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In 1911 the US Patent Office ruled that applications for perpetual motion machines would not be accepted, unless accompanied – within a year of the filing date – by a working model. Perpetual motion machines, were described as “operating without the aid of any power other than that generated by the machine itself and which machine, when once started, will operate for an indefinite time” (The Inventor’s Department, 1911)— a machine which goes round and around indefinitely without any input of energy. The Office viewed such applications as “opposed to well-known physical laws”. Today, the dream of perpetual motion and unlimited free energy lives on, but the physical laws governing motion have, thus far, refused to yield.
Perpetual motion remains a utopian ideal—a theoretical benchmark against which to pursue and measure progress, but an ideal nonetheless.

It is tempting to indulge the idea of an entirely circular economy (CE) as a practically achievable reality. A CE future is one in which waste no longer exists, one where material loops are closed, and where products are recycled indefinitely— an economy which perpetually gyrates without any input of depletable resources. For real materials and processes this is, in any practical sense, impossible. Every loop around the circle creates dissipation and entropy, due to losses in quantity (physical material losses, by-products) and quality (mixing, downgrading). New materials and energy must be injected into any circular material loop, to overcome these dissipative losses.

If circularity is an ideal state, then to maintain credibility we should avoid giving any impression of full attainability. In other domains, we adopt the prefix ‘theoretical’ to make this clear. Thus, the theoretical efficiency limit for an energy device is understood to be unachievable in practice. Given the impossibility of a perfect CE, this ideal state might be renamed the ‘theoretical circular economy’. I acknowledge the caveat diminishes pith and promise, and might complicate efforts to attract new adherents to the circular economy.


Material losses and energy inputs <heading level 1>


“A circular economy is one that is restorative and regenerative by design and aims to keep products, components, and materials at their highest utility and value at all times…”. (Ellen MacArthur Foundation, 2015). Yet, CE in practice has often downplayed or conveniently overlooked material losses and energy requirements of closed loops. Material recycling is, almost without exception, assumed to benefit the environment. However, in practice, the material losses and energy inputs associated with recycling can usurp many of its environmental benefits. Concrete is by mass the most abundant industrial material; so not one which can be ignored in any proposed overhaul of the global industrial system. Recycling concrete, by crushing it to use as aggregate in new concrete, often consumes more virgin cement than using traditional aggregates; some of which come ready-crushed. The perceived resource savings from recycling are off-set by the extra energy required to process a lower quality starting material.

In response to concerns associated with the additional energy requirements of the CE ideal, it is proffered that all energy inputs can be derived from renewable sources (Ayres, 1994). But in reality, renewables only contribute about 5% of our primary energy supply, and face significant substitution difficulties, especially in industry; such as hydrocarbon feedstocks and high-temperature heat for industrial processes. Few would find the 100% renewable energy component of the CE vision objectionable, but the benefits of such a transition would also accrue in linear economic and industrial systems. Folding such a challenging pre-requisite into the presuppositions of a CE could be seen to be misleading. Furthermore, the energy penalties described above in the concrete example, along with the extra economic growth the CE is hoped to stimulate, augment rather than diminish the already-daunting challenges for renewables.

The Ellen MacArthur Foundation describes the CE as a “new economic model [which] seeks to ultimately decouple global economic development from finite resource consumption” (Ellen MacArthur Foundation, 2015). Implicit in this vision of decoupling, is: (1) that moving from a linear economic system to a CE will lead to significant reductions in the environmental impacts associated with resource use; (2) that these reductions will facilitate economic growth, hitherto provided by linear economic and industrial systems, without the environmental impacts of resource depletion. Assuming more economic growth is desirable (a separate and unresolved debate), a CE must deliver significant reductions in environmental impacts, before we can deem the growth it provides as preferable to that sourced from the current economic system; (2) is conditional on first achieving (1).
We should therefore be wary of proposals to ‘go circular’, which put the economic growth cart, before the environmental impact reduction horse.


Measuring the circularity of resource use <heading level 1>


If a CE is accepted as a theoretical ideal, it can be used as a benchmark to measure ‘progress’ on a scale ranging from linear at one end, to perfectly circular at the other. This scale must consider the loss of both material quantity and material quality. If such a metric were to be applied to our current industrial system— particularly upstream energy-intensive process industries—we can ask: what is the current degree of circularity? And, how far could we realistically move towards perfect circularity?


Conserving the QUANTITY of materials <heading level 2>


In a perfect CE, the quantity of materials in ‘closed loops’ must be conserved. What goes into the economy must equal what comes out, and there must be no material losses from the ‘closed loop’; thus the quantity of material is always conserved.  In practice, materials are leaked from recycling loops or delayed from exiting the economy; this ‘loss’ requires the addition of new material to maintain circularity. Two specific issues make the prevention of material loss challenging.

Material stock dynamics <heading level 3>
Demand for materials is driven by the need to both replace and expand the stock of products in use. Product lifetimes create a lag between production and disposal, so that in a growing economy with expanding stocks, demands for new material outpaces the volumes available from disposal. For an economy to be completely circular, material inputs and outputs must be balanced, meaning product stocks in use must be constant or declining.

Haas et al. (2015) analysed material inputs to the global economy and found that only 42% of demanded material inputs could possibly be supplied by recycling, reuse or downcycling, due to the lag created by stock lifetimes. Even if demand for new materials plateaued immediately, it would take several decades—based on average product life times—before recoverable material outputs matched input demands.

Dissipative material losses <heading level 3>
In addition to a dearth of discarded material, only a fraction of potentially recoverable material is recovered. Haas et al. (2015) estimates that only 28% of recoverable end-of-life waste is recycled; the rest is lost as dissipation, disposed to the environment, or left in place as ‘hibernating’ stocks. Despite decades of efforts to promote recycling and reuse, only 12% of material inputs (i.e. 42% × 28%) to the global economy, by mass, are currently recovered
from discarded products.


