scenario where there is a bonus applied to the green dot fee the prices for recycled plastic (𝑃𝑟1) 940 

and recycled naphtha (𝑃𝑟2) are positive. This is because the feedstock price (𝑃𝑓) is higher (less 941 

negative) in order to make the operation of the PRO feasible since the income coming from the green 942 

dot fee is lower due to the discount applied to it.  943 

Finally, in the recycled content standard MR scenario the recycled plastic price is close to zero and the 944 

recycled naphtha price (𝑃𝑟2) is positive but has a low value. This can be explained by a decrease in the 945 

feedstock price (𝑃𝑓) and the recycling costs (𝑐𝑟1), owing to economies of scale. The recycled naphtha 946 

price remains positive, but lower because the effect of the price of waxes is higher than the increased 947 

cost due to a lower recycling quantity.  948 

Processing costs in the equilibrium  949 

Table A.3: Processing cost in the different scenarios (values in EUR/tonne) 950 

 Collection, transport 

and sorting cost (𝒄𝒔) 

Mechanical 

recycling cost (𝒄𝒓𝟏) 

Chemical recycling 

cost (𝒄𝒓𝟐) 
Total cost (𝒄𝒕𝒐𝒕) 

Policy 

Scenario/ Oil 

price scenario 

Low Med High Low Med High Low Med High Low Med High 

Reference 

scenario (EPR 

only) 

265 265 265 345 334 424 431 441 461 478 505 599 

Naphtha tax 265 265 268 339 330 430 441 416 447 480 542 607 

Packaging tax 265 264 268 329 320 400 465 442 475 483 545 614 

Increased 

collection 

target 

280 280 280 354 340 436 355 374 420 577 587 639 

Green dot fee 

bonus MR 
265 265 265 338 328 409 444 467 481 481 497 597 

Green dot fee 

bonus MR-CR 
265 265 265 342 330 413 476 474 557 443 486 543 

Recycled 

content 

standard MR 

265 265 269 313 316 392 505 450 481 504 553 620 

Recycled 

content 

standard MR-

CR 

265 265 265 345 334 424 431 441 461 478 505 599 

951 



Appendix III: Sensitivity Analysis for all variables 

 Plastic recycled with mechanical 

recycling (𝛄𝟏) 
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Figure A.4: Sensitivity analysis for the equilibrium model 


