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Introduction
As an UNEP report correctly recognizes: Cradle-to-Cradle (C2C) concepts are useful psychological tools
for drawing people's attention to recycling, but should not be used as a basis for policies (UNEP, 2013).
Making a clear distinction between “stimulating the necessary awareness of society", on the one hand,
and "concretely transforming the framework of action for economic entities", on the other hand, is vital.
The concept of the circular economy reflects a focus on the emotional desire for harmony with and
respect for nature. It is obvious that our current economy and lifestyle cannot be sustained in the long
term and that such a concept expresses an ideal to gain support for change.
However, if it comes to concrete implementation, it quickly becomes evident that the C2C concept – the
complete circular economy – constitutes rather a theoretical ideal than a concrete mandate to act. A
quasi material management-related perpetual motion machine is just as much an illusion as the energy
management-related one. Thus recycling is only an instrument and not an objective. Recycling at any cost
creates false incentives. Recycling is fundamentally useful but can only serve as a mission statement
under certain conditions, as suggested above.
This paper discusses in depth the opportunities, but also the limits and, above all the prospects for
recycling efforts.

Reasons for Recycling
The current economic system and general way of living are accompanied by massive ecological costs in
the form of the destruction of habitats, the extinction of species and global warming. We simply
overburden the supply and capacity function of the ecosystem earth. This not only causes a loss in
biodiversity but also affects the opportunities for economic and social development in many regions.
Poverty, social disintegration and conflicts, as well as a dramatic increase in migration are not least among
the negative consequences of unsustainable economic activity founded on the exploitation of natural
resources. It is therefore essential to limit the impact of our economic system on the ecosystem earth.
Reducing collateral (ecological and economic) damage that is associated with the exploitation of natural
resources and the dumping all kinds of (waste) material all over is a necessary – though not sufficient –
component of a more sustainable way of living. Given the fact that we still face rather rapid population
growth in many regions and that the total population will reach almost 10 billion people by the year
20501, we need to gradually convert the ‘throwaway societies’ of the world into more sustainable ones.
Recycling can be an effective way to address the scarcity of precious materials and therefore relieves the
supply function of the ecosystem earth by (partially) closing (anthropogenic) mass- and energy-flows.
Substituting raw materials with recyclates reduces ecological devastation and environmental
contamination due to mining and the primary production of commodities as well as landfilling of waste
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materials. This helps preserve the carrying function of the ecosystem earth. It is not least a moral
obligation to provide a certain level of intergenerational justice so that future generations will have equal
opportunities.2 Recycling may contribute to an adequate future availability of resources and
environmental quality. If the recycling-process consumes less energy than mining, transport and
conversion of primary resources, it also helps to address the problem of greenhouse gas emissions and
climate change. Effective recycling technologies can also be referred to as “back-stop-technologies” in
view of real physical scarcity of certain resources and the unavailability of substitutes. Furthermore,
recycling may also enhance the security of supply in conjunction with geopolitical risks.3

