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§ What is the economy and impact of metals

§ How to recycle metals and what are the main challenges

§ What are the challenges for steel and Al to achieve a circular economy
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1. The economics and impact of metals

2. Strategies to reduce the energy intensity of primary Fe and Al

3. Recycling metals and the case of Al beverage cans

4. A model of future energy demand

5. Summary
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46.46 % Oxygen
26.61 % Silicon
8.07 % Aluminium
5.06 % Iron
3.64 % Calcium
2.83 % Natrium
2.58 % Potassium
2.07 % Magnesium
0.62 % Titanium
0.14 % Hydrogen
0.12 % Phosphor
0.09 % Carbon
0.09 % Manganese
0.06 % Sulfur
0.0001 % Copper

Earth crust composition
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Metals origin
• Metal ores extracted from Mines
• Treated to obtain pure metals

• Challenges :
Energy costs related to extraction and conversion 
Environmental impacts associated with mining
Limited resource, location-dependence

Copper mine in Chile

Bauxite → Alumina (Al2O3) → pure Al

∼ 14 kWh/kg Al

∼ 12 kg CO2/kg Al

Metal production and demand 
Bauxite (aluminium) mine in India

Carajas Iron Ore Mine, BrazilMetals mines

Cu

Fe

Fe

Fe

Al

§ Metal ores are extracted from mines and 
treated to obtain pure metals, which 
represents ∼ 8% of the global energy 
consumption and fossil-fuel related CO2 
emissions.

§ Rising needs: as populations in emerging 
economies adopt similar technologies and 
lifestyles as currently used in OECD 
countries, global metal needs over the 21st 
century will be 3 to 9 times larger than all 
the metals currently used in the world.

§ Challenges with primary metals:

• High energy costs related to 
extraction and conversion 

• Environmental and social impacts 
associated with mining 

• Limited resource, location-
dependence 
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Main families / applications
• Fe-based alloys → high strength for structural alloys

• Al-based alloys → low density for transportation

• Cu-based alloys → conductivity for functional components

Main families and applications

(~ 20 MJ/kg)

(~ 40 MJ/kg)

(~ 100 MJ/kg)
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Metal prices ($/kg)

Metal content (g/ton)
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Metal prices vs abundance

Watson & Eggert, Journal of Industrial Ecology 25, 890 (2020)

price ~ (abundance)–0.57
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Metal prices 05.2020–05.2025 
(London Metal Exchange)

Aluminium Steel

Date Date

Steel HRC FOB China (Argus)
Aluminium Official Prices

https://www.lme.com/en/Metals
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Al prices increase due to increased 
demand (automotive and construction), 
coupled with supply constraints and 
higher alumina prices

COVID-19 disruption of supply chains, rising 
energy costs, and a surge in demand

Steel prices decrease due to weak 
demand, an oversupply of steel, 
and reduced costs for raw 
materials like iron ore.



Yearly energy demand and CO2e emissions

Fe: 30 PJ/yr 
Production 3 billion tons/year 
(94% of all metals)
~ 3 billion tons CO2eq/year
(7% of all emissions)
Total resources 230 billion tons

Al: 9 PJ/yr
Production 63 million tons/year
1.1 billion tons of CO2eq/year
(2% of all emissions)
Total resources 55 billion tons

Siham Mikou, EPFL
Watari et al., Global Environmental Change 69, 102284 (2021)
US geological Survey Database
https://www.weforum.org/stories/2021/10/all-tonnes-metals-ores-mined-in-one-year/

Energy/yr ~ CO2 footprint/yr
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CE strategies imply 
that the total energy 
demand for materials 
be reduced by 75%



§ The energy intensity for pig iron correspond to 
the coke used in blast furnaces 

§ The energy intensity for aluminium corresponds 
to the electricity used in the smelting (Hall–
Héroult process)

§ Massive improvements of the energy intensity 
during the last 200 years (1.0–1.5% / year)

§ Future improvements slow down towards the 
thermodynamic limit (Gibbs free energy of 
formation for the ores Fe2O3, 6.7 MJ kg−1, and 
Al2O3, 29.5 MJ kg−1)

