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Abstract

Developing a circular economy (CE) through waste recycling has become
the new paradigm to sustain non-renewable resources. But, what does imple-
menting a CE in a globalised economy mean, after all? Waste generated by
consumption, i.e., including imports, will not necessarily coincide with material
needs of the national production, i.e., including exports. Furthermore, coun-
tries may have access to cheap virgin materials. This material mismatch, as
well as country heterogeneity in waste disutility and costs, will give rise to in-
ternational trade strategies or interactions with the environment. In this paper,
I offer a new perspective on recycling policies, taking into account international
trade and national material imbalances.
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1 Introduction

Developing a circular economy (CE) by limiting waste generation and using waste
as a resource has become the new paradigm to sustain resources and preserve ecosys-
tems. While virgin materials are still affordable and recycling techniques costly, the
transition to a CE is accompanied by public policies. In European countries, for
packaging waste, a key strategy has been to develop curbside collection programs
and introduce recycling objectives. For instance, the European Commission requires
packaging waste to be recycled at 65% by 2025.1

Korhonen, Honkasalo and Seppälä (2018) define the CE as a local concept. How-
ever, the global economy is globalised, and so are material flows. International down-
stream product flows can lead to a material mismatch between waste generation and
material production needs. At the same time, secondary materials from consumption
(waste and recycled materials) are traded globally. Indeed, there is a sizeable global
waste market of nearly USD 100 billion and 218 million tons (2016 value; OECD,
2018). Until now, recycling policies have been implemented without the objective
of de-globalising material flows. In this paper, I seek to understand the determi-
nants of the global waste market and how it relates to national recycling policies and
upstream globalisation.

To take into account the implications of the globalisation of the product market,
I develop the concept of material imbalance. Due to different product specialisation,
consumption patterns, and local resource availability, globalised markets imply dif-
ferences in trade physical volumes (even for an equilibrated trade balance in value).
Dittrich and Bringezu (2010) and Dittrich, Bringezu and Schütz (2012) show statisti-
cally that, on average, developed countries are net importers of materials embodied in
trade. Now, focusing on international trade in final products, countries may develop
diverse final product specialisation of different material intensities (e.g., financial ser-
vices versus manufacturing). In turn, this could cause a mismatch between the waste
generated from consumption and the materials needed for production. Throughout
the paper, we will refer to this mismatch as material imbalance. Note that material
imbalances may also be due to growth dynamics.

In principle, a stationary and closed CE would lead to a periodic balance between
1Directive 2018/852, (amending Directive 1994/62/EC). These targets are also defined at the

packaging material level: for instance, 50% for plastic and aluminium, 75% for paper and cardboard,
70% for ferrous metals (Directive 2018/852). These percentages are defined as the share of recycled
waste over nationally generated waste.

2



post-consumption waste and the use of materials in production2, with extraction only
compensating for the dissipated losses of material during the product life span and in
the recycling process.3 Should international markets stay as integrated as they are,
a globalised CE will close the loop with trade in materials.4 Figure 1, illustrates a
closed CE with material imbalances due to international trade. This graphic neglects
the phenomenon of materials’ irreversible losses, only key in dynamic analyses. At
present, virgin resources are still largely available (unbinding material constraint).
However, these imbalances may still represent driving forces in recycling decisions
and impact the profitability of such operations.
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Figure 1: Illustration of a binding material constraint in a globalised circular econ-
omy, Author’s figure

On the downstream side, in 2016, international trade of waste accounted for
0.6% of global trade value (OECD, 2018). It mainly consisted of metal, paper, and
plastic waste flowing from Western to developing Asian economies. The European
law forbids waste exports for disposal outside of the EU and EFTA countries.5 But
exports for recycling are allowed and count for the achievement of the recycling

2This reasoning is only applicable to long-lasting technical materials (i.e., metals, plastics) and
excludes biodegradable organic material and natural cycles.

3It is widely acknowledged that a 100% recycling scenario is impossible because of material
dispersion and irreversible losses in the recycling process (also referred to as thermodynamic limits;
Korhonen, Honkasalo and Seppälä, 2018; Missemer, 2013).

4The economy might not remain globalised in the long run if the material constraint becomes
binding. This question is left for future research.

5Regulation n◦ 1013/2006 (Art 31).
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objectives defined by the European Commission. In 2016, 11.5% of the 27 million
tonnes (Mt) collected post-consumer plastic waste in the European Union (EU) has
been recycled outside the EU (Plastics Europe, 2017). These last decades, China has
become the main importer of waste in the world to feed its production (Velis, 2014;
Bernard et al., 2012). While its own collection system remained underdeveloped,
many Western economies were relying on China as an end-market for recyclable waste
management (Velis, 2014). We provide more context on European waste exports and
statistical analysis in Section 3.

This paper aims at characterising the existence of an international market of
(post-consumption) waste, taking into account material imbalances and its interac-
tions with national recycling policies. The model solely considers recyclable waste.
Here, we refer to “waste” as a material resulting from consumption that contains a
harmful aspect and can be used as an input in a production process if recyclable.
By “recyclable”, we mean that the waste can be recycled because the recycling oper-
ation is compatible with current economic and technological conditions.6 However,
this will not necessarily mean that the waste will be recycled (e.g., not the most
profitable option) or that it can be sold at a positive price. In particular, we are
interested in the interactions of the waste market with national recycling policies.
The EU represents our reference framework in terms of recycling policies.

The first interaction studied is the contribution of exports from the EU to its main
destinations (China, Hong-Kong, Turkey) on European declared recycling rates over
the period 1998-2016 for three materials (plastics, paper and cardboard, metals). A
1% increase in waste exports is associated with a 1% increase in packaging recycling
rates. However, the coefficient loses significance when adding year fixed-effects, sug-
gesting that exports respond to annual economic and material conditions (e.g., an
annual increase of waste). From the results of the theoretical model, this coefficient
could represent a lower bound of the EU dependence on developing countries for
waste management, as low recycling compliance may incentivise to increase exports.

We then theoretically analyse countries’ trade, disposal, and recycling decisions
according to their material imbalances, national economic conditions, and global mar-
ket prices (waste and recyclates). We adopt a static analysis. The model makes sev-
eral assumptions, including unbinding material constraints, a competitive extraction
industry, and a shortage in primary materials. We exclude trade in virgin resources
to focus on the downstream sector. We characterise a waste-exporter profile, present-

6In particular, in the model, it will mean that the recycling operation does not increase produc-
tion costs to a level that would question the production volume.
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ing low collection costs but high disposal and recycling costs, and a waste-dominated
material imbalance, as opposed to the waste-importer profile.

Under the model’s assumptions, we show that a waste market emerges between
two countries if there is sufficient asymmetry in their material balance, collection,
recycling, and disposal costs, as well as low transportation costs between the export-
ing and the importing countries. Western economies, generating large amounts of
waste, have developed mature and subsidised curbside collection systems and landfill
pricing (ADEME, 2017). China, considered as the world’s factory, has important
material needs. Transportation costs between the EU and China are very low due
to reverse haulage (Kellenberg, 2010).7 From the model, a waste market logically
emerges between these two places.

In the model, the impact of waste trade on global recycling is zero. Waste ex-
ports displace disposal to the importing country, although being recycled, because it
substitutes to national waste collection and recycling. This finding is consistent with
Chinese declarations, stating that the ban on waste imports was a measure to stim-
ulate domestic recycling (ISWA, 2018). This is a significant result for the literature
and public debates that have so far focused on the waste haven hypothesis/ trade
in waste for disposal (Copeland, 1991; Kellenberg, 2012) and/or considered trade in
waste as a way to increase global recycling while minimising economic costs (OECD,
2018).

We find that the waste price may be positive under sufficient material demand, or
negative if the harmful aspect dominates, or equal to zero. This result is in line with
the waste literature (Baumgärtner and Winkler, 2003; Baumgärtner, 2004; Lupton,
2017; Badgett, Newes and Milbrandt, 2019). As we focus on trade in waste for
recycling (considered the legal option), we must restrict the possibility of the price
becoming too negative. Otherwise, waste streams may be redirected to the illegal
stream (exports for landfill). This condition on the waste price is called "absence of
illegal trade". It is satisfied when countries’ residual material needs are sufficiently
high compared to the differential of countries’ disposal costs.

In a second part of the model, we analyse the impacts of strengthening the re-
cycling policies in the waste-exporting country on local recycling and waste exports.
By strengthening, we mean more disposal taxes and subventions on collection and re-
cycling; or the implementation of recycling obligations (recycling rate, incorporation
rate). Under a certain threshold of disposal taxes and subventions on collection and

7According to the countries’ recycling cost advantage, residual materials are exported in the
form of waste or recyclates.

5



recycling, the policy does not affect local recycling but tends to favour waste exports.
Above this threshold, local recycling increases. The effect on waste exports remains
ambiguous. And, where we find an export decrease, the condition of "absence of ille-
gal trade" becomes more restrictive. This means that favourable economic conditions
for illegal trade become more likely. Secondly, the efficiency of recycling and incor-
poration8 objectives is analysed. For a given waste price and an unconstrained waste
demand, recycling targets for waste-exporting countries tend to incentivise waste ex-
ports rather than local recycling. Conversely, incorporation rates are more efficient
than recycling targets in increasing local recycling for a waste-exporter profile.

The contribution of this paper to the economic literature is threefold. This re-
search is the first that aims at characterising the existence of waste trade for recycling.
Hence, it contributes to the literature on waste trade, that until now mainly focused
on disposal strategies and the waste haven hypothesis (Copeland, 1991; Baggs, 2009;
Kellenberg, 2010, 2012), illegal trade flows (Copeland, 1991; Bernard, 2015; Sun,
2019) and waste trade for reuse (Yokoo and Kinnaman, 2013; Bernard, 2015). Trade
for reuse is linked to consumption patterns, whereas trade for recycling should be
linked to productive needs. Finally, it analyses recycling policies in light of globalised
material flows, as Glachant and Touboul (2019) and García-Barragán and Zelity
(2019). To the best of my knowledge, this is also the first paper in the international
trade and the circular economy literature that uses the concept of material imbalance
to characterise international markets of waste and recycled materials.

Section 2 reviews the related literature and the contribution of this paper in
more details. Section 3 presents some context on international waste trade and
the empirical analysis of waste trade and waste recycling data. We present the
model in Section 4: 4.1 considers the theoretical analysis in resource autarky, and
4.2 with several countries trading post-consumption materials. Section 4.3 builds a
partial equilibrium with two countries. Section 4.4 discusses the efficiency of recycling
policies when downstream material flows are globalised. Section 5 concludes.

8Share of recycled materials used in new products.
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2 Literature review

This research is linked to the CE literature, where the principle of material balance
or mass balance constraint is central, as this field aims to study the circulation of mat-
ter in and out the economy (Anderson, 1987; Pittel, Amigues and Kuhn, 2010; Yokoo
and Kinnaman, 2013; Sugeta and Shinkuma, 2012; García-Barragán and Zelity, 2019;
Zhou and Smulders, 2021). Anderson (1987)’s mass balance constraint equals ma-
terial inputs to output plus the incomplete use of material inputs. The author also
uses a material balance for energy, equal to its energy conversion components. Pit-
tel, Amigues and Kuhn (2010) use a material balance for describing accumulation
of waste over time; Sugeta and Shinkuma (2012) to express the supply of recycled
materials, and Yokoo and Kinnaman (2013), for distinguishing the material flows
of disposal and reuse after consumption. García-Barragán and Zelity (2019) uses a
material balance constraint to ensure that raw materials and recycled materials do
not exceed physical inputs involved in each industrial process. Zhou and Smulders
(2021)’s material balance expresses the transformation of virgin resources to waste
over time. In this research we use a static material balance constraint, where output
weight equals the weight of inputs (virgin and recycled). The innovation lies in that
waste inputs can be local or foreign, and pertain to trade decisions.