Limits to Recycling
Recycling is an appropriate means of gradually transforming the world’s economies into more sustainable
ones. However, the potential for a circular economy is limited. Recycling can never completely override
the law of entropy. The limits to recycling become obvious – at the latest – if the increase in entropy
accompanying the recycling process outweighs the savings associated with recycling (e.g. raw materials
production). While some materials can be recovered relatively easily and cost-efficiently, at a certain
point of recycling (exponentially) increasing recycling costs appear with any further expansion of the
recycling rate. Mass metals, paper and cardboard as well as glass and certain other rather pure waste
materials, for instance, can be easily collected, separated and recycled.4 Nonetheless, many waste
streams contain diverse mixtures of all kinds of materials. Different materials contained in products are
selected to fulfil specific functions. The increasing complexity of this functional demand has led to the
use of an increasing number of elements. To improve functionality, product design increasingly mixes a
large variety of different materials within products (UNEP, 2013).5
Given this heterogeneous source material, decomposing and recycling become very complex and
expensive, if not technically impossible. Even with very sophisticated (and expensive) sorting and cobbing
technologies, many post-consumer waste streams cannot be recycled into recyclates with a sufficient
degree of purity. This not only leads to increasing recycling costs but also affects the applicability and
(potential) revenues of recyclates. Fluctuations in the degree of purity reduce the usability and (market)
value of recyclates. In extreme (but not uncommon) cases (e.g. contamination with hazardous
substances), the recyclate becomes hazardous waste and must be disposed of at great cost. Acquiring
more and more waste streams for (multi-material) recycling simply means intensifying these problems.
The higher the actual (overall) recycling rate in these circumstances, the higher the degree of
contamination of the recyclates with foreign matter.
Post-consumer waste, for instance, is associated with specific challenges for recycling: diverse mixtures
of materials, impurity, misplacements of inappropriate materials, moisture, bonding and adhesion – just
to name some of the most apparent problems. Nowadays, not only a wide variety of consumer goods,
but also packaging materials are rather high-tech products. Food packaging, for instance, consists of
various materials and contains different fiber laminates, which makes it very difficult and cost-intensive
to separate and recover the different materials. The outputs of such a multi-material recycling process
are rather inferior products with an insufficient level of purity and very limited possibilities of
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This not only applies to human beings, but basically to all species.
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The market for rare earth elements (REE) for instance is highly vulnerable since more than 95% of mine production originates from China
(see U.S. Geological Survey, 2017; Liedtke, M. and Elsner, H., 2009; Rüttinger, L. and Feil, M., 2010; Lackner, D. and McEwen-Fial, S., 2011).
These materials and waste streams can be referred to as being the “low-hanging fruits” for recycling.
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In fact, most industrial products contain dozens of compounds and almost every persistent element of the periodic table can be found
in our waste streams.
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reutilization. This results in a very low or even negative price for plastic recyclates. Recyclates face
another problem on commodity markets. Secondary raw materials are usually associated with higher
transaction costs than primary commodities due to the higher requirements for monitoring, burden of
proof etc. Furthermore, repeated recycling loops increase contamination with foreign matter and
(potentially) harmful substances. In fact, due to their complexity, nowadays most plastics are used in
energy-recovery processes or are even landfilled.6
It has been claimed that there is enormous potential for recovery of recyclables in certain consumer
items, such as in the waste of electrical and electronic equipment (WEEE). There is certainly already a
huge market for certain scrap metal – both in terms of mass flow and market volume.7 In theory metals
are perpetually recyclable, but in practice, recycling is often inefficient or essentially nonexistent because
of limits imposed by product design, recycling technologies or/and the thermodynamics of separation
(Reck, B. K. and Graedel, T. E., 2012). Due to miniaturization in electronics, there are very few recyclable
fractions in many consumer products such as mobile devices. Decomposing and recycling of the
respective materials is simply too expensive, compared to the market value of the tiny fraction of
precious elements that could be extracted. Consequently, the recycling rates of rare earth elements
(REE), for instance, are still negligible.8 Moreover, the often claimed climate protection potential of (postconsumer) waste recycling is rather limited. In this regard, it is important to stress that at European levels,
only about 5 percent of the oil and gas is used to produce plastic materials, with an even lower share for
packaging. In Germany, for instance, the emissions reduction potential of packaging recycling is negligible
compared to the overall greenhouse-gas emissions reduction goal (see Figure 1).

