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Executive Summary 

The Linear Economy (LE) is showing signatures of stress and strain, where the paradigm of exponential 
growth and the perception of unlimited natural resources is now facing resistance to further economic 
growth.  In 1972, the Club of Rome released their Limits to Growth report.  An update study in 2004 
projected historical data (1970 to 2000) onto the Limits to Growth study outcomes, which showed the 
industrial ecosystem is tracking the Base Case Scenario.  This implies that the global industrial ecosystem 
will soon peak in production per capita, then contract in size from that peak.  It is appropriate to transform 
this current system into something else.  This transformation process has already started, but not 
necessarily in a way to help society in context of long terms sustainability. 

Circular Economy (CE) as a proposed solution is a good start but ultimately not a viable replacement in its 
current form.  This is due to the CE not being able allow for economic growth or human population growth, 
yet still develop a system based around recycling only.  The mining of minerals is considered not relevant 
as it is to be phased out.   

Usually, the CE is presented in very vague terms without much structural detail, or context to map details 
onto.  It could be that the CE has not been thought through in this manner, and policy makers have been 
waiting for a more structured counter proposal like what is presented in this report. 

The logistics associated with the net Energy Returned on Energy Invested for each physical action is not 
considered in the Circular Economy in its current form.  The true energy cost of the extraction (be it mining 
or recycling) of resources needs to be embedded into decision making.  Due to energy becoming more 
expensive (ERoEI), extracting, refining metals and the manufacture of products will become more difficult.  
As the sourcing of metals and plastics become more expensive, some form of the accounting of what 
resources are used, where and why is required.  Conventional economics market forces will not be of use 
because the true cost of the whole value chain is generally not included.  An example of this is waste 
disposal in a local area.  Currently large volumes of waste are exported to other countries for disposal 
where costs are lower and environmental restrictions are more lenient.  If an economy was truly circular, 
all waste would be disposed of within that economy, not exported. 

There is a clear need for a methodology and a system to manage the handling of resources and their 
consumption that allows for the true accounting of the energy required in a balanced form. 

This report proposes a solution that is an evolution of the Circular Economy, that accounts for the 
embedded energy requirements of resource management.  This is a form of a Resource Balanced Economy 
(RBE), where the flow and management of resources is optimized against technological applications and 
the demand requirements of society.     
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The proposed Resource Balanced Economy is an evolution of the Resource Based Economy, with 
the integration of exergy as a limit derived decision tool.  The original concept of the Resource 
Based Economy is the development of a system over time, where all resources, technology and 
services are available to everyone in the human population.  This is deployed without the use of 
money, credit, barter, or servitude of any kind, while maintaining basic human rights like privacy 
and free speech.   For this to be attained, all resources must be declared as the heritage of all 
humans in a global context.  All resources are defined as existing valuable commodities subject 
to mining, and the waste side stream secondary resources.  The proposed Resource Balanced 
Economy is an evolution of this, which includes a thermodynamical exergy term as a limiting 
metric to produce a practical system. 

The paradigm for the proposed Resource Balanced Economy is the convergence towards long 
term resource sustainability, through the maximum effective use of each resource, with logistical 
energy constraints applied.  The architecture of this RBE is developed with six dominant 
considerations that could be developed as structural parts of the economic system. 

1. Resource accounting 
2. Management of dynamic equilibrium 
3. Strategic design 
4. Statistical entropy coupled with material flow analysis of each resource 
5. Biophysical signatures 
6. Technology application evolution/devolution over time 

Industrial ecology concepts like thermodynamics, exergy and biomimicry are proposed, using 
systems network theory.  At a foundation level, uncertainty could be allowed for, with the use of 
fuzzy logic and/or neural networks. 

An evolution of how raw materials are characterized is recommended.  A unified characterization 
protocol, capable of mapping samples from all parts of the value chain (from mineralized ore to 
recycled waste) for each mineral, metal, or material is proposed.  Related minerals, metals, or 
materials characterized in this fashion would become what is proposed to be the Materials Atlas. 