Energy intensity of primary iron and aluminium

Ashby, Materials and the environment: eco-informed material choice, 2nd Ed. Oxford, UK: Butterworth-Heinemann (2012)
Gutowski et al., Phil Trans R Soc A371, 20120003 (2013)
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Figure 4. (a) Historic trends in global average energy requirements for production of pig iron from ore (coke use), and (b)
for aluminium smelting (electricity use), versus the respective global production volumes (mass). The corresponding years are
labelled above the chart. Also included are the theoretical minimum values for the two processes. Data for iron energy intensity
are adapted from Smil [1&] and that for aluminium are adapted from Choate & Green [16]. Production data are adapted from the
Mineral yearbooks [17]. Pie chart data are adapted from Choate & Green [16], Worrell et al. [1(] and de Beer et al. [1)]. BOF, basic
oxygen furnace.

reviewing the data for the so-called top five materials, we estimate that a worldwide move
from today’s average to BATs3 would result in an overall energy reduction of about 18 per cent.
This agrees with detailed estimates made by us and others, including the International Energy
Agency (IEA) [5–7]. Some of the technologies involved in these improvements would include
worldwide implementation of by-product gas recovery from steel production and thin slab
casting, retrofitting of aluminium smelters and point feeders, continuous digesters and dry
sheet forming for paper production, wet to dry kilns for cement, as well as fuel and clinker
substitution and improvements in cracking and distillation for plastics. In addition, widespread
implementation of combined heat and power and more efficient electric motors are assumed.
Data used in our calculations are provided in the electronic supplementary material.

Additional energy reductions can be made with research breakthroughs and by implementing
cutting-edge technologies. Each of the top five materials already have technology roadmaps with
key energy challenges identified and funded research and scale up on going [11]. At the same
time, the major energy-intensive steps for the top five materials are already in the vicinity of
60 per cent efficient (relative to their thermodynamic limits). If we make the fairly aggressive

3BAT is as given by International Energy Agency (IEA). BAT in many cases can be the same as best practice technology that
is best available and economical, but can be different when a new technology has emerged. Saygin et al. [20] in their work
distinguish the two for several industries.
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Figure 4. (a) Historic trends in global average energy requirements for production of pig iron from ore (coke use), and (b)
for aluminium smelting (electricity use), versus the respective global production volumes (mass). The corresponding years are
labelled above the chart. Also included are the theoretical minimum values for the two processes. Data for iron energy intensity
are adapted from Smil [1&] and that for aluminium are adapted from Choate & Green [16]. Production data are adapted from the
Mineral yearbooks [17]. Pie chart data are adapted from Choate & Green [16], Worrell et al. [1(] and de Beer et al. [1)]. BOF, basic
oxygen furnace.

reviewing the data for the so-called top five materials, we estimate that a worldwide move
from today’s average to BATs3 would result in an overall energy reduction of about 18 per cent.
This agrees with detailed estimates made by us and others, including the International Energy
Agency (IEA) [5–7]. Some of the technologies involved in these improvements would include
worldwide implementation of by-product gas recovery from steel production and thin slab
casting, retrofitting of aluminium smelters and point feeders, continuous digesters and dry
sheet forming for paper production, wet to dry kilns for cement, as well as fuel and clinker
substitution and improvements in cracking and distillation for plastics. In addition, widespread
implementation of combined heat and power and more efficient electric motors are assumed.
Data used in our calculations are provided in the electronic supplementary material.

Additional energy reductions can be made with research breakthroughs and by implementing
cutting-edge technologies. Each of the top five materials already have technology roadmaps with
key energy challenges identified and funded research and scale up on going [11]. At the same
time, the major energy-intensive steps for the top five materials are already in the vicinity of
60 per cent efficient (relative to their thermodynamic limits). If we make the fairly aggressive

3BAT is as given by International Energy Agency (IEA). BAT in many cases can be the same as best practice technology that
is best available and economical, but can be different when a new technology has emerged. Saygin et al. [20] in their work
distinguish the two for several industries.
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§ Move the world average down to the best 
available technology, with an overall energy 
reduction of about 18%

• e.g., worldwide implementation of by-product 
gas recovery from steel production, retrofitting of 
aluminium smelters

• Slow because of financial constraints due to 
large capital investment 

§ Move further towards the thermodynamic limit 
with an overall energy reduction of about 19%

• e.g., direct smelting of iron ore using coal, inert 
anodes for aluminium

§ Overall, both strategies would enable ~ 37% 
energy savings … when CE strategies require 
more than 75%!