This research is also linked to the literature on international trade, and in partic-
ular, international waste trade. The theory of comparative advantage predicts that
a country will specialise in the activity where it has the highest relative productiv-
ity (Ricardo, 1817). Hence, this may generate geographical imbalances of material
flows between countries if, in a two-country setting, one country specialises in a
material-intensive production and the other one in services. Notably, material flows
accounting is an expanding discipline (Fischer-Kowalski et al., 2011). Dittrich and
Bringezu (2010) and Dittrich, Bringezu and Schütz (2012) use this methodology to
analyse the physical dimension of international trade, and compute physical trade
balances.9 Dittrich and Bringezu (2010) show that, on average, developed countries
are net importers of materials (embedded in raw materials and goods), while develop-
ing countries are net exporters. However, there are important differences within these
groups, and Australia and Canada stand as important exceptions (large exporters).
The dominant traded commodity is fossil fuel, in the form of oil.

In addition, following Ricardo’s theory, recycling activities may develop where it is
comparatively more cost-effective. As environmental norms and recycling standards

9They use UN Comtrade Data for categories 0 to 9.
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increase costs, this could shift recycling activities, and thus waste, to countries with
laxer environmental standards and lower labour protection and costs. Kellenberg
(2012) uses bilateral waste trade data and an index of environmental stringency for
92 countries and finds that waste imports increase for a country whose environmen-
tal regulations deteriorate vis-à-vis its trading partner. Hence, the author provides
evidence for a "waste heaven effect". Baggs (2009) analyses the case of toxic waste
to be disposed of. She finds a waste heaven effect of lower magnitude than capital
abundance. Her results suggest, in line with Antweiler, Copeland and Taylor (2001),
that a comparative advantage for dirty industries is capital abundance.

Although trade in waste is under legal control of international treaties, such as the
Basel Convention10; illegal waste (e.g. non-recyclable, contaminated, non-reusable)
can be mixed with legal waste flows (Bernard, 2015). Copeland (1991) considers
non-recyclable waste to be disposed of. In his model, he shows that the optimal tax
should be lower in the presence of illegal disposal, and that trade restrictions can
improve welfare. In 2013, Chinese authorities launched a series of border controls
on waste imports, to decrease the entry of waste not respecting purity standards11.
Sun (2019) uses a diff-in-diff model and shows that this operation had a significant
deterrent effect on the waste imported into China. Since then, China has taken
significant trade restrictions. Bernard (2015) theoretically analyses the drivers of
illegal waste movements. She shows that more stringent regulations in the North
can reduce products’ reusability of Northern firms. In turn, the flow of non-reusable
(illegal) waste to the South increases.

Yokoo and Kinnaman (2013) and Bernard (2015) analyse waste trade for reuse,
where a used durable good in the developed country can be sent for reuse in the
developing country. In Yokoo and Kinnaman (2013), the disassembly process is
labour-intensive and takes place in the country where the good has been last con-
sumed. The authors show that taxes on waste or import taxes in the developing
country can lead to the social optimum. In the absence of such policies, the disposal
tax in the developed country should be lowered to external marginal costs in the
developing country. Strategies of trade for reuse are different than that of recycling,
because they pertain to consumption patterns and are decorrelated from productive
material needs. In both papers, Yokoo and Kinnaman (2013) and Bernard (2015)

10The Basel Convention, controlling transboundary movements of hazardous wastes and their
disposal is an international treaty. It classifies waste according to their hazardousness and establishes
a protocol for the movement of hazardous waste across borders (of which, a ban).

11Purity standards are for instance, accepting only a given percentage of residuals/impurities in
sorted waste, requiring only the highest-grade secondary metals, etc.
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assume disposal after reuse.

The New Trade Theory (NTT), pioneered by Krugman in the 80s, stresses the
importance of increasing return to scale, network effects in industries and transporta-
tion costs (Krugman, 1980; Helpman and Krugman, 1985). In the case of recycling,
the consumers (of recycled materials) are producers of final products. Hence, if a
country specialises in metal products ("home market"), it may gain economies of
scale and other network benefits, as well as save transportation costs, by also spe-
cialising in metal recycling. Higashida and Managi (2014) consider imports from
developed countries to developing countries and use a gravity model with five scrap
commodities. They find that the higher wage/capita and GDP/population of an
importing country the more recyclable waste it imports. They conclude that the
demand for materials have strong effects on the import volume of recyclable waste.
What was very much highlighted in the Chinese case is the ‘backhauling’ effect (Kel-
lenberg, 2010) or ‘reverse haulage’ effect (Sun, 2019): containers delivering goods in
the EU or the US could come back to China full of waste, instead of empty. Hence
this led to very low transportation costs for return trips. In his model, Kellenberg
(2010) shows that low backhaul rates make it cheaper for the North to export its
waste to the South rather than dispose of it at home. This shows that waste trade
patterns can also be affected by product trade flows, through transportation prices.

Sugeta and Shinkuma (2012) assume that waste trade is prohibited, and analyse
environmental impacts of trade in recycled materials while considering vertically
related markets and market power. Depending on the heterogeneity of recovery
rates, trade is detrimental or beneficial to the environment. Like in our paper, they
explore the conditions under which bilateral trade in recycled materials occurs. Their
conditions differ, as they focus on monopoly pricing and do not include transportation
and collection costs, nor material imbalances.

Waste trade can be seen as trade in resources, except that waste can have a
negative impact on the environment. In the literature on trade in virgin resources,
trade is seen as a risk of resource depletion. Hence countries may implement export
barriers. Flaaten and Schulz (2010) theoretically demonstrate positive economic and
environmental effects of an export tax on renewable resources. Vézina (2015) em-
pirically shows that such barriers can give rise to illicit trade. Waste recycling can
substitute to virgin resources to some extent. Hence economies could have incentives
to retain valuable waste in their economy, if virgin resources are scarce. The story
may be quite different for un-needed or hardly-recyclable waste as its disposal con-
stitutes a social cost. Under environmental regulation or disutility, waste is a bad,
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and countries may adopt polluting export strategies (Copeland, 1991; Kellenberg,
2012). For waste trade, country may more likely implement import barriers (e.g.,
Sun, 2019) than export barriers.

Trade in resources can be affected by recycling programs. García-Barragán and
Zelity (2019) model how domestic large-scale recycling programs can impact the
sectoral composition of economies trading raw materials with each other. They show
that domestic recycling programs in rich resource-poor countries reduce demand of
raw materials. In turn, this incentivises poor resource-rich countries to transition
from mining to manufacturing. Their results match the empirical contribution of
Dussaux and Glachant (2019), who show that increasing metal recovery by 10%
reduces import of metallic raw material by 2%. In our research, we take the opposite
approach, and look at waste trade assuming no trade in virgin resources.

Finally, our paper contributes to the waste literature on the question of the waste
price ambivalence (Baumgärtner and Winkler, 2003; Baumgärtner, 2004; Lupton,
2017; Badgett, Newes and Milbrandt, 2019). The term ambivalence was coined by
Baumgärtner and Winkler (2003). Baumgärtner and Winkler (2003) explain that
in Germany the price of paper waste12 is sometimes positive, sometimes negative,
or equal to zero, and argue that this ambivalence is due to environmental policies,
market forces and technology. Baumgärtner (2004) theoretically models the shadow
and competitive waste price and demonstrates its ambivalence under classical mod-
elling assumptions (e.g., convexity, monotonicity). The drivers of ambivalence are
rigidities in the supply of waste, limits to substitution between waste and virgin re-
sources, and costly disposal. Using a model with calibration, Badgett, Newes and
Milbrandt (2019) find that negative organic waste prices in the United States are due
to disposal costs and landfill bans, in line with Lupton (2017)’s results on manure.
We confirm the theoretical existence of waste price ambivalence in an international
setting and its link with trade for disposal.

12Of categories 1.02 and 1.03.
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3 Context and empirical analysis

3.1 Context

In the last decades, China became the main player in the world’s recycling industry.
In 2012, 28% of total waste exports was directed to China (Bernard et al., 2012).
Imported waste materials were notably, cardboard, for its production of packaging,
plastics and scrap metals (Bernard et al., 2012; Velis, 2014). In 2009, the majority of
China’s paper and cardboard production (86.4 Mt) was relying on recycling activities
(72%). 44% of the recycled paper consumption was of foreign origin (WRAP, 2011).

The same year, virgin plastic consumption was estimated at 52 Mt whereas recov-
ered plastics consumption stood at 18 Mt, of which 8 imported Mt (net of exports).
Between 1992 and 2016, China and Hong-Kong have accounted for 72.4% of cumu-
lated global plastic waste imports (170.5 MMt) (Brooks, Wang and Jambeck, 2018),
to fuel local industrial demand (Velis, 2014). Most of the demand (2009) came from
the packaging (43%, bottles and bags), construction (14%) and appliance (14%) sec-
tors (WRAP, 2011). In contrast, in Europe, the main demand for recycled plastics
stems from the construction sector as purity standards for food and beverage pack-
aging are very high (Plastics Europe, 2019; Gontard, 2020). With the data from
Plastics Europe (2019, 2020), we estimate the incorporation rate of recycled plastics
in plastic products to be at 7% in 2018 in European countries. Therefore, the exports
of plastic waste to China cannot be explained by an insufficient production of plastic
products in Europe.

Meanwhile, the recycling of Chinese domestic plastic waste remained incomplete
and collection systems were still under development (WRAP, 2011; Velis, 2014).
Exact plastic waste generation in China (and hence recycling rates) is unknown, as
a large part of recyclable plastic is managed by informal waste workers (Xu, Xiang
and Ko, 2020; Linzner and Salhofer, 2014). According to Velis (2014) domestic waste
generated in China was already twice the imports. Brooks, Wang and Jambeck
(2018) estimate that the considerable exports of plastic waste to China only added
10-13% of mass to the plastic waste already generated within the country, that is
difficult to manage and lead to leakage in oceans (Jambeck et al., 2015). Therefore,
imports of waste to China cannot be explained by insufficient waste quantities on the
Chinese territory. These observations are consistent with our hypothesis of unbinding
material constraints.

For the case of metals, Turkey stands as the world’s leading scrap importer (18Mt,
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2016) and the major buyer of European countries (BIR, 2016). Notably, Turkish
steelmakers rely on scrap-fed electric arc furnace (EAF) technology to produce steel.13

The country has become the 8th biggest producer of steel in the world (33Mt, 2016)
(BIR, 2016). Another important component of the steel supply in Turkey is the
shipbreaking yards, accounting for 11% of the country’s scrap iron demand (Neser
et al., 2008). This latter activity is a source of environmental and occupational health
threats. Neser et al. (2008) report that heavy metals and fluid wastes are present at
the breaking site, located in a coastal area.

Trade of recyclable waste is common within and outside the EU (Bernard et al.,
2012)14 and is under control of several international agreements (e.g. Basel Conven-
tion, Bamako Convention, European Community Law). In the EU, exports of pack-
aging waste count for the achievement of the exporting country’s recycling objectives
( Directive 1994/62/EC, amended by Directive 2004/12/EC).15 In particular, the EU
used to export about a half of its plastics destined to recycling, mainly to China (Eu-
ropean Parliament, 2018). This means that exports of plastic waste could explain
as much as 50% of recycling rates of European countries. Firstly, this questions the
European dependency on foreign end-markets for waste management. Secondly, and
in particular, exporting to developing countries may pose environmental and health
problems due to lower environmental and security standards. Poorer standards and
low labour costs may result in lower recycling costs, which should affect the decision
on recycling activities’ location, complementary to the waste heaven hypothesis of
Kellenberg (2012).