A series of system maps are proposed to be developed, tracking the industrial steps in 
transforming a natural raw material (for example mineralized ore) into a refined chemical or pure 
metal.  Another series of system maps are proposed to track the industrial steps in the use of 
refined chemicals and pure metals in the manufacture of a technological unit (like a computer or 
wind turbine).  A further series of system maps are proposed to optimize how society would use 
technology units together to perform a useful task (like the supply of electrical power to 
consumers). 

In the Circular Economy, generally systems architecture of only one material life cycle loop is 
considered, based around recycling of waste.  The proposed RBE has three Raw Material Loop 
Cycles.  RM Loop Cycle A is the mining and refining of minerals to manufacture to waste handling.  
RM Loop Cycle B is the valorisation or the remining of industrial waste streams, to manufacture, 
to waste handling.  RM Loop Cycle C is the recycling of waste streams to manufacture, to waste 
handling.  All three RM Loop Cycles are merged into a single system that dynamically interacts.   

    

 



 Restructure the Circular Economy to Resource Based Economy 
 

 

 
                                                 1.1.2021  

 

 

Geologian tutkimuskeskus | Geologiska forskningscentralen | Geological Survey of Finland 

 
 

The controlling paradigm that guides the use of the system maps and characterization protocols 
is to be thought through carefully.  This involves a subtle redirection of the 4th Industrial 
Revolution paradigm.  A series of control systems are proposed, where the controlling paradigm 
would administer an Artificial Intelligence guided Machine Learning network (or similar tools) to 
manage complex data streams.  Block Chain technology (or similar tools) is recommended to be 
used to track and trace the flow of materials through the value chain and through the whole 
industrial ecosystem. 

If it comes to pass that the global energy sector does transition into a low energy future, the 
proposed RBE could be a way of managing the inevitable reduction in complexity of the industrial 
ecosystem, in a way that allows an equitable outcome for society.  This report proposes the 
starting point for the development of a form of Resource Based Economy.  This system has the 
potential to manage more effectively technology and its supporting resources in a low energy 
future.  It is hoped that this system could address some of the wealth inequalities in current 
society.  

This proposed RBE involves a change for several existing paradigms.   

¶ The relationship between the industrial ecosystem and fossil fuels and the mining of minerals is 
to be quantified into a more realistic posture.   

¶ It is now recognized that to construct a substitution system for the current fossil fuels powered 
infrastructure will require a historically unprecedented supply of metals and raw materials.   

¶ It is recognized that as this new replacement system (CE or RBE) is not yet constructed, recycling 
cannot supply those metals and raw materials.   

¶ It is recognized that the mining of minerals is the most practical way of supplying the needed 
resources due to required volumes of demand, and also could have a lower ERoEI than recycling. 

¶ Current production rates are not enough.  Existing mineral reserves need to be transformed into 
producing mines.   

¶ The long term consumption requirements of minerals may exceed global reserves in their current 
form.   

¶ More exploration will be required.  As all nation states in the world are in a similar predicament, 
access to mineral deposits could become more difficult.  It may become necessary for Europe to 
be explored for mineral deposits. 

¶ It is possible that a European mining frontier will have to be developed, complete with a self-
sufficient refining and smelting capacity 

