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Neill Bartie and Markus A. Reuter

Quantification of the Inconvenient Truths about the Circular Economy (CE)

Digital Twinning of Very Large Systems

We discuss the limitations to material flows from recycling in the circular economy, using as a case the simulation-based analysis 
of the CdTe Photovoltaic cells. It is important to use a simulation basis for the analysis, since this permits the quantification of all 
material losses both in terms of exergy and energy simultaneously i.e. 1st and 2nd law of thermodynamics. Harmonizing this with the 
power supply flowing into the system and minimizing energy usage as well as exergy losses will maximize the resource efficiency. 

What is the Circular Economy (CE)?

The Circular Economy (CE) concept has the noble objective of 
transforming economies from linear to circular models in which 
waste materials (traditionally reporting to landfill) are returned 
and utilized as resources as far as possible. The CE concept has 
excellent and important intentions: to stop or reduce the anthro-
pological damage inflicted upon our planet and to ensure its fu-
ture habitability. At its core lies the efficient use of all resources 
e.g. human, natural and economic. (Beaulieu et al. 2015, Reuter 
et al., 2019)

The Ellen MacArthur Foundation (2017) defines the Circular 
Economy (CE) as 

“Looking beyond the current ’take, make and dispose’ 
extractive industrial model, the circular economy is re-
storative and regenerative by design. Relying on sys-
tem-wide innovation, it aims to redefine products and 
services to design waste out, while minimising negative 
impacts. Underpinned by a transition to renewable en-
ergy sources, the circular model builds economic, natu-
ral and social capital.”

However, when translating this significant message to images, it 
is striking that neither the key extractive industry nor energy and 
exergy i.e. key physics laws that describe the variability of the CE 
system are depicted. While the Ellen MacArthur definition of a 
CE economy directs a torch and illuminates its many dimensions, 

ultimately the economic viability of the CE, as would be the case 
for any economically viable processing system, requires a deep 
understanding of all the losses, environmental impact and asso-
ciated risks from the system. These must be understood simulta-
neously and subsequently be quantified economically to ensure 
materials stay in circulation as long as possible with the required 
material quality. The laws of physics must form the DNA of all 
the formulations and simulation models (digital twins) that de-
scribe the very large complex and interconnected systems of the 
CE.

The EU’s Green Deal (2020) is an innovative leader and its action 
plan is pushing strongly towards circularity; a very commend-
able action of the European Union (EU). While the EU’s docu-
ment speaks various times of energy, it neglects to speak about 
exergy (entropy) and the resulting inevitable losses from the CE 
system. These losses contribute significantly to the economic 
performance of the complete complex and interconnected sys-
tem (Verhoef et al. 2004; Reuter et al., 2019).

The EU’s document embraces among others the CE definition of 
Kirchherr et al. 2017

“A circular economy describes an economic system that 
is based on business models which replace the ‘end-of-
life’ concept with reducing, alternatively reusing, recy-
cling and recovering material in production/distribution 
and consumption processes, thus operating at the mi-
cro level (products, companies, consumers), meso level 
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(eco-industrial parks) and macro level (city, region, na-
tion and beyond), with the aim to accomplish sustain-
able development, which implies creating environmen-
tal quality, economic prosperity and social equity, to the 
benefit of current and future generations.”

Essentially this definition encapsulates according to its authors, 
CE’s core principles: the 4R framework (reduce, reuse, recycle, 
recover), waste hierarchy, and a systems perspective; its aims: 
Sustainable Development (SD) resulting in environmental qual-
ity, economic prosperity and social equity, now and into the 
future; and its enablers: business models and consumer con-
sumption behavior (Kirchherr et al. 2017, Jawahir et al. 2006, 
Blomsma and Brennan 2017, Beaulieu et al. 2015, Homrich et 
al. 2018, Lansink 2017, Lieder and Rashid 2016). Furthermore, 
the CE embraces green economy, functional economy, indus-
trial ecology, shared value, extended producer responsibility, 
ecodesign and cradle-to-cradle thinking, amongst others. The 
United Nations Sustainability Developments Goals (SDGs) el-
egantly incorporate so many of these positive developments 
(https://sustainabledevelopment.un.org/?menu=1300). Lieder 
and Rashid (2016) identify nine fields that have to link in supply 
chain i.e. industrial ecology, environmental science, economics, 
business management, supply chain management, sustainability 
science, process engineering, law and policy, as well as social sci-
ence to harmonize activities in the complete supply chain. This 
requires an open communication between these fields (Ghisel-
lini et al. 2017, Jackson et al. 2014) to realize a flow of mate-
rial, energy, and goods with the least possible losses (Abadías et 
al. 2020).