In 2017, the Chinese government announced drastic reduction of waste imports,
to protect its environment and citizens’ health (Chinese Ministry of Environmental
Protection, 2017).16 This "Chinese ban" consisted in the ban of the importation of
certain types of waste, the setting of strict contamination limits as well as a reduc-
tion in the number of import licences to local businesses. This event resulted in a
turmoil for the world recycling industry, and will likely make compliance with recy-

13Recycling Today, October 3 2018 "As Turkey goes..." avaible at:
https://www.recyclingtoday.com/article/turkish-ferrous-scrap-market-report/

14Although less since the Chinese ban (2018).
15The Directive specifies that this counts if there is sound evidence that the recovery and/or

recycling operation took place under conditions that are broadly equivalent to those prescribed by
the European legislation. The Directive 2018/852 later asks for more inspection and verification
of recycling of waste out of the European Union. EU countries are also free to import packaging
waste, although this does not count for their recycling obligations.

16Imports of waste posed several environmental issues, e.g., legal waste flows were sometimes
contaminated, mixed, un-recyclable.
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cling objectives complicated for EU countries.17 After Chinese import restrictions,
imports of plastic waste to South-East-Asian countries have sharply increased. After
environmental scandals, these countries too, have restricted imports. China is now
struggling to be self-sufficient from its own collection program and has started to
slightly soften importation rules. 18 Still, China holds an objective of banning solid
waste imports from 202119 and increasing domestic recycling rates.20

3.2 Empirical analysis

This section focuses on the 1998-2016 period, before the Chinese ban. The amount
of recycled packaging waste reported by a Member State includes the packaging waste
exported for recycling outside that Member State. We are interested in estimating the
magnitude of the contribution of waste exports to developing countries to recycling
performances, a legal obligation under the Community Law. Trade data have been
retrieved from the BACI database (CEPII, via UN Comtrade). We focus on exports
of the following waste materials: paper and cardboard, plastics, metals (steel and
aluminium); because these are the main packaging materials (with glass). We decide
to exclude glass packaging from the analysis, because glass waste is not much traded.
The HS codes used are listed in Appendix B. Other variables have been constructed
using Eurostat data.

Table 1 presents descriptive statistics of the variables used in the analysis for 26
European countries21, 3 materials (plastics, paper and metals) and years 1998-2016,
to main export destinations: China, Hong-Kong and Turkey. The statistical unit is
one EU country in a given year. Information on waste generation and recycling is
only available for packaging materials, whereas waste export data should encompass
all types of (waste) goods for a given material. Nevertheless, European collection
systems are mostly designed for packaging. In addition, packaging represents impor-
tant material streams and have a short life spam. 60% of collected household plastic

17A 2018 report of the European Commission already alarmed about 14 Member States being at
risk of missing the 2020 target for municipal waste (European Commission, 2018).

18China reauthorized the importation of waste of higher quality by modifying importation stan-
dards (Bureau of International Recycling, own interview, 28/04/2020).

19But may reclassify some "pure" waste materials as products (Bureau of International Recycling,
own interview, 28/04/2020).

20Reuters, 2019 China plans to cut waste imports to zero by next year: offi-
cial, https://www.reuters.com/article/us-china-waste-imports/china-plans-to-cut-waste-imports-to-
zero-by-next-year-official-idUSKCN1R90AQ

21The members of the EU-27 minus Denmark and Luxembourg, and adding the United-Kingdom,
which withdrew from the European Union on January 31, 2020.
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waste is packaging in the EU (Plastics Europe, 2019). However, metals may include
more types of goods (e.g. cars, appliances). As illustrated on Figure 5 and shown
in Table 1, exports of metal scrap to Turkey is on average 1.6 time higher than the
average metal packaging waste generation. Hence the comparison between packaging
recycling rates and exports may be less relevant for metals. However, this does not
prevent us to analyse if their variability are linked.

Regulation n◦ 1013/2006 bans the exportations of (all) waste for disposal outside
the UE and the European Free Trade Association (Art. 34). Hence, from 2006,
exports to China, Hong-Kong and Turkey are allowed for recycling and energy re-
covery only.22 In addition, exporting countries should respect the procedure chosen
by the importer (interdiction, prior consent, controls). Figures 2, 3 and 4 present
the exports of the 26 European countries for respectively, paper, plastics and metals,
to China, Hong-Kong and Turkey. Figures 2 and 3 do not include Turkey (and/or
Hong-Kong) because export volumes were too small compared to those exported to
China. The Figures show no important break in exports in 2006. Nevertheless, this
does not allow us to conclude on the presence of disposal strategies and of illegal
trade in the data. For instance, the waste could be exported allegedly for recycling
and instead be dumped in the destination country, without any possibility of making
sure that the recycling operation really took place.

We focus on exports to developing countries, although the European intra-trade
represents important volumes (1/3 of total waste exchanges; Bernard et al., 2012).
The European trade includes disposal operation, while we want to focus on trade
in waste for recycling. In addition, recycling in another Member State may pose
less challenges in terms of environmental norms and resource supply security. Nev-
ertheless, some examples illustrate that EU members are not exempt from waste
mismanagement. The press reports waste imports from European countries to Bul-
garia, where it is burned without the appropriate filters and rekindles health concerns
in the country.23

22Directive 2006/12/EC (2006) lists more precisely all the operations that are considered as
recovery.

23Reuters, 06/03/2020, press article available at: http://www.reuters.com/article/us-
bulgaria-environment-idUSKBN20T1FK; Le Courrier des Balkans, press article available at:
http://www.courrierdesbalkans.fr/La-Bulgarie-n-en-peut-plus-d-etre-la-poubelle-de-l-Europe
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Table 1: Descriptive Statistics (1998-2016, 26 EU countries)

Variable Obs. Mean Standard Deviation Min Max
Plastics
Packaging waste generated (tonnes) 408 555,040 830,563 50 3,097,700
Packaging recycling (%) 408 31 15 3 82
Packaging energy recovery (%) 349 18 21 0 76
Packaging recycling (tonnes) 408 191,002 294,284 190 1,540,320
Packaging energy recovery (tonnes) 349 158,069 301,855 0 1,556,507
Exports to China (tonnes) 438 42,610 110,164 1 835,820
Exports to Hong-Kong (tonnes) 442 37,786 76,890 0 522,753
Exports to Turkey (tonnes) 234 935 2048 0 12,807
Paper
Packaging waste generated (tonnes) 408 1,384,112 1,916,507 14,816 8,331,200
Packaging recycling (%) 408 74 17 8 115
Packaging energy recovery (%) 360 5 5 0 28
Packaging recycling (tonnes) 408 1,058,943 1,563,456 1,254 7,195,221
Packaging energy recovery (tonnes) 360 97,745 208,511 0 1,298,480
Exports to China (tonnes) 327 296,178 619,341 0 3,759,995
Exports to Hong-Kong (tonnes) 207 4,011 6,967 0 42,734
Exports to Turkey (tonnes) 237 6,148 13,690 0 84,289
Metals
Packaging waste generated (tonnes) 407 214,211 284,037 3,497 1,129,100
Packaging recycling (%) 407 59 23 0 117
Packaging recycling (tonnes) 408 137,257 202,578 20 915,400
Exports to China (tonnes) 443 34,240 71,424 15 692,459
Exports to Hong-Kong (tonnes) 362 2,610 4,244 0 27,629
Exports to Turkey (tonnes) 373 351,048 556,597 2 2,639,462
Macroeconomic variables
GDP (current value, e) 494 453,391 694,198 3,582 3,134,740
external balance of goods (current value, e) 494 1,648 44,497 -162,093 252,254

Notes: The statistical unit is one country in one year. The countries considered are (ISO codes): AUT, BEL, BGR,

HRV, CYP, CZE, EST, FIN, FRA, DEU, GRC, HUN, IRL, ITA, LVA, LTU, LUX, MLT, NLD, POL, PRT, ROU,

SVK, SVN, ESP, SWE, GBR.
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Figure 2: Paper waste exports from the 26 European countries to China (1998-2016)

Source: BACI database, from UN comtrade. Reporter: exporting country. HS codes: 470710, 470720, 470730,
470790. European Countries (ISO): AUT, BEL, BGR, HRV, CYP, CZE, EST, FIN, FRA, DEU, GRC, HUN, IRL,

ITA, LVA, LTU, LUX, MLT, NLD, POL, PRT, ROU, SVK, SVN, ESP, SWE, GBR.
Notes: Exports to Hong-Kong and Turkey are not plotted because the volumes were too small compared to those

exported to China.
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Figure 3: Plastic waste exports from the 26 European countries to China and Hong-
Kong (1998-2016)

Source: BACI database, from UN comtrade. Reporter: exporting country. HS codes: 391510, 391520, 391530,
391590. European Countries (ISO): AUT, BEL, BGR, HRV, CYP, CZE, EST, FIN, FRA, DEU, GRC, HUN, IRL,

ITA, LVA, LTU, LUX, MLT, NLD, POL, PRT, ROU, SVK, SVN, ESP, SWE, GBR.
Notes: Exports to Turkey are not plotted because the volumes were too small compared to those exported to

China.
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Figure 4: Metal waste exports from the 26 European countries to China and Turkey
(1998-2016)

Source: BACI database, from UN comtrade. Reporter: exporting country.
HS codes: 720410, 720421, 720429, 720430, 720441, 720449, 720450, 760200, 262040.

European Countries (ISO): AUT, BEL, BGR, HRV, CYP, CZE, EST, FIN, FRA, DEU, GRC, HUN, IRL, ITA,
LVA, LTU, LUX, MLT, NLD, POL, PRT, ROU, SVK, SVN, ESP, SWE, GBR

NB: missing values (2002, China; 2005,2009, Turkey) have been replaced by zero.
NB: the 2009-peak (China) is driven by Germany, the Netherlands and the United-Kingdom.

18



Figure 5: Waste exports from EU countries and recycling performances of packaging materials (unit: tonnes, period:
2006-2016, 26 EU countries)

Plastics Paper and cardboard Metals

waste exports (to China, Hong-Kong and Turkey)
recycled packaging waste
generated packaging waste

Legend

Source: BACI (trade data), Eurostat (packaging recycling and packaging waste generation data).
The variable "exports" encompasses the three main export destination: China, Hong-Kong and Turkey.

The period 2006-2016 has been chosen to avoid missing reporting of European countries before 2006 and the enforcement of the European
regulation on waste exports.
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We regress the recycling rates reported by European countries on exports to
China, Hong Kong and Turkey. On the one hand, this allows us to estimate the
magnitude of the dependence of European countries on isolated big players; on the
other hand, on players with lower recycling and environmental standards. We esti-
mate the following equation:

recy. performancei,m,t = β exportsi,m,t + controls i,m,t + errori,m,t (1)

Where i, m and t respectively denote the subscripts for country, material and year.
The recycling performance (in %) is the quantity (tonnes) of recycled packaging
materials (in country i and abroad) over the quantity (tonnes) of packaging waste
materials generated in country i. The variable exports is the sum of waste exports
(tonnes) of material m from country i to China, Hong-Kong and Turkey. It is im-
portant to note that countries used to have different methodologies to estimate the
quantity of recycled waste. For instance, some countries counted as recycled the
total weight of waste entering the recycling channel, including, food and drink re-
maining in items of packaging, dirt and other contaminants (Lahme et al., 2019).
Decision 2019/1004 of the EU Commission now demands to retrieve material losses
of the sorting and recycling operations. With this new methodology, recycling rates
of some countries are expected to drop significantly (e.g. Germany, Spain, Sweden
and the UK for beverage cartons; Lahme et al., 2019).

The control variables include, the GDP in current value, the adjusted trade bal-
ance of goods (current value, adjusted by GDP), the rate of energy recovery and the
generation of packaging waste (tonnes). The GDP variable is expected to capture
effects related to general economic conditions. A dynamic economy may create a
demand for recycled materials. In particular, an important trade surplus should be
linked with important material needs, and may therefore be correlated with higher
recycling performances. Large quantities of waste may create economies of scale and
favourable economic conditions to recycling. At the same time, a positive shock of
waste for the same recycling capacities should lower recycling performances. Finally,
the development of energy recovery could be done at the expense of recycling (for
papers and plastics).