It is recommended that a simple and small version of this system be developed, which could later 
be nurtured into a more complex system with a wider catchment scope.  To start this process, it 
is proposed to bring together technical professionals in the data intelligence parts of these 
ǘŜŎƘƴƻƭƻƎȅ ǎŜŎǘƻǊǎ όǘƘƻǎŜ ǘƘŀǘ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ŎƻƴŎŜǇǘǎ ƛƴ ǘƘƛǎ ǊŜǇƻǊǘύΦ  Iƻǎǘ ŀ Ψ{ŜǾŜƴ {ƛǎǘŜǊǎ ƻŦ 
Industrial Data InteƭƭƛƎŜƴŎŜΩ ŎƻƴŦŜǊŜƴŎŜΣ ǿƘŜǊŜ ŀ ǊŜǎǇƻƴǎŜ ǘƻ ǘƘƛǎ ǊŜǇƻǊǘ ƛǎ ǇǊŜǎŜƴǘŜŘ ŦǊƻƳ ŜŀŎƘ 
sector.  From this conference, assemble a development team of people and start the process of 
creating this conceptual data management system.  Once developed to a state of stability, the 
developed RBE industrial ecosystem could be merged with other networks to include 
communications, food supply, potable water, sewerage sanitation and monetary financial 
systems. 

These ideas have implications and opportunities for GTK, which is well positioned to contribute 
to the development of the RBE and assist our stakeholders as society navigates these challenges.  
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Both of these quotes are pertinent to the task before us 

 

 

 

 

 

 

What are immutable foundations of human health and prosperity, and how do we 
construct a system which meet those needs for the entire human population, 

understanding we live on a finite planet, while ensuring the sustainability of this habitat 
for future generations? 

- Peter Joseph, The Zeitgeist Movement 2010 

 

 

 

The inevitable energy transition away from high quality fossil fuels to lower quality, more 
expensive energy formsτwhich will be completed well before the close of this century, and 
quite possibly much earlierτwill force a paradigm shift in the organization of civilization. 

- Nafeez M. Ahmed 2017 
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1 INTRODUCTION 

The Circular Economy (CE) dominates any European sustainability discussion.  Any application of any given 
raw material is examined in this context.  This is true for any mined mineral primary resource or any recycled 
secondary resource.   

The current system, Linear Economy (LE), is based on economic growth, with monetary value as the metric, 
is in a state of stress in multiple sectors.  There is a very real need to develop a replacement system to a 
practical level of operation while the current system is still productive. 

It is also apparent that the Circular economy is structurally flawed.  The visible flaws have serious implications 
and mean our best and brightest scientists and engineers are working on the wrong projects.  This report 
will attempt to discuss these flaws.  A replacement for the existing system is also needed.  The current 
system, that the Circular Economy was designed to replace, is seriously unbalanced and unsustainable.  So, 
the flaws of the Circular Economy need to be understood, then in a new system is proposed that would 
attempt to address those flaws. 

 

Figure 1. The Circular Economy to develop the future European industrial ecosystem 
(Source: EIT Raw Materials) 

 

The creation of a truly sustainable system is the creation of optimal industrial ecological systems with 
optimally linked best available techniques and methodologies.  This must maximize the recovery of materials 
from mineralized ores and industrial waste residue recyclates within the boundaries of consumer behavior, 
product design/functionality, thermodynamics, legislation, technology, and economics.  

This report presents an evolution of the Circular Economy in the form of a Resource Balanced Economy (RBE). 

 

2 THE CIRCULAR ECONOMY 

The Circular Economy was proposed in 2010 (European Commission 2010) to address the perceived flaws of 
the existing raw materials supply system in context of sustainability and environmental impact.  It was 
proposed that the CE would alleviate the impact of human activity on the environment as a result of an ever-
increasing demand of raw materials.  The majority of developments of the CE since 2008, has been a variation 
of Figure 2. 
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Figure 2. The Circular Economy 
(Source: European Commission 2019 March 4th, Ellen McArthur Foundation) 
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The author spoke to someone who was at the very first Circular Economy meeting in 2008.  This man told 
him the thinking at the time was quite clear.  The European Commission was concerned about raw materials 
supply for certain European businesses (he would not elaborate which ones but suggested they were all 
positioned for technology leadership market share in their respective fields).   