Figure 1: greenhouse gas emissions in Germany by sector and emissions reduction potential of packaging
recycling
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In the EU about 40% of plastics waste is thermally treated and more than 30% of plastics waste still goes to landfill (Plastics Europe,
2016).
At the global level, the volume of waste from electrical and electronic equipment (WEEE) is estimated to be around 50 million tonnes
per annum (Tsamis, A. and Coyn, M., 2014).The current WEEE recycling market revenue in Europe is estimated at around 1 billion EUR, and
is expected to exceed EUR 1.5 billion EUR by 2020 (Chrusciak, M. et al., 2013).
In total, less than 1% of REEs currently enter the recycling loop (Remeur, C., 2013).
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Economic Analysis
In economic terms, the positive effects of recycling mentioned above can be referred to as (ecological)
utility (U) as a function of the recycling rate. Starting from a recycling rate of zero, introducing recycling
activities provides a positive and increasing (ecologic) utility due to the substitution of primary resources
and the associated reduction in the burden on the ecosystem earth and the avoidance of collateral
damage related to the extraction of these primary resources. Extraction of ore, for instance, has a massive
ecological impact since it is extremely energy-intensive and leaves whole areas uninhabitable for
decades. Therefore, substituting additionally mined crude metal with recycled material provides a
significant ecological utility.9
It can be assumed that at the very beginning of a recycling system, that is, at a low overall recycling rate,
recycling activities will be focused on materials that can be recovered at relatively low cost, on the one
hand, and that offer significant revenues on the market, on the other. Mass metals, glass (if collected
separately) as well as paper, paperboard and carton are examples of such “low hanging fruit”. Although
expenditures – in terms of operational cost (e.g. logistics, machinery, work input) as well as in ecological
terms (e.g. energy intensity and emissions) – may increase with a growing recycling rate, at the same
time more and more substitution processes will be established. This stimulates innovation both in the
application and commercial viability of recyclates (product innovation) as well as in recycling technologies
(process innovation). Revenues generated by recyclates and (ecological) utility rise with an increasing
recycling rate in the early stages of a newly established recycling system, perhaps even progressively.
However, once the “low hanging fruit” is covered by the recycling system, the expenditures – namely the
costs (C) – of any further expansion of recycling activities can be expected to increase exponentially.
Simultaneously, the additional positive ecological effects (preserving natural habitats, emissions
reduction, avoiding environmental contamination) of further recycling activities can be expected to
decelerate. In other words, the marginal (ecological) utility of recycling diminishes with an expanding
recycling rate. At a certain level of recycling it might even be the case that further recycling activities
cause more ecological harm than they contribute to the relief of the ecosystem earth due to exploding
energy consumption of recycling technologies or collateral damage caused by hazardous substances that
are brought back into the cycle by the recycling process itself. In this case, the marginal (ecological) utility
of recycling would be negative.
Another remarkable characteristic of recycling that is important for the economic analysis is the rather
anomalous interrelation between the overall material throughput and the actual revenues of the
recyclates (R) gathered. The more (mixed) waste streams are covered by the recycling system, the more
inhomogeneous the input for recycling facilities becomes. Most post-consumer waste streams, for
instance, contain hundreds of different materials which are moist and clotted. Given this input, it is very
difficult, if not technically impossible, to isolate single material fractions to a sufficient extent. That is why
higher overall secondary raw material yields are associated with increasing quality losses due to
intermixture and contamination of the final products (recyclates). At a certain level of the overall
recycling rate, any additional system throughput produces recyclates that are not substitutes for primary
resources in the narrower sense because of their insufficient quality and applicability. One may still find
certain applications for these inferior recyclates, but the market only accepts such material at a very low
price or even by means of additional payment. If the contamination with extraneous material reaches a
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Recycling aluminum, for example, can reduce energy consumption by as much as 95% compared to the production from the primary source
bauxite (Modaresi, R. and Müller, D.B. , 2012; Schlesinger, M.E., 2013). Savings for other materials are lower but still substantial: about 60%
for steel, 40% for paper and 30% for glass. Recycling also reduces emissions of pollutants that can cause smog, acid rain and the
contamination of waterways (The Economist 2007).
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critical level, the price for the very product becomes negative. This does only affect the additional
recyclates, but the overall output of recycling processes that handle mixed waste streams. In contrast to
the case of a single system input, total revenues of mixed input recycling regimes are not a continuously
ascending function of the system throughput (recycling rate) but reach their maximum at a certain degree
of the overall recycling rate, decline thereafter and may even become negative with an ever increasing
recycling rate.10
Figure 2 shows the functional interrelations in a mixed-input recycling system. At a very low overall
recycling rate, ecological utility (U) and (recyclate) revenues (R) show a considerable increase at relatively
low cost with rising recycling rates. Once the “low-hanging fruit” has been gathered by the recycling
system, the slope of the utility and revenue functions become flatter and recycling cost rise. At a certain
recycling rate, (recyclate) revenues reach their maximum (Rmax) and decrease with a further expansion of
recycling. This is due to the fact that an ambitious recycling regime which even covers very heterogeneous
and impure waste streams produces recyclates of insufficient quality for which there are too few willing
buyers on the market. The cost-covering maximum of recycling is reached where the revenues that can
be generated by selling the recyclates equal the recycling cost (R = C). Further recycling activities may
create an additional positive ecological utility but only at the expense of very high recycling costs. If the
overall recycling rate overshoots the ecological maximum (Umax), any further expansion of recycling
causes more ecological harm than ecological benefits and the slope of the utility function becomes
negative.