Strategies to reduce primary energy demand

International Energy Agency, Energy technology transitions for industry: strategies for next industrial revolution. Cedex, France: IEA (2009)
Gutowski et al., Phil Trans R Soc A371, 20120003 (2013)
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Figure 5. Historical regional data for the energy (electricity) intensity of aluminiumsmelting. SEC, speci&c energy consumption.
Reproduced with permission from IEA [7]. Tracking industrial energy e'ciency and CO2 emissions c© OECD/IEA 2%%7, &gure (.1,
page 211.

assumption that these can be further improved to within half the remaining distance to the
theoretical limit (approx. 80% efficient), then we estimate an additional overall reduction in total
energy requirements for material production of about 19 per cent, for a total of 37 per cent
when combining both strategies. Some of the breakthrough technologies considered here include
increased direct carbon injection in blast furnaces, direct smelting of iron ore using coal, black
liquor gasification for paper, inert anodes for aluminium and other cutting-edge technologies,
some of which may not have been discovered yet. Again, additional details can be found in
our work and that of others, as well as in the electronic supplementary material of this study
[5–7,11,18,21–23]. The magnitude of this improvement may seem smaller than expected to some.
The reason is that this improvement applies only to primary production, not secondary (recycled)
production, which in some cases already represents a significant fraction of supply. We discuss
recycling next.

Another way to reduce the energy requirements for material production would be to look
to a new material source with a lower energy intensity e. This could be to harvest the already
processed materials in end-of-life products. That is, because recycling generally avoids many of
the energy-intensive steps in primary production (e.g. chemical reduction, mining and separation,
etc.), it is well known for having a lower energy requirement when compared with primary
production. For example, the production of secondary aluminium may require only of the order
of 10 per cent of the energy intensity of primary aluminium. And for steel, it may be only 50
per cent of the primary energy intensity [10]. The problem here is that while we know that we
can generally make the energy intensity of secondary production small compared with primary
production, there are serious constraints on the quantity of secondary materials that can be
captured and processed. This problem is particularly apparent for emerging countries while
they are building their infrastructure, which adds materials to stocks rather than making them
available for recycling [24].

To explore this effect, we use a relatively simple model that focuses on post-consumer discards,
an area with the most potential for improvement.4 Consider the total demand QT subdivided
into Qp (primary production) produced with energy intensity ep, and Qs (secondary production)

4The other discards come from industrial scrap, which is essentially a form of inefficiency. While industrial scrap has been a
sizable component of recycled materials in the past, constant improvement and slower growth will diminish its importance
in the future.
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Why recycle metals

Eckelman M.J., Resources, Conservation and Recycling 54, 256 (2010)
Haas et al., Journal of Industrial Ecology 19, 765 (2015)
Van der Voet et al., Journal of Industrial Ecology, 23, 141 (2018)

R E S E A R C H A N D A N A LYS I S

Figure 1 Cumulative energy demand (CED) and greenhouse gas (GHG) emissions per kg of produced metal, 2010 (numbers for iron,
nickel, and manganese include steelmaking). MJ/kg = megajoules per kilogram; kg CO2-eq/kg = kilograms of carbon dioxide equivalent per
kilogram.

As can be seen from figure 1, differences between metals
are considerable. Aluminum and nickel are relatively energy
intensive and therefore have high GHG emissions. For all met-
als, though, secondary production has considerably lower scores
than primary production.

These per-kg impacts will change over time, according to
the variables discussed above. In figure 2, we show and discuss
some results of step 2 of the methodology, specifying time series
of environmental impacts.

In figure 2, we see the influence of declining ore grades on
the CED in both scenarios for copper, nickel, and lead. Energy
efficiency gains show clearly for aluminum. The difference in
CED/kg metal between the Markets First and Equitability First
scenarios are small, but the differences in GHG emissions/kg are
considerable and again show most markedly for aluminum and
manganese. In the Equitability First scenario, the advanced en-
ergy transformation shows clear benefits for the more electricity-
intensive metals. For iron, there is not much change in any of
the scenarios.

Changes in the per-kg impacts appear to be gradual. The
only variabe that seems to have a considerable influence on
several of the impact categories for several metals, is the transi-
tion towards a renewable energy system. Drastic innovations
in production processes are, however, not included in the
scenarios.