¢ƘŜ ŎƻƴŎŜǊƴ ǿŀǎ ƴƻǘ ōŜƛƴƎ ŦŀŎŜŘ ǿƛǘƘ ŀ ƳƛƴŜǊŀƭǎκƳŜǘŀƭΩǎ ǎƘƻǊǘŀƎŜ ƛƴ ŀ Ǝƭƻōŀƭ ŎƻƴǘŜȄǘ ǎƻ ƳǳŎƘ ŀǎ 9ǳǊƻǇŜ ƴƻ 
longer controlled any of these raw materials sources.  The unspoken (but very clear) primary underlying issue 
was that one nation (China) dominated supply of most of these raw materials.  Figure 3 below captures the 
true concern that motivated the formation of the Circular Economy, the CRM list and the H2020 project.  See 
Appendix A ς Chinese Corporate Investment & Mineral Supply Global Market Share Footprint.  

 

 

 

Figure 3. Global supply of EU Critical Minerals and Metals 
(Source: SGU) 

 

This is also shown in Figure 4 with the example of natural graphite and Figure 5 for magnesium metal. 
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Figure 4. Annual Natural Graphite Production 1998 to 2017 
(Source: Michaux 2018a, USGS) 

 

 
 

Figure 5: Global production of magnesium metal.  This figure excludes the United States as data has been withheld since 1998 
(Source: Michaux 2018b, USGS) 
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Figure 6 shows a graphical description of the Circular Economy, where it was recognized that the raw 
materials value chain started with mineral exploration, and there is waste generated at each stage.  As can 
be observed, it is not actually circular.  

Currently, the European mindset still does not allow for exploration or mining to be considered as a sensible 
activity, favouring recycling instead. 

 

 

Figure 6. The Circular Economy accounting for primary resource extraction 
(Image: Alan R Butcher) 

 
 

2.1  The Critical Raw Materials list 

As part of the development of the Circular Economy, a list of metals, materials and minerals was developed 
(Deloitte et al 2017) called the CRM list.  The purpose of the CRM list (Table 1) was to track the production 
challenges faced by European industry. 

At the time of the establishment of the first CRM list, a policy decision was made not to examine energy 
resources (oil, gas, coal, and uranium).  The logic behind this decision was the European Commission could 
advise what nation states could do with data for mineral supplies consumption, but energy resources 
consumption was to be the affair of each nation member state only.  This decision was enforced by the 
Commission from the beginning.  This paradigm was still in force in 2018/2019 when the author was working 
for the SCRREEN project, where even discussing energy resource consumption was discouraged.  There was 
the belief that others were attending to this task and it was of no concern.  This was the motivation to write 
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the report Oil from a CRM perspective (Michaux 2019), to the purpose of examining exactly what was the 
status the Electric Vehicle Revolution was to replace. 

This meant that not only was the CRM list mapping the previous four years of production data (not future 
demand) but it had excluded energy resources.  This is a problem as energy is the master resource, that 
without which, no physical activity of industrial production is possible.  This highlighted a very clear blind 
spot that professional analysts developing European long term sustainability all had as a self-reinforcing work 
culture. 

Table 1. The 2017 list of Critical Raw Materials (Source: Deloitte et al 2017) 

 

Figure 7 below shows the Critical Raw Materials list (from Table 1) shown in context of economic importance 
and supply risk.  These estimates for each CRM material are done on the previous four years of production 
data.  They do not look to future demand.    

 

Figure 7. Economic importance and supply risk results of 2017 criticality assessment  
(Source: Deloitte et al 2017) 
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An alternative perspective is the CRM list developed and maintained by the DERA group (A department of 
BGR) in Germany.  The DERA mission is to contribute to a secure, affordable, and sustainable mineral raw 
material supply for Germany.  Considering the energy transition (batteries) and further key and future 
technology developments, they evaluate commodity markets and international mineral supply sources. 