Table 2 presents the regression results. The estimated coefficient β may repre-
sent a lower bound of the true effect, as low recycling rates may incentivise countries
to export waste to increase recycling performances (negative bias). The estimations
show that an increase in 1% of exports is associated with an increase in the packaging
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recycling rate by between 0 and 0.04 pp. In the two-way model (column 7), where
both country-material fixed effects and year fixed effects are taken into account, the
coefficient of interest is not statistically different from 0. This suggests that export
variations are captured by the fixed effects (year fixed effect and country-material
fixed effects). Waste exports may more likely explain differences in recycling per-
formances between countries (column 3). These statistics give further motivation to
explore the theoretical conditions for the existence of an international waste market,
and its link with domestic recycling policies.
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Table 2: Regressions with robust standard errors (26 EU countries, 3 materials, 1998-2016)

OLS OLS OLS OLS OLS Within Within Two-way
(1) (2) (3) (4) (5) (6) (7) (8)

Dependent var. recycling(%) recycling(%) recycling(%) recycling(%) recycling(%) recycling(%) recycling(%) recycling(%)
log(exports) 2.661∗∗∗ 2.130∗∗∗ 1.692∗∗∗ 1.003∗∗∗ 3.246∗∗∗ 4.469∗∗∗ 1.357∗∗ 0.259

(0.311) (0.302) (0.319) (0.214) (0.430) (0.715) (0.542) (0.496)

log(GDP) -1.035 8.815∗∗∗ 47.94∗∗∗ 18.36∗∗∗
(0.869) (1.207) (5.367) (6.621)

trade balance (adjusted) 58.09∗∗∗ 32.50∗∗∗ 35.36 29.21
(8.018) (6.118) (22.55) (19.77)

log(packwaste) 3.649∗∗∗ -7.603∗∗∗ -13.20∗∗ -7.817
(0.734) (1.230) (5.206) (5.184)

energy recovery (%) -0.734∗∗∗ -0.159∗∗∗ -0.110∗∗ -0.213∗∗∗
(0.0357) (0.0313) (0.0446) (0.0602)

_cons 27.35∗∗∗ 20.58∗∗∗ -11.78 10.88∗ 34.41∗∗∗ 9.033 -382.4∗∗∗ -90.49
(3.379) (5.637) (7.607) (6.259) (5.027) (7.243) (65.88) (71.04)

N 1157 1157 1157 1157 1157 1157 1157 1157
R2 0.073 0.172 0.340 0.687 0.179 0.211 0.492 0.568
adj. R2 0.072 0.159 0.327 0.680 0.160 0.210 0.490 0.560
Year FE No Yes Yes Yes No Yes No Yes
Material FE No No No Yes No No No No
Country FE No No No No Yes No No No
Country-Material FE No No No No No Yes (within) Yes (within) Yes (within)
∗ p < 0.1, ∗∗ p < 0.05, ∗∗∗ p < 0.01

Standard errors are in parentheses and are robust to heteroscedasticity. The dependent variable is the recycling performance of packaging material m in country i in
year t. The outcome variable is exports from country i in year t of waste material m to China, Hong-Kong and Turkey.
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4 The model

4.1 Autarky in resources

We consider an economy in resource autarky (an economy where trade in virgin re-
sources and secondary materials is banned), or alternatively, a uniform global econ-
omy.

The country is composed of a unique agent, producing a good composed of a
unique material, of weight Q̄, exogenously determined by the demand of consumers
(the agent and, eventually, foreign agents).24 During the previous period n− 1, the
agent has consumed a quantity of goods C that is directly available as recyclable
waste Cw in the period n. What is not recycled is landfilled with a disposal disutil-
ity/cost ω, which is costly to the unique agent of the country. Waste in dumpsites
from the previous period (n − 1) is not considered for recycling of the present pe-
riod. To produce Q̄, the agent chooses to use the national virgin resource R from the
country’s resource reservoir (R̄), or to recycle a share τ of newly-available national
waste Cw.

As Fleckinger and Joltreau (2020), I assume that material waste is uniformly
distributed over [0,1], where 0 is the location of the recycling industry and the firm.
The agent collects in priority the most accessible, ‘worth-it’ type of waste. Waste is
collected at unit cost γ. Hence collection costs are convex and write as:

γ

∫ τ

0

xdx =
γ

2
τ 2 (2)

Cost convexity can be justified by the fact that the last waste to pick-up are
located in most remote areas, or that the last households to convince to sort their
waste are the most reluctant. 25 Another possible interpretation is to consider that
it is the waste quality that is dispersed between 0 (pure) and 1 (impure). In this
case, γ can be seen as the sorting premium associated to the waste impurity.

I assume that virgin resources (R) are concentrated at point 0, and extracted at
constant unit cost r(n). Extraction is characterised by increasing costs over time

24Local and foreign, or local only, depending on the interpretation of a country in resource autarky
(local and foreign) or a uniform global economy (local only).

25Collection is a costly step in the recycling value chain, and refers to as the well-known constraint
of material dispersion in the circular economy literature (Ayres, 1999). For instance, Glachant and
Touboul (2019) reports 550e/t of separate collection costs for packaging in 2014, France; where the
recycling process was only 231e/t.
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(n) (Hotelling, 1931), while collection costs are periodic. Taking a static vision, in a
given year n, I normalise r = 0, i.e, I assume that extraction is still more competitive
than recycling. The collected waste is then recycled at unit cost α. In the model,
standards and norms of recycling are considered to be included in α.

The total costs function TC of the agent is:

TC(τ, R) =
τ 2γ

2
Cw︸ ︷︷ ︸

collection costs

+ ατCw︸ ︷︷ ︸
recycling costs

+ω(1− τ)Cw︸ ︷︷ ︸
disposal costs

+ rR︸︷︷︸
extraction costs = 0

(3)

I assume the existence of a public authority that can set up a number of rules and
financial mechanisms in the society. In this regard, the maximal available resource
quantity (R̄) may be exogeneously given by Nature (available resources, e.g. forest
coverage, actual depth of the mine) or determined by public authorities (allowed
exploitation). The agent is willing to sacrifice the entire resource up to R̄.

0 6 R 6 R̄ (4)

I assume sufficient waste (Cw) and resource abundance (R̄) to meet the production
target (Q̄) at reasonable cost, and satisfy the consumer demand (unbinding material
constraint). Hence in the model, the producer can minimise its production costs
without questioning its production volume (exogeneous Q̄).

(unbinding) material constraint: Q̄ 6 R + Cw (5)

material balance: Q̄ = R + τCw (6)

The material balance does not include material losses pertaining to the recycling
process, which is not essential in a static analysis. For a given α (including recycling
norms), the recycling process is 100% efficient. In this regard, for a given α26, the
material balance can be seen as a production function with perfectly substitutable
inputs to the producer.

The agent minimises its production costs under the material balance constraint:min
R,τ

TC(τ, R) = τCw(α + τγ
2

) + ω(1− τ)Cw + rR

s.t. τ = Q̄−R
Cw

(7)

26Note that we could decompose the cost of recycling in our model into a "real" cost of recycling,
and a disutility cost related to the generation of waste due to the recycling activity.
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We obtain the optimal recycling rate and resource use to the agent:

R∗ = Q̄− τ ∗Cw (8)

τ ∗ = min

max

 r + ω − α
γ︸ ︷︷ ︸

interior solution

;
Q̄− R̄
Cw︸ ︷︷ ︸

corner solution

 ;
Q̄

Cw

 (9)

In resource autarky, countries recycle if net marginal recycling costs (α − ω)
compensates the marginal extraction cost (r). This means that countries recycle if
recycling is more competitive than extraction and/or to alleviate pollution, if disposal
is harmful (or taxed). Alternatively, in the corner solution, countries recycle if there
is a residual material need for it (Q̄− R̄).

We study the implementation of recycling policies on the recycling rate, i.e., we
focus on the end-of-life stage, although it appears from equation 9 that restricting R̄
and taxing r can foster recycling as well.

4.1.1 Economic incentives

The public authority may increase recycling by taxing disposal ω or subsidising
collection (γ) and recycling (α). In this context, the achievement of the desired
recycling target τ is straightforward, until an upper limit. No matter the incentives
provided, the country does not recycle more than what it needs to produce.

max τ =
Q̄

Cw
if Q̄ < Cw (10)

4.1.2 Command-and-control instruments

Two instruments are considered:

• Recycling obligation: τ̄

• Incorporation rate: x̄= τCw

Q̄

The country may set a mandatory recycling rate τ̄ or an incorporation rate x̄. Re-
cently, through its Directive on single-use plastics27, the EU implemented incorpora-

27Directive 2019/904
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tion rates: PET beverage bottles should integrate 25% of recycled plastic from 2025.
This rate is defined at 30% in all plastic beverage bottles from 2030.

The incorporation rate x̄ has a direct influence on local recycling τ :

τ = x̄
Q̄

Cw
(11)

Hence in resource autarky, the country can choose between the recycling and the
incorporation target (almost) equivalently.28 Nevertheless, the recycling target has
an upper bound given by productive needs, whereas the incorporation target has an
upper bound given by local waste availability.

Lemma 1 (Recycling policies in a unified world or autarky). space
In resource autarky, or in a unified world, the recycling rate and the incorporation rate
instrument are proportional. The public authority can achieve the desired recycling
rate by indifferently, taxing disposal, subsidising recycling or collection; or implement
one of the two objectives (the recycling rate or the incorporation rate).

In the model with international markets of secondary materials, we will first solely
consider the corner solution. We see this corner solution as the “natural” solution
when recycling policies are not very stringent or ambitious, and virgin materials
cheap. In a second part, we will allow the corner solution for an exporting country
willing to implement an ambitious recycling policy.

4.2 International trade of secondary materials

4.2.1 Demand and supply functions, and country profiles

We now consider a world with N ‘small’29 economies, indexed i. In this section we
will compute the countries’ demand and supply function of secondary materials to
the international markets. From these functions we will define, the waste exporter
profile (willing to supply waste for a given price), and the waste importer profile
(willing to demand waste for a given price).

28In this research, we do not analyse quality issues of waste recycling. However, it could be
integrated by setting an upper limit to x̄:

max τ = (max x̄)
Q̄

Cw
(12)

29Countries cannot set the global price market.
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In the model, recycling standards are considered to be reflected in the cost of
recycling. Since the product market is exogenous, we assume that consumers are
unaware of the potential hazardousness of the products used, due for example to
low-cost recycling abroad.

In particular, the model will be solved in two stages. In the first stage, the agent
takes its production decisions, as we assume that the product market is considered
as primary compared to the waste market (assumption A5). In the second stage,
the agent takes its export decisions, i.e., decides whether or not it should export the
remaining waste, as waste or recycled material.

For the corner solution, the assumptions of the model are:

• A0: "No trade in virgin resources"

• A1: "Free virgin resource: ri = 0 for each country i"

• A2: "Unbinding material constraints Q̄i < Cw
i + R̄i for each country i"

• A3: "Shortage in virgin resources: Q̄i > R̄i for each country i"

• A4: "The disposal option is naturally cheaper than recycling: ωi < αi for each
country i"

• A5: "The product market is considered as primary compared to the waste
market"

Note that A1 combined with A3 and A4 implies A0 in the first part of the model,
but we will need A0 in Section 4.4 when relaxing A4. Each country responds to an
exogenous international and national demand Q̄i. Under our assumptions, interna-
tional trade of secondary materials will be driven by countries’ residual demands for
materials (corner solution). We will consider the interior solution of the resource
autarky in Section 4.4 (relaxing A4), as the possible result of the public authority’s
intervention.

We consider the possible existence of a legal international market for waste des-
tined to recycling, with a global price pw. We consider exports for disposal as the
illegal market. We will study later the condition of its absence. Countries can import
waste materials Iwi . Waste, no matter its origin, is recycled at cost αi. Importing
waste costs a multiplicative transportation price t (t > 1), while the recycling of
national waste adds collection costs γiτ

2
i

2
Cw
i . The producer-recycler can also decide
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to sell a share ei of its waste Cw
i by exporting at price pw. In this case, he bears the

additional collection costs of collecting eiCw
i after he has already collected τiCw

i .