Umax = ecological maximum
Rmax = revenue maximum
R = C = cost-covering budget maximum / sales (recyclate revenues)

Figure 2: functional relation between (ecological) utility, recycling cost, (recyclate) revenues and recycling rate
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Most studies ignore this important feature of multi-input recycling and assume a more or less linear relation between recycling rates and
revenues (see for example Bunge, R., 2016).
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In order to identify the optimal recycling rate, a marginal analysis has to be executed by illustrating the
first derivation of the relevant functions (see Figure 3). Introducing recycling of precious materials
provides a positive marginal (ecological) utility (U’) and positive marginal (recyclate) revenues (R’).

Umax = ecological maximum
U‘= C‘ = overall (economic and social) optimum
R‘= C‘ = (business) profit maximum (product revenues = recyclates)
R = C = cost-covering budget maximum / sales (recyclate revenues)
Δ+ to be closed by regulatory measures (taxes, binding recycling rates etc) / Δ- also to be closed

Figure 3: marginal analysis

At a very low level of recycling an increase in the recycling rate may go together with higher additional
revenues as well as ecological benefits, but also with higher marginal recycling costs (C’).
It is important to stress that a profit-maximizing organization that receives revenues solely in the form of
recyclate sales would not expand its recycling activities beyond a recycling rate where the marginal
(product) revenue equals the marginal recycling cost (R’=C’).11 This overall recycling rate would be
inefficiently low with respect to the overall (economic and ecological) performance.12
The (economically) optimal recycling rate is reached where the marginal recycling cost equals the
marginal (ecological) utility (U’=C’). The typical problem of external effects occurs (Coase, 1960) since
profit-maximizing entities do not take into account the positive global effects of recycling when they do
not profit from doing so. From a holistic perspective, it is therefore reasonable to encourage recycling
activities that close the gap between the profit maximum and the social optimum (Δ+). This can be done
in various ways such as (Pigouvian) taxes, binding recycling rates or subsidies.
However, in an already relatively sophisticated waste disposal regime, Δ+ may not occur at all. Providers
of waste management and disposal services are usually paid according to the mass or volume of waste
they handle and treat. They receive disposal fees or other allowances to cover the costs of collecting,
sorting and finally disposal of waste. In other words, the main revenues of organizations engaged in the
market for waste management – be they public or private – are input- or throughput-based. Revenues
11

