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The world’s population is constantly growing, the global stand-
ard of living is increasing, urbanisation is developing on all 
continents and both the digital transformation and the neces-
sary energy transition are underway. These different “societal 
phenomena” have in common that they exponentially increase 
the need for raw materials (metals and other minerals).

For example, the demand for certain strategic metals for 
manufacturing batteries required for electric mobility and 
the energy transition is expected to explode. According to 
the recent raw material score board (2021) from the Euro-
pean commission, the lithium demand will increase by a 
factor of 20 in 2030; an increase by 5 is expected for cobalt. 
Projections for copper use show that consumption in the next 
25 years will be higher than the total cumulative consump-
tion since the Copper Age (during the Neolithic).

To meet these supply challenges whilst respecting the 
major sustainable development goals adopted by the United 
Nations, it is necessary to improve the resource efficiency, 
meaning using the Earth’s limited resources in a sustain-
able manner whilst minimising impacts on the environment: 
delivering greater value with less input. In other words, 
R&D action must help to improve the environmental and 
societal efficiency of extractive activities, to optimise the use 
of metals and materials throughout their life cycle by reduc-
ing losses, and finally to set up recycling processes as part 
of a circular economy. The shift from a linear to a circular 
economy is imperative to ensure that the economic growth 
is not only based on the use of natural resources.

In Europe, the “circular economy package” (http:// data. 
europa. eu/ eli/ dir/ 2018/ 851/ oj) and, in France, the “circular 
economy roadmap” (FREC) (https:// www. ecolo gique- solid aire. 
gouv. fr/ feuil le- route- econo mie- circu laire- frec) support this tran-
sition. In order to reduce the pressure on natural resources, and 

in particular the production of metals and materials from pri-
mary deposits (mines and quarries), many secondary resources 
or resources derived from recycling have been identified and 
integrated into supply chains (mining waste or tailing, waste 
and scraps from the industry and in particular the metallurgy 
industry, end-of-life products). However, it will be impossible 
to answer the needs from this secondary supply because of the 
demand growth, the inevitable losses of materials at all stages 
of their life cycle and the length of time they remain locked in 
the anthroposphere (Labbé 2016).

From a technical and scientific point of view, there are many 
commonalities in the issues related to the valorisation of these 
different mineral raw materials. Whether primary (mine), sec-
ondary (tailing and industrial waste and scraps) or end of life 
products (urban mines), these resources are all complex, multi-
element solids requiring a reduction in particle size (powdering), 
separation to concentrate the recoverable fractions and finally 
extractive metallurgy (for metals) to ensure their recovery and 
reuse. Correctly characterising complex polymetallic objects, 
limiting energy and water consumption and inputs, minimis-
ing the production of secondary waste (liquid effluents or solid 
residues), adding economic value to by-products and reducing 
emissions into the environment are major common challenges 
to overcome in order to ensure an efficient treatment of all these 
different mineral resources, throughout their life cycle.

The objective of this paper is not only to show the com-
mon challenges faced by ore and waste treatment technolo-
gies but also to highlight some specific innovation needs 
associated with each resources depending of their origin 
(primary secondary end of life).

Primary, secondary and recycled raw 
materials: from resource to deposit

When the first debates on the risks to metal supplies in 
Europe started a long time ago, some imagined that we 
could substitute the production of metals from primary 

 * Patrick D’Hugues 
 p.dhugues@brgm.fr

1 BRGM France, Orleans, France
2 CEA/DES/ISEC France, Marcoule, France

http://data.europa.eu/eli/dir/2018/851/oj
http://data.europa.eu/eli/dir/2018/851/oj
https://www.ecologique-solidaire.gouv.fr/feuille-route-economie-circulaire-frec
https://www.ecologique-solidaire.gouv.fr/feuille-route-economie-circulaire-frec
http://crossmark.crossref.org/dialog/?doi=10.1007/s13563-022-00338-y&domain=pdf


 P. D’Hugues et al.

1 3

resources (ores) with recycled metals. However, it is clear 
that the potential resources represented by the millions of 
tonnes of waste generated by human activities are not nec-
essarily exploitable under current technical and economic 
conditions. In mining, the distinction between “resource” 
and “reserve” is fundamental. If these millions of tonnes 
of waste can be considered as a resource, they are far to 
be considered as reserves. A reserve is an identified min-
eral concentration (a deposit, if it has been located) that is 
economically, socially and environmentally exploitable. 
Therefore, great caution should be exercised when com-
paring a metal demand with the potential amount of such 
a metal in urban mines. By analogy with the mine, the first 
requirement is a perfect knowledge of the waste deposits. 
Then viable recycling processes will have to be developed, 
taking into account the specificity of their geographical 
dispersion and the evolving composition of the objects to 
be recycled. The implementation of sustainable long-term 
and profitable waste management and reuse solutions is 
therefore based on (i) the ability to properly sample and 
characterise the potential waste deposits (in quantity and 
quality) (ii) and the ability to collect high volume of waste 
over a long enough period to justify the Capex and Opex 
of a recycling plant.