We also consider the potential existence of an international market for recycled
waste, with a global price pm, at which each economy i can import (Imi ) or export a
share mi of its waste Cw

i as recycled materials. Hence for its production, the country
can collect national waste Cw

i , import waste Iwi or recycled materials Imi or use the
national virgin resource Ri at no cost.

The material balance writes as:

Q̄i︸︷︷︸
materials in production

= Ri︸︷︷︸
national virgin resources

+ τiC
w
i︸︷︷︸

local recycling

+ Iwi︸︷︷︸
imports of waste

+ Imi︸︷︷︸
imports of recycled materials

(13)

In the first stage, the producer-recycler deals with its production decisions, as the
constraint of producing Q̄ is binding. Also, we assume that producing and trading
products stand as a priority in terms of revenues as compared to trading waste
(Assumption A5). Therefore, the production decisions are taken in the first place.
For each country, the timing of the game is:

(t=1): Each country i makes its production decisions: Ri, τi, I
w
i , I

m
i

(t=2): Each country i makes its export decisions: ei,mi

We solve the game using forward induction, as agents take their decisions in a de-
centralised fashion. In the first stage, the Lagrangian is written as:

L
τ,R,Iw,Im

(τ, Iw, Im) = −α(τCw + Iw)− (τ)2

2
γCw − t · (pw · Iw + pm · Im)

− λ(Q̄−R− τCw − Iw − Im)− µ(τ − 1) + (1− τi − ei −mi)ωiC
w
i (14)

Lemma 2. Results of the first stage.

Recycling and import decisions are given by:

τ ∗i = min{Q̄i − R̄i

Cw
i

,
tpw + ωi

γi
,
tpm + ωi − αi

γi
} if Q̄i − R̄i > 0, else τ ∗i = 0

(15)

Iw
∗

i = max{0, Q̄− R̄− τ ∗i · Cw
i } if t · pw < tpm − αi (16)

Im
∗

i = max{0, Q̄− R̄− τ ∗i · Cw
i } if t · pw > tpm − αi (17)
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The agent collects τ ∗, until equalising net marginal collection costs (τiγi − ωi) to
importing costs (tpw), when it is lower than material needs, to decrease its production
costs. It chooses the nature of materials (waste or recycled) according to market
prices and its cost (dis-)advantage. For example, if its recycling cost (αi) is lower
than the price differential (t(pm − pw)), the country chooses to import waste and
recycle it on its territory.

Proposition 1. The agent collects waste for recycling for its production until equal-
ising marginal collection costs to importing costs, when importing costs are lower
than material residual needs.

Figure 6 depicts the waste importer profile, which chooses to import waste and
sets τ ∗i = tpw+ωi

γi
. The waste importer finds it preferable to import waste rather to

collect its own waste, after already a first collect τ ∗i . Material dispersion is a real
challenge for recycling. It requires a mature national curbside program and seperate
collection systems on the whole territory, pro-sorting behaviours, etc. For instance,
Brooks, Wang and Jambeck (2018) estimate that the considerable exports of plastic
waste to China only added 10-13% of mass to the plastic waste already generated
within the country, that is difficult to manage and lead to leakage in oceans (Jambeck
et al., 2015). If transportation costs are low, this further increases incentives to
import foreign waste rather than collect domestic waste. Kellenberg (2010) showed
that asymmetric trade volumes between China and Western countries, led to very
low transportation costs for return trips, which favoured waste imports to China.

In the second stage, the country decides whether to collect the remaining national
waste for exports, as waste (ei) or recycled materials (mi). The export shares and the
recycling rate cannot exceed 100%: e + m + τ < 1. Exports of secondary materials
reduce total disposal costs. The agent maximises the profit of this branch Πw:

max
0≤e+m≤1−τ

Πw(e,m) = eCWpw︸ ︷︷ ︸
revenues from waste exports

+ mCwpw︸ ︷︷ ︸
revenues from recyclates exports

− (τ + e+m)2Cwγ

2︸ ︷︷ ︸
total collection costs

+
τ 2γCw

2︸ ︷︷ ︸
withdrawal of the 1st stage collection costs

− αmCw︸ ︷︷ ︸
recycling costs

+ (1− τi − ei −mi)ωiC
w
i︸ ︷︷ ︸

disposal costs

(18)
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Lemma 3. Export decisions are given by:

m∗i + e∗i = min{1− τ ∗i ,max{0,max{p
m + ωi − αi

γi
,
pw + ωi
γi

} − τ ∗i }} (19)

ei = m∗i + e∗i if αi > pm − pw, else ei = 0 (20)

mi = m∗i + e∗i if αi < pm − pw, else mi = 0 (21)

The country collects what it needs to recycle for its own production τ ∗, and then
exports a fraction e∗ (or a fraction m∗) as long as waste (resp. recyclates) prices
offset collection costs (resp. and recycling costs). The agent chooses to recycle waste
at home if recycling costs are lower than the price differential (i.e., αi < pm − pw).

Figure 6 depicts the waste exporter profile, below the waste importer profile. In
particular, a country i exports only if net marginal benefits are located after its
material residual needs (Q̄i − R̄i):

Q̄i − R̄i

Cw
i

<
pw + ωi
γi

(22)

Proposition 2. In the absence of regulation, the country exports a fraction e of its
waste when market conditions offset costs of collecting unnecessary waste, and that
the country has a recycling cost dis-advantage.

Figure 6, presents the two profiles that will be the object of the partial equilibrium:
the waste importer, and the waste exporter. These profiles are mutually exclusive,
and could likely reflect the waste market between China and Western countries. The
waste importer realises cost saving by importing waste rather than collecting its own,
as shown by the blue area. Having a low recycling cost α, it would save less costs
by importing recyclates instead of waste. The waste exporter, has lower collection
costs, and can generate additional benefits with collecting remaining waste for trade
(blue area). The exporter would do less benefit by recycling waste at home (yellow
area).
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a. Waste importer profile
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Figure 6: Marginal analysis for the profiles ‘importer’ and ‘exporter’ of waste
Notes: ‘MC’ stands for ‘marginal costs’, ‘MB’ stands for ‘marginal benefits’
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4.3 Partial equilibrium

In this section, we characterize the existence of a unique market (waste or recy-
clates) between two countries, i.e. combination between an exporter profile and an
importer profile. We show that the asymmetry condition in proposition 3 and the
existence of transportation costs, is sufficient for market unicity, i.e., the country
importing waste does not develop an export business of recycled materials.

Proposition 3. The existence of a unique market (waste or recyclates) is given by the
existence of a buyer (importer) j and a seller (exporter) k bearing transportation costs
and presenting sufficient asymmetry in their material balance, and their collection
and disposal costs.

γk ·
Q̄k − R̄k

Cw
k

+ ωj < γj ·
Q̄j − R̄j

Cw
j

+ ωk (23)

The nature of the market is given by:

• If αk >
αj

t
, the two countries trade waste

• If αk <
αj

t
the two countries trade recyclates

Proof. Appendix C and D

The importing country imports recycled materials rather than waste, if the ex-
porting country has an absolute economic advantage in recycling, i.e αk <

αj

t
. This

result is straightforward. Recycling is the last operation in the value chain, so if
there is no business case for adding further value, the country exports recyclable
waste without the last operation. If αk =

αj

t
, both countries are indifferent.

Figure 7 illustrates the asymmetry condition in a waste market. The exporting
country tends to have lower collection costs and material residual needs, larger waste
quantities and higher costs of recycling and disposal than its partner country. Hence,
from the model, developed countries are likely to match the waste exporter profile,
while developing countries, the importing profile (large productive needs, lower re-
cycling costs and standards, lower disposal costs, high collection costs). With the
striped arrows, we suggest the interpretation that material imbalances are due to
different product specialisation (challenges of recycling in a globalised economy, e.g.,
specialisation in services versus manufacturing) but this may also be the result of
different growth dynamics.
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Figure 7: Illustration of proposition 3: existence of a bilateral waste market

When existing, the waste market price is given by:

Iw∗j (pw) = e∗k(p
w)Cw

k (24)

We obtain the global waste price:

pw =
(Q̄k − R̄k) + (Q̄j − R̄j)−

ωkC
w
k

γk
− ωjC

w
j

γj

t
Cw

j

γj
+

Cw
k

γk

(25)

The quantity of available waste (Cw
i ) and transportation costs (t) decreases the global

waste price. Material residual needs (Q̄i − R̄i) increase the global waste price. An
increase in the collection costs (γi) of a given country increases the global waste price,
unless its disposal cost (ωi) is very low compared to that of its trading partner, and
compared to countries’ material residual needs. The proof is presented in Appendix
C.

In equilibrium, the price of waste between the two countries can be positive, espe-
cially if the need for recyclable waste is high. But the waste price can also be negative,
if the countries have high cost of disposal. Thus, depending on economic conditions,
the price can become positive or negative. Baumgärtner and Winkler (2003) and
Baumgärtner (2004) call this price ambivalence. That is, at some point, a country
that sells its waste (at a positive price) may, if market conditions deteriorate, pay the
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importer to accept its waste, even if that waste is destined for recycling operations,
and recycled. This result is related to the very nature of waste, which differs from
a conventional good in that it involves both an object of nuisance (certain) and an
opportunity for recovery (defined by the market and public policy). This result is
consistent with the waste literature (Baumgärtner and Winkler, 2003; Baumgärtner,
2004; Lupton, 2017; Badgett, Newes and Milbrandt, 2019).

Intuitively, if the price is sufficiently negative, i.e., countries pay a high price to
export waste out of their country, it can create favourable conditions for illegal trade
in waste destined to dumping (−tpw < ωj). We consider this option as illegal, in
accordance with the European legislation (Regulation n◦ 1013/2006, except exports
for disposal are allowed to EFTA countries). The functioning of this illegal market
stands out of the scope of this paper. However, we need to define the condition of
its absence, as the recyclable waste market can degenerate in a disposal market if
−tpw < ωj. Hence, we make assumption 6:

A6 : "No illegal trade" : −tpw < ωj (26)

Interestingly, we show in Appendix D.2 that the consequence of A6, is that waste
imports do not substitute to virgin resources in country j, as the price cannot go
sufficiently negative to compensate the recycling cost in the importing country. We
can rewrite A6 as:

A6 : Q̄k − R̄k + Q̄j − R̄j >
Cw
k

γk

(
ωk −

ωj
t

)
(27)

Hence, residual material needs should be sufficiently high in front of the differential
of waste disposal costs (ωk− ωj

t
) for the international market not to provide incentives

for illegal trade and dumping.

Proposition 4. Any stable market of recyclable waste destined for recycling can,
following an economic or political shock (or a slow deterioration), degenerate into
illegal flows, i.e., in exports destined to landfill. This phenomenon is related to the
waste price ambivalence, which can change from positive to (very) negative due to
market conditions.
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If country k has a recycling advantage, i.e. αk <
αj

t
and under condition 23, the

two countries trade recycled materials. The recyclates price is given by:

pm =
(Q̄j − R̄k) + (Q̄k − R̄k) + (αk−ωk)

γk
Cw
k +

(αj−ωj)

γj
Cw
j

Cw
k

γk
+ t

Cw
j

γj

(28)

The recyclates price is similar to the waste price, except that it includes recycling
costs. pm > 0 as we have assumed that Q̄i > R̄i and αi > ωi, i = 1..N . However,
relaxing our assumptions, we could also have a negative recyclates price. Intuitively,
should the market conditions provide incentives to exports for disposal, the agent
will illegally export waste rather than recycled materials, to save recycling costs as
both will end in landfills.

In this configuration, the share of waste disposed in each country i is therefore
equal to:

d∗i = 1− (τ ∗i + e∗i +m∗i ) (29)

Because of market unicity, the waste importer cannot also be a waste-or-recyclates
exporter. Hence, we obtain the following proposition:

Proposition 5. Under the model’s assumptions (A1-A6), trade in waste for recy-
cling only displaces waste disposal from the exporting to the importing country (j),
because foreign waste substitutes to the recycling of national waste.