A complete overview of per-kg impacts under the differ-
ent scenarios can be found in Appendix 4 in the supporting
information on the Web.

Environmental Impacts of Global Scenarios

The third step in the methodology is to upscale: multiply
time series of metal supply with the time series on impacts
per kg, to obtain a picture of the global level environmental
impacts related to metal production. Figure 3 shows the GHG
emissions related to production of the seven metals under the
two scenarios.

Figure 3 shows that GHG emissions rise together with pro-
duction. The Equitability First scenario with the highest de-
mand growth also has the highest level of emissions. It appears
that the considerable improvements in the per-kg impacts un-
der the Equitability First scenario are more than offset by the
demand increase.

Despite the relatively low per-kg impact of iron, the sheer
production size compared to all other metals makes iron domi-
nant even in GHG emissions. Due to the fact that the transition
toward a renewable electricity system has relatively little bene-
fits for iron, the demand growth trend is only slightly mitigated
by the reduced emissions per kg. For the other metals, the in-
crease in GHG emissions is considerably less than the increase
in demand.

In relative terms, we see the following trends, depicted in
figure 4.

In figure 4, the Markets First scenario shows an increase
in GHG emissions for all metals that conforms more or less
to production increase. In the Equitability First scenario, the
steepest rising trend in GHG emissions is for iron, which metal

146 Journal of Industrial Ecology

Cumulative Energy Demand (CED, 2010)

R E S E A R C H A N D A N A LYS I S

Figure 1 Cumulative energy demand (CED) and greenhouse gas (GHG) emissions per kg of produced metal, 2010 (numbers for iron,
nickel, and manganese include steelmaking). MJ/kg = megajoules per kilogram; kg CO2-eq/kg = kilograms of carbon dioxide equivalent per
kilogram.

As can be seen from figure 1, differences between metals
are considerable. Aluminum and nickel are relatively energy
intensive and therefore have high GHG emissions. For all met-
als, though, secondary production has considerably lower scores
than primary production.

These per-kg impacts will change over time, according to
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of environmental impacts.

In figure 2, we see the influence of declining ore grades on
the CED in both scenarios for copper, nickel, and lead. Energy
efficiency gains show clearly for aluminum. The difference in
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scenarios are small, but the differences in GHG emissions/kg are
considerable and again show most markedly for aluminum and
manganese. In the Equitability First scenario, the advanced en-
ergy transformation shows clear benefits for the more electricity-
intensive metals. For iron, there is not much change in any of
the scenarios.

Changes in the per-kg impacts appear to be gradual. The
only variabe that seems to have a considerable influence on
several of the impact categories for several metals, is the transi-
tion towards a renewable energy system. Drastic innovations
in production processes are, however, not included in the
scenarios.

A complete overview of per-kg impacts under the differ-
ent scenarios can be found in Appendix 4 in the supporting
information on the Web.

Environmental Impacts of Global Scenarios

The third step in the methodology is to upscale: multiply
time series of metal supply with the time series on impacts
per kg, to obtain a picture of the global level environmental
impacts related to metal production. Figure 3 shows the GHG
emissions related to production of the seven metals under the
two scenarios.

Figure 3 shows that GHG emissions rise together with pro-
duction. The Equitability First scenario with the highest de-
mand growth also has the highest level of emissions. It appears
that the considerable improvements in the per-kg impacts un-
der the Equitability First scenario are more than offset by the
demand increase.

Despite the relatively low per-kg impact of iron, the sheer
production size compared to all other metals makes iron domi-
nant even in GHG emissions. Due to the fact that the transition
toward a renewable electricity system has relatively little bene-
fits for iron, the demand growth trend is only slightly mitigated
by the reduced emissions per kg. For the other metals, the in-
crease in GHG emissions is considerably less than the increase
in demand.

In relative terms, we see the following trends, depicted in
figure 4.

In figure 4, the Markets First scenario shows an increase
in GHG emissions for all metals that conforms more or less
to production increase. In the Equitability First scenario, the
steepest rising trend in GHG emissions is for iron, which metal

146 Journal of Industrial Ecology

CO2eq (2010)

§ Metals in use contain a large (and increasing) 
recycled fraction:

~ 70% (cans) to 85% (cars) for steel
~ 70% (cars and cans) for Al
~ 30% for Cu

§ The global aggregate EOL recycling rates of 
metals is high (71%), but the addition to stock 
keeps the degree of circularity much lower at 36%.