A simple ratio () describes the combined effects of stock dynamics and dissipative losses. An value of 1, would describe perfect circularity of quantity; an economy in which input demands and recoverable end-of-life (EOL) outputs are balanced.


A static approximation of can be made relatively easily from production and EOL
recycling data. To estimate future potential, dynamic models of material stocks in use, and an understanding of material recovery potentials are required.

Conserving the QUALITY of materials <heading level 2>


Studies concerning the quantity component of circularity are numerous in the literature. The quality component has received somewhat less attention. The second law of thermodynamics stipulates that the total entropy (disorder) of an isolated system always increases over time. In contrast to the illusive perpetual motion machine, entropy increases are always present in material processing due to mixing, downgrading, and downcycling processes. Additional energy input is required to halt this material entropy increase, and return the recovered materials back to their original useful state. Recycling a shredded vehicle for example, requires energy to collect, sort and remelt its constituent materials, before they can be used in manufacturing again. Material downcycling occurs when it is not economic to restore materials to their original quality, for example, when wrought aluminium alloys are melted to produce lower-grade casting alloys. Material upcycling, in the thermodynamic sense, is possible if even more energy is added to upgrade the material quality.

Two guiding questions to ask when assessing end-of-life options for waste materials or products are: how much energy is required to restore the recovered material back to the desired material or product? And, how does this quantity compare with obtaining the desired material or product from virgin or primary sources? In some cases, little energy is required to reuse a discarded product, for example, second- hand clothing. In other cases, the energy required to recover the materials is more than the energy required to process virgin material, such as the concrete/aggregate example above.

Many common recycling processes degrade and destroy material structure, requiring energy intensive melting and recasting processes to restore material quality. A simple ratio, 𝛽, can be used to quantify the energy needed for material recovery, relative to the energy required for primary material production from virgin ore. 




A value of 1 for 𝛽 would describe perfect circularity of material quality; an economy in which no loss of material quality occurs with each recovery cycle. The ratio 𝛽 is considered optimistic, as most materials cannot be recycled indefinitely without degradation in the material quality, forcing downcycling. For example: trace copper in scrap steel restricts use of scrap in sheet metal applications; paper fibers are shortened with each recycling loop; recycled plastics are typically unsuitable for food uses; thermoset plastics cannot be recycled; the substitution of recycled concrete aggregate is limited by fraction in most concrete grades; silicon in aluminum limits use to cast alloys.

How far are we from perfect circularity? <heading level 1>



Table 1 provides rough estimates of and for four energy-intensive materials. These ratios are then multiplied to give:
Circularity Index, CI  = 𝛼𝛽
which is a back of the envelope estimate of material circularity that takes account of losses in both quantity and quality when reprocessing materials.
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	Table 1
	Steel
	Concrete
	Plastic
	Paper
	Aluminum

	Recovered EOL material (Mt)
	298
	660
	28
	156
	11

	Total material demand (Mt)
	1,500
	32,800
	299
	408
	54

	
	0.2
	0.02
	0.09
	0.38
	0.21

	Energy required to recover material (MJ/kg)
	6.7
	3.4
	9.6
	23.4
	7.6

	Energy required for primary production (MJ/kg)
	21.7
	3.4
	38.4
	26.2
	174

	
	0.69
	0
	0.75
	0.11
	0.96

	Circularity Index, CI
	0.14
	0
	0.07
	0.04
	0.20



Notes: = recovered EOL material / total material demand. = 1 – energy required to recover material / energy required for primary production. Circularity Index (CI) = , maximum value =1. Data sources: Material estimates from various sources (~2014); energy intensities, best practice, mostly from Worrell et al. 2008); steel (worldsteel) EOL material excludes home/prompt scrap; concrete (CSI) EOL includes recycled concrete aggregate (RCA), and requires equal amounts of cement/energy to bind crushed aggregate in recycled concrete; plastic (various) mass for PET, PS, PVC, HDPE, LDPE, PP, other, energy values for PET (indicative); paper (CEPI) energy for graphic papers/newsprint, packing/board, sanitary/tissue, weighted by mass;  aluminum (World Aluminium), EOL material excludes home/prompt scrap.

The results give an initial indication of the gaps between theoretical circularity (CI = 1), and the reality for four important energy-intensive materials (CI<< 1). This suggests, from an energy standpoint, there are significant challenges with transitioning to a circular economy at any significant scale.

Refine rather than re-package <heading level 1>


The principles underpinning the pursuit of a CE are not at odds with the ideas and methods of industrial ecology (IE)—far from it—the IE community has long been committed to maintaining the value of materials in the economy, by promoting longer life products, efficient recycling processes and waste reduction, among other tools and strategies. However, when presented as a practical reality, without careful explanation of limits and the circumstances in which it can succeed, the CE re-packages IE principles in a reductive manner, potentially misleading industry stakeholders and consumers. Proponents of CE often fail to consider issues of material loss and the additional energy input needed to sustain circularity. For the most part, the novel solutions the CE purports to provide in the handling of materials, merely shift impacts to the energy domain. And CE offers little insight on the challenges faced by the world’s energy system, aside from sweeping implicit assumptions about the prospects of renewable energy penetration. 

However, a CE, if refined and presented as a theoretical benchmark, could offer a powerful framework for measuring and pursuing progress in IE. What is required, is more detailed systems analysis of material and energy flows in linear and circular economies, and a deeper understanding of the practical limits to circularity imposed by thermodynamics and recovery processes. Without such analysis and insight, the CE vision risks becoming just another perpetual motion dream.
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