In spite of numerous works of the producer responsibil-
ity organisations and other actors of the recycling sector 
involved in the recycling of waste electrical and electronic 
equipment (WEEE) (ADEME 2018), sampling and char-
acterisation of urban mine deposits are still problematic. 
The theory of Pierre Gy (1992), widely used for the sam-
pling of fragmented materials (ores, etc.), does not directly 
apply to post-consumer waste. Some work is necessary to 
develop specific “material model” dedicated to the object 
category studied.

Beside the challenge on urban mining, it is also impor-
tant to note that to date, mining and mineral processing 
wastes, especially historical wastes, have been poorly 
sampled, with little or no characterisation. Although their 
location and associated risks (metals in effluents, acidic 
drainage) are well covered by the European directive on 
waste from the extractive industries (Directive 2006/21/
EC), the potential for treatment as a by-product remains 
poorly studied. For the last 10 years, several European 
projects (FP7-Promine (http:// promi ne. gtk. fi/), Era-Min 
ENVIREE (http:// www. envir ee. eu/ home/), H2020-Pro-
sum (http:// www. urban minep latfo rm. eu), H2020 NEMO 
(https:// h2020- nemo. eu/), etc.) have been carried out to 
assess the metal content of these wastes and to propose 
some technical solutions. However, to date, industrial 
actions to treat produce value from those wastes remain 
opportunistic and are still mainly focused on processing 
mining waste containing gold.

Some examples targeting other metals such as copper or 
cobalt are describe in a recent publication from the JRC 
(Blengini et al. 2019). The recovery of zinc and lead ores 
from post-flotation waste in Poland is currently on going in 
ZGH Bolesław, Poland.

The issue of wastes from the manufacturing industry 
(scraps and production wastes) is somewhat different: whilst 
there may be strong similarities between these wastes, the 
ability to pool them to achieve the volume necessary for the 
development of treatment processes that would be profit-
able is still an issue. The main reason for that is that the 
confidentiality associated with the industrial operations that 
generate them.

With regard to objects that have reached their end of life, 
sampling and characterisation methodologies (chemical and 
structural) are being developed to take their complexity into 
account. Whilst complex polymetallic ores (that are increas-
ingly mined) may contain six to ten different metals, WEEE 
often contains more than forty. The concept of metals that 
are associated with the base metals, the main value carriers, 
is well known and partly exploited by the mining world. In 
the field of recycling, this is still a characterisation issue 
when it comes to metals, often strategic, found in low con-
centrations in complex matrices. The collection of data on 
the presence and quantification of these strategic metals in 
three main streams of the Urban Mine (end-of-life vehicles, 
WEEE and batteries) has been undertaken within the frame-
work of the European H2020 Prosum project (http:// www. 
urban minep latfo rm. eu). However, the obstacles regarding 
the long-term access to detailed information from product 
content remain to be overcome as most of the data are dif-
ficult to collect and often confidential.

Mineral processing/metallurgy 
and recycling: common challenges 
and specificities

Beyond the notions of resource and reserve, the traditional 
extractive industry (mines and quarries) and the world of 
waste treatment and recycling implement similar processing 
technologies.

Some mineral processing and metallurgical concepts 
associated with ore processing can be transferred to the 
exploitation of mining, metallurgical and manufacturing 
waste and also to the treatment of post-consumer waste. 
These processes face common constraints and challenges 
such as (i) increasing complexity of solid matrix; (ii) recov-
ering more substances such as the associated metals present 
in small to very small quantities; (iii) limiting inputs (energy, 
reagents, water) and impacts on humans and the environment 
and (iv) limiting the production of fine (< 20 µm) to very 
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fine particles that are difficult to manage in the recovery and 
recycling circuits.

However, in view of the growing complexity of these 
materials and the complexity (and costs) of the processes 
to produce pure materials aligned with the market organisa-
tion, the need for specific innovations (particularly disrup-
tive innovations) is becoming increasingly important. These 
innovations can be on the process technologies themselves, 
on the organisation of the plant (small, modular, mobile, 
agile) or on the value chain itself by adapting the processes 
to produce a material taking into account the final use of the 
recycled metals in terms of purity and expected chemical 
form. Some recycling processes should be better adapted 
to the final use of the recycled materials and not necessary 
target pure metal production.