In particular, proposition 5 would not hold under binding material constraints,
e.g., if country j still needs waste after having used all its resource and recycled all
of its waste (τ ∗j = 1).

4.4 Recycling policies

The aim of this section is to analyse the effects of national recycling policies in the
exporting country on local recycling and international waste exchanges. We focus
on the exporting country k as it represents a potential theoretical framework for
European countries.

This research does not adopt a normative approach. It solely aims at understand-
ing the different mechanisms of recycling and trade decisions. Nevertheless, trade in
waste can be of particular concerns. If countries trade at long distances, emissions
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associated to the waste trade can be substantial. In particular, from the model, it
seems that importing countries will likely be developing countries, presenting lower
environmental standards.

In addition, exporting countries may have a long-term interest in boosting local
recycling. High dependency on international markets for waste management has
proven to be an unsustainable strategy with the Chinese ban situation.

From equation 23, we can intuitively see that recycling policies in the exporting
country may create the favourable conditions for trade in waste (low collection costs,
high disposal costs). We study this intuition in more details in the present section.

4.4.1 Economic incentives

The government of country k (waste exporter profile) strengthens economic incen-
tives for waste recycling. It can increase ω or reduce α and γ through subventions
and taxes. Trade in virgin resources is still forbidden. If ω > α is possible, we obtain
new demand functions on the supply side, because it makes substitution with virgin
resources possible.

Lemma 4. Resource use fonctions are given by:

τ ∗i > τ 0
i = min

(
Q̄i

Cw
i

,max

(
ωi − αi
γi

, 0

))
(30)

R∗i = min
(
Q̄i − τ0C

w
i , R̄i

)
(31)

τ ∗i = max

(
τ0,min

(
Q̄i −R∗i
Cw
i

,
tpw + ωi

γi
,
tpm + ωi − αi

γi

) )
(32)

Iw
∗

i = max{0, Q̄−R∗i − τ ∗i · Cw
i } if t · pw < tpm − αi (33)

Im
∗

i = max{0, Q̄−R∗i − τ ∗i · Cw
i } if t · pw > tpm − αi (34)

The waste demand functions remain similar except that the interior solution (τ 0
i )

can evict the corner solution Q̄i−R∗
i

Cw
i

if it is sufficiently high. We will refer to the
corner solution as the scenario "recycling responds to local demand", and to the
interior solution as "recycling to reduce pollution".

Waste supply functions stay similar. Namely, in a waste market, positive waste
exports are equal to: ek= pw+ωk

γkC
w
k
− τ ∗k .

From this expression, for an unchanged waste price (pw) and τ ∗k , it clearly appears
that further taxing disposal ωi and subsidising γi encourage waste exports. However,
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global prices are functions of ωi and γi. Hence we need to study recycling policies in
the partial equilibrium framework to take into account the price effect. In addition
we need to study the case where τ ∗k moves to the closed-form solution.

We resume the results in Table 3. All demonstrations are provided in Appendix
E. We take as baseline scenario the equilibrium in Section 4.3, where the exporting
country has an absolute cost disadvantage in recycling: αk >

αj

t
(waste market). We

do not study the case where the government would subsidy recycling until αk <
αj

t
,

but note that it would change the market’s nature from waste to recycled materials
(as explained in proposition 3). Recall that in the baseline scenario, the country
recycles to complete its material needs: τkCw

k = Q̄k − R̄k.

Table 3: Analysis of the effects of economic incentives provided in country k (waste-
exporter profile) on local recycling (τk) and waste exports (ek), compared to the
baseline scenario in the two-country partial equilibrium framework with αk >

αj

t

scenario 1:
"recycling responds to local demand"
ωk − αk < γk(Q̄k − R̄k)

scenario 2:
"recycling to reduce pollution"
ωk − αk > γk(Q̄k − R̄k)

disposal tax (∆+ωk ) • No effect on local recycling
• Increase waste exports

• Increase of local recycling
• Undefined effect on waste ex-
ports

collection subsidy
(∆−γk)

• No effect on local recycling
• Increase waste exports
(always verified if tωk < ωj)

• Increase of local recycling
• Undefined effects on waste ex-
ports

recycling subsidy
(∆−αk)

• No effect on local recycling nor waste
exports (decrease production costs)

• Increase of local recycling
• If exports decrease
(always verified if α′k > ωk)
illegal trade risk increases

In the first column, the government taxes and subsidies below the country’s resid-
ual material demand. Hence the recycling policy has no effect on τkCw

k , which still
equals the country’s residual material demand.

At a first glance, the effect of the disposal tax and the collection subsidy has
an ambiguous effect on waste exports, because it has a direct positive influence on
exports (ek), but to some extent lowers the waste price. In turn, a lower waste price
decreases incentives to export. In Appendix E we show that the disposal tax always
increases waste exports (the price decrease is compensated) and likewise for the
collection subsidy, except if ωk is exceptionally high compared to ωj and countries’
material needs.

37



Subsidising recycling below αk <
αj

t
is only useful to reduce national production

costs. It does not impact the waste price nor waste trade decisions, as both countries
still find it more advantageous to recycle waste in country j.

In scenario 2, we allow the economic incentives to exceed the threshold ωk−αk >
γk(Q̄k− R̄k). Hence, local recycling is not driven by local material demand anymore,
but strictly by economic and policy parameters (ωk), when these are more ambitious
than local material needs. For an unchanged collection cost γk, we find that the
disposal tax and the recycling subsidy decrease waste exports if :

Q̄k − R̄k +
Cw
k

γk
(α′k − ωk) > 0 (35)

With α′k being the new recycling cost (α′k < αk). If this condition holds, the other
side of the coin is that it produces more incentives to illegal trade and dumping: The
condition for absence of illegal trade (−tpw < ωj) becomes more restrictive than it
was in the baseline scenario.

4.4.2 Targets

When flows of secondary materials are international, using a recycling target or an
incorporation target is not (almost) equivalent anymore. These targets are now
defined as follow:

• Recycling target: T̄ = τ + e+m

The recycling target pertains to nationally-generated waste, but gives no obli-
gation on where to recycle this waste nor for which country’s production. With
international trade in secondary materials, the recycling target is not bounded to
local productive needs anymore.

• Incorporation target: X̄= τCw+Iw+Im

Q̄

The incorporation target pertains to the use of recycled materials in national produc-
tion. It gives no obligation on the waste origin (foreign or local), nor on the location
of its recycling location. In an international setting, the incorporation rate is not
bounded by the availability of local waste, as it was the case in resource autarky.

These two targets are not proportional anymore (as compared to resource au-
tarky):

τ =
X̄Q̄− Iw − Im

Cw
(36)
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Hence, depending on the country-type profile, these targets will produce different ef-
fects and costs. Intuitively, incorporation targets will have more potential for boost-
ing local recycling τ , in exporting-type countries.

In Figure 8, we illustrate the incentives provided by an increase in the recycling
target for a waste-exporter profile (a small economy) under competitive extraction
(R = R̄), for a given global waste price and unlimited demand. In this case, it is
more profitable for the country to reach the recycling target by increasing e, rather
than increasing τ , which additionally increases production costs. Indeed the upper
graphic shows that adjusting with waste exports generates economic losses because
additional collection costs are not compensated by the (given) waste price anymore.
The lower graphic shows an adjustment with local recycling: the country keeps the
same level of exports, but increases local recycling. The increase of local recycling
increases production costs. In addition, for a same level of exports, the country also
has to collect beyond profitability, because the most profitable waste has already
been used for production.

We have presented the results for a given waste price. However, in partial equi-
librium results may slightly differ in the sense that the recycling obligation in the
exporting country k gives negotiating power to country j regarding the waste price.
And at least, it should compensate country j’s opportunity cost of renouncing to
recycle its own waste. Hence, we can expect the recycling target to decrease the
waste price and further increase country k’s costs. Quite intuitively, the exporting
country is likely to accept a lower waste price, as long as it stays its cheapest option
to reach the recycling target. In turn, this allows the importing country to further
reduce its production costs.

Figure 9 shows an example of a waste-exporter profile adjusting to an incorporation
rate, for given market prices. Incorporation rates do not include waste exports. To
reach X̄, the country increases local recycling, until reaching tpm or tpw+α (the price
of imports), greater than pw (the export’s threshold). In the example of Figure 9,
because X̄ is sufficiently high, the country has no interest in exporting waste anymore.
Figure 9 illustrates that an incorporation target for a waste exporter profile has the
potential to stimulate local recycling.

For example, with the approach of European incorporation obligations, Nestlé
recently committed two billion Swiss francs to develop chemical recycling projects
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for plastics. 30

Lemma 5 (Recycling policies in a fragmented globalised world). space
In a fragmented and globalised world, the recycling rate and the incorporation rate
are not proportional anymore. The former includes waste and recyclates exports,
while the latter includes waste and recyclates imports. The incorporation rate shows
greater potential for boosting local recycling for a waste-exporter profile than the
recycling rate.

Under a certain threshold, when taxing disposal, subsidising recycling and collec-
tion, the public authority will tend to stimulate waste exports. Above this threshold,
local recycling increases. The effect on exports remains ambiguous. In particular,
the decrease in legal exports could be offset by an increase in illegal exports (for
disposal).

30Article in Les Echos, by Myriam Chauvot "Why recycled plastic is becoming
a rare... and expensive commodity", published on January 18, 2020, available at
the following link: https://www.lesechos.fr/industrie-services/energie-environnement/
pourquoi-le-plastique-recycle-devient-une-denree-rare-et-chere-1164105
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5 Conclusion

The present paper represents the first research on waste trade for recycling and its
interactions with recycling policies.

The empirical approach documents the magnitude and the context on exports
of waste from European countries to their main destinations (China, Hong Kong,
Turkey) and the EU dependence on these countries for recycling during the period
1998-2016, i.e., before the "Chinese ban".

The theoretical model aims at explaining the determinants and the underlying
mechanisms of waste for recycling and its interactions with national recycling poli-
cies. The model makes several assumptions, among which a competitive extraction
industry and a shortage in primary materials compared to production needs. The
model shows that a waste market emerges between two countries when the exporting
country tends to present lower material residual needs and collection costs, higher
recycling and disposal costs, and larger waste quantities. The exporter profile seems
to match Western countries’ characteristics, while the importer profile, developing
countries with important material needs.

One significant result of the model is that trade in secondary materials may
just displace disposal because foreign waste imports substitute to national waste
collection. In such a setting, the importing country does not have the incentive to
develop its own (costly) collection program because it can rely on cheap foreign waste.
Hence exports for recycling are neutral from the point of view of global recycling.

The paper does not adopt a normative approach, but the waste trade has recently
been in the spotlight of several health and environmental scandals. We can see
from the model that importing countries are more likely to be developing economies,
presenting lower labour and environmental standards (lower disposal and recycling
costs) and underdeveloped curbside collection and sorting programs.

From an environmental perspective, waste trade can be problematic in terms of
emissions if the receiving country is far away (transportation emissions) and less
environmentally stringent. In addition, countries may have a long-term interest in
boosting local recycling, in anticipation of resource depletion and to avoid dependence
to foreign countries for waste management. And yet, the model shows that recycling
policies may encourage waste exports while having no impact on local recycling.
Policy-makers should consider such interactions when designing recycling policies if
they aim to boost local recycling.
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All these elements question the environmental interest of allowing waste exports
to countries that are far away, have less strict standards, and non-optimised recycling
and collection programs for their own waste. However, an export ban will not guar-
antee that (illegal) exports will stop. It would probably be more efficient to develop
an economic system where actors no longer have an interest in exporting but in using
their waste, or to respect the waste management hierarchy (reduce, reuse, recycle),
producing (much) less waste.