For-profit organizations would establish cream-skimming strategies by exclusively focusing on those waste streams and materials that have
been referred to as the “low-hanging fruit”.
12
If the profit-maximizing recycling rate would be very close to the overall optimum (U’=C’), recycling would be an efficient and self-sustaining
business segment. No further policy measures would be necessary.
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generated by the recovery of precious materials are supplemental returns but usually do not dominate
the economic planning and cost accounting of waste management entities. Once the waste management
and disposal costs are covered by the input-oriented disposal fees at a sufficient profit margin, waste
management organizations have a strong incentive to maximize throughput rather than recyclate
revenues. The rational strategy for waste-market participants in an input-based reimbursement-scheme
is to expand the (recycling) volume at least to the point where the total recyclate revenues equal the
recycling cost (R=C). Yet, there might be incentives for waste management entities to stretch their
activities beyond this cost-covering recycling rate. It has been argued that rational actors (e.g. in public
bureaucracies) tend to increase their budgets in order to increase their own power and social position,
thereby contributing to (government) expenditures and hence reducing overall (economic and social)
efficiency (Niskanen, W.A., 1971). Furthermore, the problem of X-inefficiency may occur since in a costcovering input-based reimbursement scheme, waste-management firms may have little incentive to
control costs. This causes the input as well as the average cost of recycling to be higher than necessary
(Leibenstein, H., 1966). If the recycling economy faces these phenomena and the overall recycling rate
exceeds the economic and social optimum, specific measures should be introduced to close this gap (Δ-)
in order to enhance overall efficiency.
Taking these theoretical considerations into account, what is the optimal recycling rate? The answer (as
often in normative economic analysis) is that it depends – on the characteristics of the waste stream,
commodity prices, available recycling technologies, development status of the economy, etc. An
appropriate way to approach recycling rates that are at least close to the optimum is to reconsider the
revenues generated by the recyclates.
On the one hand, a positive market value of the recyclate indicates that an actual substitution process
takes place and recycling activities beyond the current level might yield in enhanced overall efficiency.
On the other hand, negative market values of recycled materials indicate a (commercial) market
disinterest in these recyclates. In this case, the physical substitution of primary resources is subsidized by
co-payments.
In fact, recycling rates that require significant co-payments for the recyclates produced simply waste
resources that could be used elsewhere. Such a recycling regime is not sustainable in economic terms.
Given current statistics on mixed post-consumer packaging waste in Germany, one could suppose that
the optimal recycling rate has already been overshot.
It is true that the entire mass flow of packaging is recorded separately. However, this cannot be compared
with full re-utilization, which would also not be useful at all. For paper / cardboard / cardboard boxes and
for glass, strong large-volume recovery markets have developed, as illustrated by the fact that only about
20% of the dispensation premiums (i.e. input revenues of the dual disposal regime) are raised for this
waste stream. The majority is generated by the reutilization revenues.
On the contrary, light packaging (predominantly made out of plastic) is primarily a volume flow with a
relatively low weight, requiring a comparatively complex collection infrastructure with respect to volume
and container density. What is striking is that recyclates from light packaging often require co-payments
on the re-utilization side, which means that such a form of marketing is equivalent to an alternative form
of disposal. Approx. 80% of the dispensation fees must be used as gap funding due to insufficient reutilization revenues (Baum, H.-G., 2012, p 412).
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In fact, however, mass or volume-related assessments do not provide information on recycling success,
but instead a value perspective must be adopted. Thus, considerations of scarcity are automatically
included in the assessment. This context is illustrated using an example of a post-consumer product. As
a rule, many different materials are used, in many cases even as a composite, with the result that the
separation in the recycling process is rarely achieved satisfactorily. If these are resources which are not
scarce, the processing costs may be high because of the elaborate recycling, whereas the quality of the
extracted secondary raw materials tends to be rather low due to the complicated starting material, which
leads to rather small re-utilization revenues, maybe even requiring co-payments. This creates a classic
lose-lose situation. A recycling success could rather be achieved if very scarce and exceedingly valuable
substances – quite often in miniature format – are extracted and can be reutilized in high quality.
The recycling reality of light packaging in developed countries with a sophisticated waste management
system is documented below. Figure 4 shows the current mass flows in the German recycling and disposal
market for post-consumer (“lightweight”) packaging waste.
More or less 50 percent of the 2.4 million metric tons of waste captured (at significant cost) by the “Duale
Systeme”13 end in incineration plants.