During the size reduction (or “comminution” by crushing 
and then grinding) of ores and concentration (by physical 
or chemical sorting), the challenge is to achieve the mineral 
release grind size of the recoverable substances and to set up 
the different and separate operations needed to concentrate 
the value. Comminution is particularly critical in the energy 
balance of mineral processing (more than 50% of the energy 
needed to produce a metal is spent at this stage with an effi-
ciency of barely 5%). In addition to energy efficiency, the 
challenge of ensuring material efficiency and the reduction 
of final waste is now emerging. Various European initiatives 
such as Horizon 2020 Nemo and Iterams (http:// www. itera 
ms. eu/) have been working in this direction.

Mineral processing tails have the advantage of having 
already undergone a significant reduction in particle size. 
The energy required for its recovery is therefore greatly 
reduced, although the lower metal concentrations and their 
dispersion in the matrix can strongly affect and reduce this 
benefit.

In the field of recycling, an issue often neglected in 
R&D programmes is the development of separate physi-
cal and physico-chemical treatment operations prior to 
the extractive metallurgy stages. One of the major issue 
is to find the good balance in between the manual dis-
mantling operations which are often accompanied by a 
depollution action such as removing cryogenic greenhouse 
gases or toxic metal vapour or layers (mercury), specific 
to the treatment of end-of-life objects and the mechanical 
treatment operations (shredding/grinding) to reduce the 
particle size of the wastes. These mechanical treatment 
operations are generally followed by several physical sort-
ing stages (by optical sorting, magnetic separation, eddy 
currents or flotation). In France, a lot of studies (ADEME 
2017) have investigated the recycling of components of 
WEEE (electronic cards, capacitors, magnets, LEDs, bat-
tery electrodes) but the methods for recovering these com-
ponents by shredding and selective sorting have been too 
rarely studied despite their importance. Nowadays, many 

research teams are developing solutions for recycling of 
Li-ion batteries from various equipment; most of them will 
focus on the separation and purification of the elements of 
interest once concentrated in the black mass but less on 
the mechanical dismantling operations needed upstream.

After the processing of ores or wastes, two main refin-
ing technologies (extractive metallurgy) are used to 
recover value: pyrometallurgy and hydrometallurgy.

Pyrometallurgy exploits the chemical reactions that take 
place between minerals in solid state or melted and gases 
during processing in a high-temperature furnace. This 
approach is extremely efficient but requires large quanti-
ties of materials to be processed and high concentrations 
of recoverable metals in order to be viable. It is carried out 
in very large facilities and requires major investments and 
extremely complex treatment of the gases produced. This 
treatment is accompanied by the loss of any metals with a 
strong affinity for oxygen in the slag.

Hydrometallurgy is based on converting metals into 
aqueous species (in ionic form) by dissolving the car-
rier minerals. This leaching stage (chemical, biologically 
catalysed, sometimes under pressure, in acid or basic 
conditions, oxidising or reductive) is followed by various 
liquid-phase refining stages (precipitation, solvent extrac-
tion, electrolysis) of varying complexity depending on the 
composition complexity of the so-called Pregnant Leach 
Solution and on the metals to be recovered. Some met-
als such as gold or silver are sometimes concentrated in 
the residual solid fraction and have to be extracted in a 
second step. Hydrometallurgical techniques are generally 
more flexible, applicable on site and suitable for polym-
etallic matrices. Compared to pyrometallurgy, hydromet-
allurgy often significantly reduces the indirect environ-
mental impacts associated with energy demand or gaseous 
emissions. However, it consumes significant quantities of 
chemicals and may have impacts on water resources (in 
terms of quantity and quality) and can generate quantities 
of metallic sludge.

In Europe, the recycling of metals (base metals, precious 
metals or technology metals), whether from industrial waste 
or urban mining, is mostly carried out by large groups such 
as Umicore, Aurubis or Boliden using pyrometallurgical 
processes that were initially developed to treat metal ore 
concentrates.

In 2018, in France, a study conducted by the Comité aux 
MEtaux Stratégiques (COMES) (http:// www. miner alinfo. fr/ 
actua lites/ recom manda tions- comite- metaux- strat egiqu es- 
comes- devel oppem ent- compe tences- indus triel les) showed 
that many innovative companies are trying to enter in the 
recycling market (WEEE, batteries, etc.).

The viability of these solutions is highly dependent on 
the ability to manage the heterogeneity and dispersion of 
potential waste deposits associated with the complexity of 
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the objects and ongoing technological developments. Fur-
thermore, the dispersion of “metals of interest” in end-of-
life products creates a thermodynamic barrier, which makes 
them very difficult to recycle. Appropriate recycling strate-
gies circumvent this issue by not necessarily reverting to 
completely purified metals. Thus, the recovery of mixed 
metals opens up opportunities for use in the market for 
steels, alloys, metal powders or additive manufacturing. The 
“short loop” recycling of metal fractions or complex alloys 
is a potential solution specific to urban mine waste recycling 
and could help to overcome some entropic limitations.