Further research is needed to complement this work. In particular, researchers
could consider the aspects of quality in waste recycling and the related information
asymmetry on waste quality between the exporting and the importing country. In
addition, modelling the extraction branch and the product market would provide
a better understanding of recycling and trade in waste strategies. A normative
approach could also help define optimal recycling and trade decisions.
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A Notations

Table 4: Notations used throughout the paper

Q̄i material need for country i’s production
C̄w
i waste generated by consumption of country i

Ri quantity of local virgin resources used in country i for local production
R̄i country i’s virgin resource reservoir
τi waste collected in country i for local recycling and use
ωi cost associated to the disposal of waste in country i
γi unit collection cost of country i
αi unit recycling cost of country i
r unit extraction cost of country i (normalised to zero)
τ̄i Mandatory recycling rate in country i in resource autarky
x̄i Mandatory incorporation rate in country i in resource autarky
T̄i Mandatory recycling rate in country i with international trade of secondary materials
X̄i Mandatory incorporation rate in country i with international trade of secondary materials
pw global waste price
t multiplicative transportation cost
Iwi imports of foreign waste by country i
ei share of national waste that is exported by country i
pm global price of recycled material
Iwm imports of recycled material stemming from foreign waste by country i
mi share of national waste that is exported by country i as recycled material
di share of national waste (of i) that is disposed in country i
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B Waste trade data

The Harmonized System is a global product (six-digit) classification system. It is
used by custom authorities around the world to classify traded products and to gather
trade statistics. Table 5 lists the waste products considered in the empirical analysis.
We have followed the classification of (Dussaux and Glachant, 2014) to identify waste
products.
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Table 5: Identification of waste products in the harmonized System (HS) Codes

HS Codes Plastic waste
391510 Ethylene polymers; waste, parings and scrap
391520 Styrene polymers; waste, parings and scrap
391530 Vinyl chloride polymers; waste, parings and scrap
391590 Plastics n.e.c. in heading no. 3915; waste, parings and scrap

HS Codes Paper waste

470710 Paper or paperboard; waste and scrap, of unbleached
kraft paper or paperboard or corrugated paper or paperboard

470720 Paper or paperboard; waste and scrap, paper or paperboard
made mainly of bleached chemical pulp, not coloured in the mass

470730
Paper or paperboard; waste and scrap, paper or paperboard

made mainly of mechanical pulp
(e.g. newspapers, journals and similar printed matter)

470790 Paper or paperboard; waste and scrap, of paper or paperboard
n.e.c. in heading no. 4707 and of unsorted waste and scrap

HS Codes Metal waste
Steel and iron
720410 Ferrous waste and scrap; of cast iron
720421 Ferrous waste and scrap; of stainless steel
720429 Ferrous waste and scrap; of alloy steel (excluding stainless)
720430 Ferrous waste and scrap; of tinned iron or steel

720441
Ferrous waste and scrap; turnings, shavings,

chips, milling waste, sawdust, fillings, trimmings
and stampings, whether or not in bundles

720449 Ferrous waste and scrap; n.e.c. in heading no. 7204
720450 Ferrous products; remelting scrap ingots

Aluminium
760200 Aluminium; waste and scrap

262040 Slag, ash and residues; (not from the manufacture of
iron or steel),containing mainly aluminium
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C Waste market

There exists a market when there is at least one seller and one buyer willing to
exchange at a given price. We consider an importer j and an exporter k:

Buying condition:

Q̄j − R̄j

Cw
j

>
tpw + ωj

γj
⇔ pw <

γj
t
· Q̄j − R̄j

Cw
j

− ωj
t

(37)

Selling condition:

Q̄k − R̄k

Cw
k

<
pw + ωk
γk

⇔ pw > γk ·
Q̄k − R̄k

Cw
k

− ωk (38)

Hence the condition is

γk ·
Q̄k − R̄k

Cw
k

+
ωj
t
<
γj
t
· Q̄j − R̄j

Cw
j

+ ωk (39)

Hence, if there is at least two countries for which condition 39 applies, a market of
trading waste exists. We obtain the price by equalling supply and demand:

pw + ωk
γk

Cw
k −

(
Q̄k − R̄k

)
=
(
Q̄j − R̄j

)
− pw + ωj

γj
Cw
j (40)

This gives us:

pw =
Q̄k − R̄k + Q̄j − R̄j −

ωjC
w
j

γj
− ωkC

w
k

γk

t
Cw

j

γj
+

Cw
k

γk

(41)

The price decreases for a given increase in one’s disposal cost:

∂pw

∂ωi
=

−Cw
i

γi
tCw

j

γj
+

Cw
k

γk

< 0 i = j, k (42)

The effect of collection cost is less clear cut:

∂pw

∂γj
=

[
Cw
j C

w
k

γ2
j γk

(ωj − tωk) +
tCw

j

γ2
j

(
Q̄k − R̄k + Q̄j − R̄j

)]
· 1(

tCw
j

γj
+

Cw
k

γk

)2 (43)
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∂pw

∂γk
=

[
Cw
k C

w
j

γ2
kγj

(tωk − ωj) +
Cw
k

γ2
k

(
Q̄k − R̄k + Q̄j − R̄j

)]
· 1(

tCw
j

γj
+

Cw
k

γk

)2 (44)

Hence collection costs of country i increases the global waste price ∂pw

∂γi
> 0 if

wi is sufficiently high compared to the disutility of its partner, and that there is an
important residual material need of both countries.

We have

ekC
w
k = Iw =

Cw
k

γk

(
Q̄j − R̄j

)
− tCw

j

γj

(
Q̄k − R̄k

)
+

Cw
k Cjw

γkγj
(tωk − ωj)(

tCw
j

γj
+

Cw
k

γk

) (45)

We can see that the trade is driven by disposal cost differentials, availability of
waste in country k and its low-cost collection system, and material demand of country
j.

D Unicity of markets

We consider two countries, an importer j and an exporter, k. We consider the
existence of a market, when there is at least one seller and one buyer willing to
exchange at a given price. We want to show under which conditions, when a waste
market exists, it is the only market of secondary materials. Without unicity of
markets, for instance, we could have country j importing waste and re-exporting
recycled materials, and hence proposition 5 would not hold.

D.1 Existence of a (unique) waste market, and no recyclates
market

Consider an importer j and exporter k. Country j imports waste rather than recycled
materials if:

tpw + ωj < tpm + ωj − αj and
tpw + ωj

γj
<
Q̄j − R̄j

Cw
j

(46)
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pw < pm − αj
t

and pw <
γj
t

Q̄j − R̄j

Cw
j

− ωj
t

(47)

Exporter k exports waste only if:

pw + ωk > pm + ωk − αk and
pw + ωk
γk

>
Q̄k − R̄k

Cw
k

(48)

pw > pm − αk and pw > γk
Q̄k − R̄k

Cw
k

− ωk (49)

Combining conditions:

αk >
αj
t

and γk
Q̄k − R̄k

Cw
k

+
ωj
t
<
γj
t

Q̄j − R̄j

Cw
j

+ ωk (50)

Hence, we obtain the same condition as before and:

αk >
αj
t

(51)

It is cheaper for the importing country to recycle waste at home, to fuel its local
material demand.

Again, the market price is given by:

pw =
Q̄k − R̄k + Q̄j − R̄j −

ωjC
w
j

γj
− ωkC

w
k

γk

t
Cw

j

γj
+

Cw
k

γk

(52)

The market is unique, because there is either no supply or no demand for recycled
materials

• No supply

Country j does not develop an export recycling business because:

αj > pm − tpw (53)

At the same time, we have αj < t(pm − pw), otherwise country i would import
recycled materials rather than waste. We obtain a condition on t:
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t > 1 (54)

As t is a multiplicative transportation cost, it is necessary greater than one,
otherwise transportation costs are negative.

• No demand

Country k does not import recycled materials for its production because

tpm + ωk − αk
γk

>
Q̄k − R̄k

Cw
k

(55)

pm >
γk
t

Q̄k − R̄k

Cw
k

+
αk − ωk

t
(56)

At the same time we have pm < αk + pw, otherwise the country would export
recycled materials rather than waste:

γk
t

Q̄k − R̄k

Cw
k

+
αk − ωk

t
< αk + pw (57)

pw >
γk
t

Q̄k − R̄k

Cw
k

− (t− 1)αk
t

− ωk
t

(58)

Replacing pw

Q̄k − R̄k + Q̄j − R̄j −
ωjC

w
j

γj
− ωkC

w
k

γk

t
Cw

j

γj
+

Cw
k

γk

>
γk
t

Q̄k − R̄k

Cw
k

− (t− 1)αk
t

− ωk
t

(59)

t− 1

t
(Q̄k−R̄k−

ωkC
w
k

γk
+
αkC

w
k

γk
)+Q̄j−R̄j−

ωjC
w
j

γj
>
Cw
j

γj

(
γk
Q̄k − R̄k

Ckw
− (t− 1)αk − wk

)
(60)

t− 1

t

Cw
k

γk
(γk

Q̄k − R̄k

Cw
k

−ωk+αk)+Q̄j−R̄j−
ωjC

w
j

γj
>
Cw
j

γj

(
γk
Q̄k − R̄k

Ckw
− (t− 1)αk − wk

)
(61)
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(
t− 1

t

γjC
w
k

γkCw
j

)
(γk

Q̄k − R̄k

Cw
k

+αk−ωk)+γj
Q̄j − R̄j

Cw
j

−ωj > +γk
Q̄k − R̄k

Cw
k

−ωk−(t−1)αk

(62)

We have t > 1 and αk > ωk from our hypotheses.

A sufficient condition, more restrictive than equation 50, is :

γj
Q̄j − R̄j

Cw
j

− ωj > γk
Q̄k − R̄k

Cw
k

− ωk (63)

D.2 Existence of the waste market with a negative price

We have seen that the waste price can be negative. If pw is sufficiently negative, it can
substitutes to virgin resources (free of use) or create conditions for illegal dumping,
out of the scope of the paper.

The country k exports waste at a negative price (i.e., pays for the waste removal)
as long as −pw < wk. The country j imports waste at a negative price without
having the incentive to dispose of it if under the following assumption:

No illegal dumping: − tpw < wj (64)

At the same time we had assumed αj > wj so αj > −tpw. Hence, in our model,
if there are no favourable conditions for illegal dumping, there are also no favourable
conditions for substitution with virgin resources in the importing country. Replacing
pw by its equilibrium value we obtain:

Q̄k − R̄k + Q̄j − R̄j >
Cw
k

γk

(
ωk −

ωj
t

)
(65)

D.3 Existence of a (unique) recyclates market, and no waste
market

Country j imports recycled materials only if:

tpm − αj + ωj < tpw + ωj and
tpm − αj + ωj

γj
<
Q̄j − R̄j

Cw
j

(66)

52



pm < pw +
αj
t

and pm <
γj
t

Q̄j − R̄j

Cw
j

+
αj − ωj

t
(67)

Exporter k exports recycled materials only if:

pm − αk + ωk > pw + ωk and
pm − αk + ωk

γk
>
Q̄k − R̄k

Cw
k

(68)

pm > pw + αk and pm >
γk(Q̄k − R̄k)

Cw
k

+ αk − ωk (69)

Hence we obtain

αk <
αj
t

and γk
Q̄k − R̄k

Cw
k

+ αk − ωk <
γj
t

Q̄j − R̄j

Cw
j

+
αj − ωj

t
(70)

αk <
αj
t

and γk
Q̄k − R̄k

Cw
k

− ωk <
γj
t

Q̄j − R̄j

Cw
j

− ωj
t

(71)

The importing country imports recycled materials rather than waste, if the ex-
porting country has an economic advantage in recycling.