How these losses can be estimated to analyse the performance 
of the CE system we will discuss in the following section. This 
gleans from a recent interview by Reuter (2019) entitled Design 
for Recycling – Inconvenient truths of the circular economy.

The required detail to understand  
the circular economy

A meaningful analysis of the CE can only be made if a detailed 
understanding is available of the flow of all materials and their 
embodied latent energy through the very large systems of the 
CE. First of all, fundamental thermodynamic data must be avail-
able for all the materials so that their energy flows can be esti-
mated. Most importantly the dissipation of exergy (increase of 
entropy) from the CE system – all streams are in fact energy 
flows. This makes the use of process simulation tools an impera-
tive to perform the fundamental analysis and economic optimi-
zation of the complete system that is depicted by Figure 1. This 
provides the rigorous process-engineering analysis and basis 
that enables the linkage of all the stakeholders of the CE system 
as detailed by Figure 1. This analysis underpins the complete 
supply chain from the resource to the final product, including 
the product design and End-of-Life (EoL) treatment on physics-
based foundation e.g. through the exergy dissipation from the 
system as depicted by Figure 1. This permits the linkage of the 
energy flow in the materials with the energy grid and power 
supply, harmonizing the resource efficiency and quantifying it in 
units of energy flow i.e. MWh/h or MJ/h.

Figure 1: The CE – Key challenge to harmonize the renewa-
ble energy and processing industries through digitalization to 

quantify and optimize resource efficiency on a fundamental 
basis (Abadías et al., 2020).

Figure 2: The Metal Wheel (back) depicting various losses 
(outside band) and economic recoveries of technology ele-

ments (two middle bands) on the back of various critical car-
rier metallurgical systems (inside bands) (Verhoef et al. 2004). 
Removing segments from the wheels (front wheel) i.e. carrier 
metallurgy infrastructures has catastrophic results for the CE

 (Blanpain et al. 2019, Reuter et al. 2019).

Revealing the complexity of the enabling process metallurgy inf-
rastructure of the CE is important for optimizing its performance 
and thence quantifying the losses as depicted by the outer spiral 
in Figure 1 (Residues and Exergy Dissipation). Therefore, to il-
lustrate the (in)compatibility of metals and materials, which is a 
significant driver of recovery and losses of metals that are func-
tionally combined in product design, the Metal Wheel was de-
veloped (Figure 2). The objective of this specific depiction is to 
show in a concise manner which metals and their minor me-
tals are recovered through the shown carrier metals production 
(centre band) and the inevitable losses from the system due to 
its chemistry and technology infrastructure and metals that are 
connected in design (the outside band). 
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In summary Figure 1 supported by Figure 2 implicitly and ele-
gantly link energy, entropy (thus exergy), product and geologi-
cal mineralogy, product design and extractive industry to the 
losses from the CE. The above detail knowledge has been avail-
able for many years, summarized by the UNEP report on Metal 
Recycling (UNEP, 2013). Unfortunately, Ciacci et al. (2015) still 
attempt to discuss the dissipation of elements without consid-
ering thermodynamics and complex interactions. With the de-
tailed analytical tools available it is, however, possible to show 
the true losses from intricate products (Reuter, 2016). Especially 
for the dilute elements a large amount of energy (and associ-
ated entropy creation) would be required to recover them from 
complex solutions, complex products, alloys, material combina-
tions etc. to create once again high-quality functional materials, 
their combinations and alloys that deliver the performance and 
functionality of modern technology. The work of Mendoza et al. 
(2017) hardly reaches a depth that enables the evaluation of the 
CE on a rigorous basis at a level of detail that allows for the ef-
fects of redesigns on systemic losses to be estimated. So often, 
fundamental aspects are still missing in many of the CE docu-
ments mentioned above and special editions of journals such as 
the Journal of Industrial Ecology with the editorial by Bocken et 
al. (2017). They do not critically discuss the limits of the mate-
rial and metal processing system in a sufficiently fundamental 
manner. The word entropy hardly appears in the 20 or so papers 
in this special edition on CE. This thermodynamic quantity that 
makes losses unavoidable, is not mentioned and neither fully 
understood in the context of economic feasibility of the CE nor 
in the context of the phrase closing the loop. Nor is detailed sim-
ulation analysis of the intricate and very large system based on 
fundamental understanding discussed. Fact of the matter is that 
no recycling loop can ever be fully closed!

In summary: There are large and significant knowledge gaps 
that challenge the optimization and also the digitalization of the 

CE i. e. also linking the energy and resources system together, to 
estimate the true losses (Reuter 2016). Therefore, we will very 
briefly show how such detail can be captured in digital twins of 
large CE systems. 