Towards efficient and sustainable treatment 
of primary, secondary and recycled raw 
materials

Many scientific and technological barriers remain to be over-
come to ensure efficient exploitation of mineral resources 
throughout their life cycle.

For ores or mine tailings, it is essential to improve the 
performance of the mineral processing treatment stages 
of increasingly complex materials, which often require a 
significant reduction in particle size, leading to increased 
energy consumption and requiring the management of fine 
or even ultrafine particles. With respect to comminution, the 
R&D challenges are currently focused on methods of embrit-
tling the material (embrittlement by electro-fragmentation 
or by microwave pre-weakening) in order to better liberate 
the valuable minerals and to reduce energy requirements 
for particle size reduction. Concerning the physical and 
physico-chemical concentration/sorting stages (such as flo-
tation), efforts should focus in particular on the treatment 
of fine particles, the dry separation of particles with similar 
physico-chemical properties and the optimisation of water 
cycle in the process (including some efficient process water 
recycling loops).

In the extractive metallurgy stages, the wider develop-
ment of (bio)hydrometallurgical methods (better suited to 
complex, low-grade deposits with smaller sizes) should be 
pursued. In order to reduce the final waste and residues, 
the (mineral) matrix associated with the metals/minerals of 
interest will also need to be treated and recycled to ensure 
the environmental sustainability of the proposed solutions.

For industrial waste or end-of-life objects that have 
reached extreme degrees of complexity, the main challenges 
are characterising deposits whose composition varies rapidly 
over time, automating the dismantling and selective sorting 
of elements, and implementing breakthrough innovations 
that are sometimes independent of conventional metallurgi-
cal knowledge. For the time being, recycling rates for metals 
remain low. This can be the result of low performance of 
the collection system, poor efficiency of the dismantling/

mechanical sorting steps and low efficiencies of metallurgi-
cal steps (dissolution and recovery of metallic substances).

The consumption of raw materials remains closely linked 
to economic growth and in all growing economies, the con-
sumption of raw materials is increasing (this is the case for all 
the so-called critical metals, for which world demand doubles 
on average every 5 years). Only a small part of this consump-
tion can be met by recycling due to the lifespan of products 
in use, with the rest coming from the mining industry. One 
of the current limitations to the sustainable development of 
metal recycling solutions is the highly heterogeneous and 
rapidly changing composition of end-of-life objects in our 
urban mines. Strategies that aim to substitute certain metallic 
substances sometimes conflict with the development of recy-
cling solutions. Other strategies aiming at lowering the use 
of metals of economic importance in products (for instance 
in permanent magnets) may prevent from developing eco-
nomically viable business recycling schemes. Ecodesign for 
disassembly is a prerequisite to facilitate the implementation 
of such solutions but so far, material scientists and recyclers 
do not speak to each other to develop eco-friendly and eco-
nomically sound strategies for the design of new products. 
Bridges between sectors must be identified in order to avoid 
having to refine metals and to find direct industrial outlets 
for mixed metals from recycling (metals from printed circuit 
boards could be used as alloys for petrochemical catalysts for 
example). This reduces energy, reagent and water consump-
tion. The question of dilution of metals (geographical dis-
persion of waste and dilution of metals in complex matrices/
EOL products) arises. The higher the dilution, the higher the 
amount of energy you need to concentrate and purify metals. 
And at this stage, the question of quality arises also. Recycling 
processes and schemes should avoid downcycling for a quite 
simple reason: it can be implemented just once. And as such, 
it can not be considered as a recycling route serving circular 
economy schemes but only “linear recycling”.

In conclusion, the diversification of target metal produc-
tion requires the development of innovative solutions leading 
to robust and flexible treatment or recycling plants. These 
new plants will have to be based on technological building 
blocks that can be assembled, possibly mobile depending 
on the collection “basins” or the size of the deposits (old 
mining waste—some of them having a higher grade than 
currently processed primary ores, small high-grade deposit) 
in order to adapt to the products to be treated. The devel-
opment of geo-metallurgical approaches (for mining) and 
combined approaches (co-processing of secondary materials 
and wastes, as in the Ceres project (http:// ceres. biohy dromet. 
net/) must be intensified to meet these challenges. In addi-
tion, work on mathematical modelling/numerical simulation 
of separate operations and processes must be strengthened 
by coupling them with life cycle analysis approaches, thus 
enabling environmental externalities to be taken into account 
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in the criteria for choosing a technology and developing new 
sourcing chains..

Finally, the maximum benefit will be attained if these 
developments can be integrated into a sector strategy with 
resources that are not exported but contribute to the develop-
ment of a European manufacturing industry that creates jobs. 
This is, for example, one of the ambitions of the European 
Battery Alliance. This approach should also help to ensure 
traceable, sustainable and responsible sourcing for European 
industry.
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