The market price is given by:

mkC
w
k = Imj (72)

(
pm + ωk − αk

γk

)
Cw
k − (Q̄k − R̄k) = (Q̄j − R̄j)− Cw

j

(
tpm + ωj − αj

γj

)
(73)

pm =
(Q̄j − R̄j + Q̄k − R̄k + αk−ωk

γk
Cw
k +

αj−ωj

γj
Cw
j )

Cw
k

γk
+ t

Cw
j

γj

(74)

pm > 0 as we have assumed that Q̄i > R̄i and αk > ωk i = j, k

Let us demonstrate the conditions for which the market is unique. Country j

does not import waste for its production because:

tpw > tpm − αj (75)
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Country j does not develop a waste export recycling business (for an existing waste
market) because:

pw < tpm − αj (76)

Hence:
pw + αj

t
< pm < pw +

αj
t

(77)

This leads to
t > 1 (78)

Country k does not import waste (Iw = 0 and Ww = 0), because:

tpw + ωk
γk

>
Q̄k − R̄k

Cw
k

and tpw < pm − αk (79)

Combining both conditions,

pm > γk
Q̄k − R̄k

Cw
k

+ αk − ωk (80)

We come back to condition 68. Replacing pm, we have:

(Q̄j − R̄j + Q̄k − R̄k + αk−ωk

γk
Cw
k +

αj−ωj

γj
Cw
j )

Cw
k

γk
+ t

Cw
j

γj

> γk
Q̄k − R̄k

Cw
k

+ αk − ωk (81)

We multiply the numerator and denominator of the left-hand side by γj
tCw

j
. We

obtain

(Q̄j − R̄j + Q̄k − R̄k)
γj
tCw

j
+

(αk−ωk)γj
tγkC

w
j

Cw
k +

αj−ωj

t

Cw
k γj

tCw
j γk

+ 1
> γk

Q̄k − R̄k

Cw
k

+ αk − ωk (82)

We re-obtain condition 70:

γk
Q̄k − R̄k

Cw
k

+ αk − ωk <
γj
t

Q̄j − R̄j

Cw
j

+
αj − ωj

t
(83)

Hence t > 1 and the conditions of the existence of a recyclates market is sufficient
for its unicity, i.e., a waste market does not emerge in parallel.
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E Recycling policies in a partial equilibrium

E.1 Local recycling as residual material demand

From equation 23, we can see that unilateral recycling policies will interact with the
waste market. We recall that given our hypotheses, we had:

(no substitution): ωi > αi i = j, k (84)

(waste market): αk >
αj
t

(85)

(no illegal dumping): − tpw < ωj (86)

We allow relaxing ωi > αi. We first study the effects of the recycling policies
in the partial equilibrium framework, when recycling is still driven by local material
demand, i.e. the corner solution outperforms the corner solution:

ωk − αk < γk(Q̄k − R̄k) (87)

In this case we are still in the same equilibrium event if financial incentives for local
recycling are higher. The waste price is still given by :

pw =
Q̄k − R̄k + Q̄j − R̄j −

ωkC
w
k

γk
− ωjC

w
j

γj
tCw

j

γj
+

Cw
k

γk

(88)

E.1.1 Collection subsidy

We study the effect of a subsidy in γk, i.e., a decrease of γk.

In our equilibrium we have:

ekC
w
k =

pw + ωk
γk

Cw
k −

(
Q̄k − R̄k

)
(89)

From this equation, we see that an increase in γk will tend to increase ek. However,
the waste price also reacts to γk:

∂pw

∂γk
=

[
Cw
k C

w
j

γ2
kγj

(tωk − ωj) +
Cw
k

γ2
k

(
Q̄k − R̄k + Q̄j − R̄j

)]
· 1(

tCw
j

γj
+

Cw
k

γk

)2 (90)
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If we have tωk > ωj, we will always have ∂pw

∂γk
> 0, i.e., pw will decrease following

a decrease in γk. A decrease in pw should decrease waste exports, all else equal.

If we replace pw in equation 89, we obtain:

ekC
w
k =

(
Cw

k

γk

)
[Q̄j − R̄j]−

(
tCw

j

γj

)
[Q̄k − R̄k] +

Cw
j C

w
k

γjγk
[tωk − ωj]

tCw
j

γj
+

Cw
k

γk

(91)

ekC
w
k =

(Cw
k ) [Q̄j − R̄j]−

(
tγkC

w
j

γj

)
[Q̄k − R̄k] +

Cw
j C

w
k

γj
[tωk − ωj]

tγkC
w
j

γj
+ Cw

k

(92)

Deriving with respect to γk, we obtain:

∂ek
∂γk

Cw
k = −

tCw
j C

w
k

γj

(
Q̄k − R̄k + Q̄j − R̄j +

(ωj
t
− ωk

))
· 1(

tγkC
w
j

γj
+ Cw

k

)2 (93)

We always have ∂ekC
w
k

∂γk
< 0 (meaning when γk decreases, it increases exports ) ,

except if ωk− ωj

t
is very large, because the waste price will increase with the decrease

of γk.

E.1.2 Recycling subsidy

As long as αk stays below
αj

t
and ωk−αk < γk(Q̄k−R̄k), the recycling subsidy allows

a reduction in production costs but does not influence the waste market nor the local
recycling performance.

Indeed, αk does not have an effect on the waste price, nor on the waste supply
function nor on the recycling rate, equals to residual material needs.

E.1.3 Disposal tax

We study the effect of a tax on ωk, i.e., an increase of ωk below the cost of recycling
αk. From equation 89 we see that the disposal tax will tend to increase the share of
exports. At the same time, it has a negative impact on the global waste price, which
could compensate the tax increase.
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Deriving ekCw
k with respect to ωk, we obtain:

∂ek
∂ωk

Cw
k = ekC

w
k =

tCw
k C

w
j

γkγj
tCw

j

γj
+

Cw
k

γk

> 0 (94)

Hence the waste disposal tax increases the waste exports, i.e. compensates the
price decrease.

E.2 Local recycling as a response to local waste pollution

We now consider that taxing disposal and subsidising recycling and collection has
led to the following result (interior solution of the resource autarky):

ωk − αk < γk(Q̄k − R̄k) (95)

We need to redefine the equilibrium.

E.2.1 supply and demand functions

So by definition, local recycling increases compared to the corner solution. But what
is the effect on exports? Because the country has used more waste for its production,
the export branch should start collect waste located further away, more difficult to
collect and to sort. The supply function stays identical:

ekC
w
k =

pw + ωk
γk

− τ ∗k (96)

τ ∗k is higher and reduces ek everything else equal. Increased recycling is made
possible because of possibly higher ωk and lower γk, increasing rentability of waste
exports. The effect on pw is not clear because the equilibrium changed (previously
driven by the corner solution). We can rewrite ek as :

ekC
w
k =

pw + αk
γk

(97)

The higher the alpha, the less country k recycles locally (the closer one gets to the
corner solution), so the more country k will export for a given waste price.

57



As before the country will export waste as long as it offsets collection and disposal
costs. Hence we need

ωk − αk
γk

<
pw + ωk
γk

(98)

This leads to:
− αk < pw (99)

Unless the price is very negative, the country will still have incentives to export.

We assume that the situation in country j remained similar (no recycling policies),
as in the baseline framework.

Iw = (Q̄j − R̄j)− Cw
j

(
tpw + ωj

γj

)
(100)

It requires for Iw > 0 that the waste price has not increased too much, i.e., tp
w+ωj

γj
<

Q̄j−R̄j

Cjw

E.2.2 Unicity and existence of the waste market

Country j imports waste rather than recycled materials if:

tpw + ωj < tpm + ωj − αj and
tpw + ωj

γj
<
Q̄j − R̄j

Cw
j

(101)

We obtain
αj
t
< (pm − pw) and pw <

γj
t

Q̄j − R̄j

Cw
j

− ωj
t

(102)

Country k exports waste rather than recycled materials if:

tpw + ωk > tpm + ωk − αk and
pw + ωk
γk

>
ωk − αk
γk

(103)

We obtain
αk > pm − pw and pw > −αk (104)

Combining both conditions:

αj
t
< αk and

γj
t

Q̄j − R̄j

Cw
j

− ωj
t

+ αk > 0 (105)

We look at the conditions for its unicity.
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• No supply

Country j does not develop an export recycling business because:

αj > pm − tpw (106)

At the same time, we have αj < t(pm − pw), otherwise country i would im-
port recycled materials rather than waste. We still obtain t > 1. As t is a
multiplicative transportation cost, it is necessary greater than one, otherwise
transportation costs are negative.

• No demand

Country k does not import recycled materials for its production because

tpm + ωk − αk
γk

>
ωk − αk
γk

(107)

tpm > 0 (108)

Because t > 1, we obtain:
pm > 0 (109)

Country k would import recycled materials for its production only if it is paid to do
so.

E.2.3 Equilibrium, waste price and illegal trade

We look at this new equilibrium and see if it is defined:

ekC
w
k = Iw (110)

pw + αk
γk

Cw
k = (Q̄j − R̄j)−

tpw + ωj
γj

Cw
j (111)

pw =
(Q̄j − R̄j)− ωj

γj
Cw
j − αk

γk
Cw
k(

Cw
k

γk
+

tCw
j

γj

) (112)

We obtain:
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Iw = ekC
w
k =

(Q̄j − R̄j) +
Cw

j

γj
(tαk − ωj)

tCw
j γk

γjCw
k

+ 1
(113)

We look if it satisfies −αk < pw, this gives us the following condition:

(Q̄j − R̄j) +
Cw
j

γj
(tαk − ωj) > 0⇔ Iw = ekC

w
k > 0 (114)

Because tαk > αj > ωj, this condition is satisfied. At the same time, it should not
produce conditions for illegal trade and dumping : −tpw < ωj. We obtain:

new A6 : "No illegal trade" (Q̄j − R̄j) +
Cw
k

γk

(ωj
t
− αk

)
> 0 (115)

Hence country j’s residual demand (Q̄j − R̄j) and ωj should be sufficiently high, in
order not to produce the conditions for illegal trade and dumping. Before we had:

former A6 : (Q̄k − R̄k) + (Q̄j − R̄j) +
Cw
k

γk

(ωj
t
− ωk

)
> 0 (116)

Is it more restrictive than in the previous equilibrium? Yes if for a identical γk
and a reduced α′k:

(Q̄k − R̄k) +
Cw
k

γk
(α′k − ωk) > 0 (117)

Is α′k > ωk ? We have made no such assumption so we cannot conclude precisely.

Combining A6 and −αk < pw (k exports waste rather than recycled materials)
we obtain the following condition:

2(Q̄j − R̄j) + ωj(t
Cw
k

γk
−
Cw
j

γj
) + αk(t

Cw
j

γj
− Cw

k

γk
) > 0 (118)

If k exports waste without incentives to illegal trade, it is because j’s residual
material needs are sufficiently high. If k presents high waste quantities, it is coun-
terbalanced by j’s aversion to disposal.

E.2.4 Recycling policy

Country k is still considered to have a recycling disadvantage αk <
αj

t
. And with our

new equilibrium: τk = ωk−αk

γk
> Q̄k−R̄k

Cw
k

.
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Are waste exports reduced? We previously had:

ekC
w
k =

[Q̄j − R̄j]−
(
tCw

j γk

Cw
k γj

)
[Q̄k − R̄k] +

Cw
j

γj
[tωk − ωj]

tCw
j γk

Cw
k γj

+ 1
(119)

And now :

ekC
w
k =

(Q̄j − R̄j) +
Cw

j

γj
(tαk − ωj)

tCw
j γk

γjCw
k

+ 1
(120)

For an unchanged γk we can rewrite it as:

e′kC
w
k =

(Q̄j − R̄j) +
Cw

j

γj
(tα′k − ωj)

tCw
j γk

γjCw
k

+ 1
(121)

Exports decreased if :

−
(
tCw

j γk

Cw
k γj

)
[Q̄k − R̄k]−

tCw
j

γj
(α′k − ωk) < 0 (122)

(
γk
Cw
k

)
[Q̄k + R̄k] + (α′k − ωk) > 0 (123)

We see that if exports for recycling decrease, it creates more favourable conditions
for illegal trade and dumping.
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