The digital twin of large-scale CE systems and 
their analysis

The software platforms that can describe the large systems of 
the CE have been developed over numerous years (see Reuter 
1997, Reuter and Van Schaik 2012, Bartie et al. 2020, Abadías 
et al. 2020, Fernandes et al. 2020) and have been commercially 
realized in the simulation software HSC Sim 10 (Outotec 2020). 
Into the HSC Sim software tools have been incorporated such as:

•	 Life Cycle Assessment (LCA) analysis tools that permit a di-
rect export of all simulated results to GaBi (https://sphera.
com/product-sustainability-life-cycle-assessment-lca-soft-
ware/) and openLCA (http://www.openlca.org) and

•	 detailed thermoeconomics tools that permit the detailed ex-
ergetic analysis of these large systems (Abadías et al., 2019).

Numerous cases have recently been completed to fully under-
stand the CE, of which the following are a short summary:

•	 Mobile phones and the effect of modular design on circula-
rity and resource efficiency (Fairphone 2018). A recyclability 
index has been developed and applied to visualize in a sim-
ple manner the recyclability of products.

•	 Linking of the complex resource system from mine to metal 
and NdFeB magnets to their end-of-life and back into mag-
nets (Fernandes et al. 2020).

Figure 3: The complex metallurgical infrastructure that produces the metals and residues to produce CdTe photovoltaic (PV) cells
showing the nexus energy and materials connected using process simulation tools. (Bartie et al. 2020)
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Figure 4: HSC Sim simulation model representing Figure 3, two of 19 simulation panes of the complete system are depicted 
(Abadías et al. 2020, Bartie et al. 2020) – the top figure depicting the model for primary zinc carrier process metallurgy and the 

bottom figure showing the PV cell manufacturing.
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•	 Comparison of different processing routes for residues from 
metallurgical processing linked also to cement production 
(Abadías et al. 2020).

In order to show some detail of the capability of the simulation 
platform the manufacture of CdTe photovoltaic cells is shown 
(Bartie et al. 2020). Figure 3 provides a schematic of the system 
that links the Cu, Pb and Zn production producing the technol-
ogy elements that are used for the CdTe production (see the 
Metal Wheel Figure 2 for details). In Figure 3 each carrier metal 
production infrastructure and materials are represented by Fig-
ure 1 linking all the energy requirements of the system com-
pletely. This is what has to be mapped simultaneously to under-
stand fully the flow of energy as power and materials as well as 
the exergy dissipation from the system.

The large number of reactors, flows and compounds have to be 
mapped to quantify the performance of the circular economy 
of CdTe-PV systems. This detail is best captured by a simulation 
tool as depicted by Figure 4.

Using the simulation tool, a basis is created to evaluate the per-
formance of the system. This included the environmental im-
pact using the HSC Sim LCA and thermoeconomic tools (Figure 
5). In addition, detail economic analysis of the system can be 
made based on the results of the rigorous simulation model of 
the CE system. While the exergy dissipation is shown by Figure 
5, detailed environmental impact assessment can be consulted 
in Bartie et al. (2020).

Quo Vadis?

We believe the only manner to fully understand the circular 
economy is by the use of rigorous simulation models. It is clearly 

shown that this can be done and should in future be the under-
lying method to quantify the economic, technological as well as 
the environmental performance of the CE system. Linking to the 
United Nations Sustainability Developments Goals (SDGs) is of 
great importance and should be based on the simulation tools 
briefly presented here and also discussed more comprehensively 
by Reuter et al. (2016).

While it is tempting to use black box methods such as used in 
artificial intelligence (AI) to try to optimize and understand such 
CE systems, it is not recommended. Reuter et al. (1993) showed 
that it is best to link fundamental approaches with data-AI-
driven methods applying hybrid approaches (a mix of methods) 
to always ensure that the physics is represented in the data that 
describes and calibrates the models. If the data is of poor qual-
ity and methods are used that have no physics laws embedded 
in them (such as material flow analysis) this will lead to errone-
ous results.

The path ahead must include the representation of large CE 
systems as digital twins on the basis of rigorous process simu-
lation. It is a daunting task to create the large models, how-
ever, it must be done to fully understand the losses from the 
system, especially the exergy, as these ultimately affect the 
economic viability of the CE system. All of the rigorous results 
provided by the digital twin to the SDGs have to be linked 
in a suitable manner and made widely accessible to as many 
stakeholders as possible. Multi-criteria optimization will be in-
dispensable to search for optimal solutions in a very complex 
parameter space using the results produced by the digital twin, 
achieved through a surrogate function that can be explored to 
find the optimum resource efficiency of the system as a func-
tion of the numerous influencing independent system para
meters.

Figure 5: A Sankey diagram of the exergy flow of the system produced from the HSC Sim simulation model depicted by Figure 4 – 
showing how the exergy efficiency is improved from 53 to 57 % by recycling the slags from lead and copper production as shown 

(Bartie et al. 2020).
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