Figure 4: mass flows in the German recycling market for packaging waste – "Duale Systeme"

Taking into account inevitable leakage due to fluid loss and other effects, only about one third of the
whole system throughput is (re-) utilized materially and more than 50 percent of these roughly 750,000
metric tons of recyclates are used as concrete or wood substitutes in the construction industry (e.g. sound
protection walls) or in other inferior goods.

13

The „Duale Systeme“ face the problem that just about 1.55 million metric tons of packaging waste are actually licensed and therefore directly
reimbursed by license fees but handle significantly higher volumes. However, this problem of “underlicensing” has been discussed elsewhere
(see Baum, H.-G., 2014 and Meyer, P. et al., 2016) and is not an issue in this study.
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Source: Umweltbundesamt 2016

Figure 5: application of plastic recyclates in Germany 2015

The fact that in Germany not even 20 percent of the system input of post-consumer packaging waste
recycling yields marketable substitutes results from the poor quality of the system input and,
consequently, the poor quality of the actual output.
The high level of heterogeneity and impurity of the waste streams collected by “Duale Systeme” causes
significant technical problems in the recycling process and produces recyclates that the market is not
willing to absorb at positive prices. The commercialization of these recyclates is often associated with
significant co-payments. This raises the question of the the economic rationale behind the whole
recycling effort. It is common sense but still true to claim that smaller but more homogenous and
predominantly dry input would yield far better recyclate quality with greater applicability of the recycled
materials, thereby achieving higher recyclate revenues. In other words: in the case of post-consumer
packaging waste in Germany, less recycling might be more.
Nonetheless, this static judgement may be shortsighted. As shown above, in a pure market driven
recycling regime, recycling activities are very likely to fall below the optimal recycling rate (see again
Figure 2).
Consistent product stewardship and ambitious (binding) recycling obligations encourage innovation and
investment in recycling technologies and contribute to the development of new markets – both for
recycling activities and subsequent recyclates. In the course of this dynamic learning process, recycling
cost decline and market opportunities for recyclates and therefore revenues increase. Furthermore, due
to technological change (e.g. enhanced energy efficiency of collecting and recycling of certain materials),
the ecological utility function may shift upwards over time. Furthermore, effective competition on
recycling markets enforces this innovation process. As a consequence, a more efficient and sustainable
recycling rate could be reached at lower (marginal) cost and with higher ecological utility. These dynamics
of recycling provide a rationale for (state-aided) interventions in the market by shifting the circular
economy to the next level.
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U  U = emissions reduction in the scope of collecting & recycling (e.g. renewable energy)
1

2

C  C = cost reduction due to process innovation and competition
1

2

R  R = innovation (e.g. higher quality) & development and exploitation of new markets
1

2

Figure 6: recycling as a dynamic learning process

Conclusion
Contrary to widespread public opinion, recycling is not an ecological and economic goal as such, but
rather an instrument. From an economic and ecological perspective, recycling is only effective and
efficient within limits. Not everything that appears recyclable is resource-efficient and vice versa.
Once a certain recycling rate in mixed-input (post-consumer) waste streams is already achieved, a
further increase in recycling rates may cause more harm than benefits and result in an inferior overall
performance in terms of recyclate revenues and ecological utility.
However, it is unquestionable that certain policy measures and ambitious recycling goals may
encourage investment and innovation to shift the circular economy to the next level. Any policy
measures, however, must keep the following guiding principles in mind:
o

The (potential) marginal ecological utility of extended recycling activities must outweigh the
marginal (economic and ecological) costs.

o

Significant negative external (ecological) effects of the exploitation and processing of raw
materials may justify a subsidization of recycling activities in terms of (temporary) copayments. However, there should be unambiguous potential for recyclate revenues to cover
the costs of the whole value-added chain in the longer run.

o

The market prices of recyclates must compete with those of primary raw materials.

o

The use of secondary raw materials must not adversely affect the production process or
increase the risk exposure for consumers and the environment.

o

In addition, increased attention should be paid to the quality of the specific input streams.
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