Each Critical Raw Material (CRM) that is relevant to supply the German industrial eco-system is examined 
both upstream and downstream from any given point in its market presence.  An effort is made to map the 
past, present and future of each individual mineral.  The stages looked at in varying degrees of depth are: 

¶ Deposit resources and reserves 

¶ Mining of deposits 

¶ Refining of metal 
 

This however is down in a purely market reporting context.    The desired level of precision is a market macro 
trend and pattern diagnosis only.  The collect numbers from investment reports only.  The CRM map of 
economic importance vs. possible supply risk is updated each year with DERA data, from an industry needs 
context (Figure 8).  This looks a little different to the conventional map that is often used in H2020 
publications.   What is curious is the position of gold (Au) in risk group 1.  This highlights the focus of this 
work.  Gold is not that necessary for industry needs but is of great geopolitical importance. 

 

 

Figure 8Φ  ¢ƘŜ 59w! ƳŀǇ ŦƻǊ /waΩǎ 
(Source: DERA 2016) 

 

While Figure 7 was based around the paradigm of securing European businesses, Figure 8 is based on the 
paradigm of what German industry requires. 

¶ Rates of recycling 

¶ Market price and volumes 
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3.   THE LINEAR ECONOMY 
The Circular Economy was designed to replace the Linear Economy (Figure 9).  This was the system that 
evolved out of the industrial revolution phases IR1, IR2 and IR3.  The basic formula was the raw materials 
needed for manufacture was sourced by mining of minerals only, and growth that later has been shown to 
be exponential.  Waste products were dumped into landfill, or simply abandoned at the point of being 
discarded.  Recycling was a very limited activity.  All energy sources were fossil fuel non-renewable finite 
natural resources (oil, gas and coal). 

 

 

Figure 9. The Linear Economy 
(Image: Simon Michaux) 

 

At its foundation, the Linear Economy was and still is based around the consumption of natural resources, 
which were considered to be infinite.  The very idea that there might be system based limits to the global 
extraction of resources is considered foolish by the current economic market.  Figure 9 should be put in 
context of Figure 10, that shows human population growth and energy consumption growth. 
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Figure 10. Estimated total resource consumption by each person in American society across their lifetime, 2018 data 
(Source: U.S. Mineral Education Coalition) 

 

The volume of manufacture was influenced by the consumption demand of products.  Growth and expansion 
with no considered limits of any kind was the underlying paradigm.  The Linear Economy was made possible 
with the harnessing of fossil fuels, a cheap abundant energy source.  Oil in particular was the most 
calorifically dense energy resource the World had ever known.    

This system would have continued if certain limitations had not become apparent.  In Europe, development 
of land use made it very difficult to justify landfill waste disposal.  For a short time, some waste was shipped 
to the Southern Hemisphere for disposal.  The catalyst for the development of a new more sustainable 
system was the realization that almost all of the Critical Raw Materials was sourced outside of Europe.  So, 
both the primary raw material extraction and the waste disposal parts of the Linear Economy became a 
perceived difficulty for the future of Europe. 

From a systems point of view, the Linear Economy is showing signs of stress and strain.  The logical 
progression would be the transformation of the Linear Economy into something else, that was structured to 
manage the limits of resource consumption, and resource stewardship more effectively (Taylor 2008). 

The genius of the Circular Economy was to merge these two bottleneck points in the linear value chain, 
where the output of one could be the input of the other.  Just so, recycling became the strategic important 
technology to develop. 

 

Bauxite
1 001kg

Otherminerals
and metals
19.8 tonne

Gold
60.34g

Coal
158 tonne

Clays
5 076kg

Cement
23.4 tonne

Natural Gas
195 952m3

Lead
393kg

Iron Ore
8.7 tonne

Salt
12 tonne

PhosphateRock
6.97 tonne

Petroleum
2.775 billion litres

Copper
464kg

Zinc
215kg

Stone, Sand & Gravel
581 tonnes

Total consumptionover the lifetime: 
1,37 million kilogramsof minerals, metalsand fuels
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