§ Recycling of metals saves energy and CO2 
emissions: 

• 70% for steel
• 95% for Al 
• 85% for Cu

§ A major issue are the serious constraints on the 
quantity of secondary materials that can be 
captured and processed, especially for emerging 
countries that are building their infrastructure
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Why recycle metals

R E S E A R C H A N D A N A LYS I S

Figure 6 Trends in impact categories relative to demand, iron and aluminum, 2010–2050 (2010 = 1). ADP = abiotic depletion potential;
AE = aquatic ecotoxicity (freshwater); CED = cumulative energy demand; GWP = global warming potential.

Figure 7 Primary and secondary supply of iron and aluminum under a Circular Economy scenario, 2010–2100 (109 kg / year).

the strongly decreasing emissions per kg, but also for iron where
the per-kg emissions of primary production are reduced only
slightly. The emissions peak for aluminum is expected around
2050, and the 2100 emission level under these assumptions
is even below the 2010 level. For iron, the peak is reached
considerably later, even after 2080. The conclusion, however,
is that closing cycles for these metals seems to be the most
powerful option of all to reduce GHG emissions. If this could

be combined with a slowing down of demand, the reduction
could be even more powerful, and could happen earlier.

Discussion and Implications

Above, we presented a method to estimate environ-
mental consequences of demand scenarios for metals. In
brief, the method aims at translating demand scenarios into

150 Journal of Industrial Ecology

Van der Voet et al., Journal of Industrial Ecology, 23, 141 (2018)

Primary and 
secondary supply of 
iron and aluminium 
under a CE scenario
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§ Pyrometallurgy 
• The most common process, cost-effective but energy-intensive and harmful to 

the environment. Waste is grinded and separated by magnetic and electrostatic 
properties. Materials are molten, the liquid separates into layer and the metal-
containing fraction is further refined. 

§ Hydrometallurgy
• Less environmentally intensive method to extract metal than 

pyrometallurgy. Can also target metals specifically to separate them 
into high-purity products. Waste is grinded and physically separated, 
and then treated with a lixiviant (strong acids). The leach liquor is 
refined by electrowinning. 

§ Electrometallurgy 
• Energy and cost intensive process that uses electrolysis to produce 

metals from solutions, including molten salt solutions (electrowinning), 
or to purify metals by electrochemical dissolution and deposition 
(electrorefining).

§ Biohydrometallurgy
• A sustainable but slow and costly recycling method to recover metals 

from e.g., e-waste. Waste is grinded and iron and sulfide oxidizing 
microorganisms free protons from iron or sulphur, which attack and 
convert the metals to dissolved ions. The ions are refined through 
chemical reactions and electrowinning. 

The four recycling routes for metals 14
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https://delftia.wordpress.ncsu.edu/delftia-and-e-waste-literature-findings/

Pyrometallurgy
energy intensive smelting

Hydrometallurgy
treatment with strong acids

Electrometallurgy
energy intensive electrolysis

Biohydrometallurgy
costly harnessing natural 
biogeochemical cycles



Case study #2: beverage cans

3104 - AlMn1Mg1Cu ; deep-drawing ; ∼10g

5182 – AlMg4.5 ; strength ; ∼2g

Thickness ∼ 100µm

Recycling of Al beverage cans
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AA5182 : Al-4.5Mg
solidus 577oC, liquidus 638oC 

AA3104 : Al-1Mn-1Mg
solidus 638oC, liquidus 657oC 

Recycling of Al beverage cans
Approach #1: Management of melting points
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Can use & recycling
Recycling of Al beverage cans

UBC: used beverage cans
HDC: horizontal drill chill
EMC: Electromagnetic casting

Approach #1: Management of melting points
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Case study #2: beverage cans
• Impurity management
Body 3104 - AlMn1Mg1Cu ∼ 10g

resulting mix alloy ≡ AlMg1.6Mn0.8
End 5182 - AlMg4.5 ∼ 2g

• A single alloy for both parts ?

• An alloy having a target Mg content of 1% (T = 1)
• Scrap with 1.6% Mg (S = 1.6)
• Primary metal with 0.1% Mg (P = 0.1)

  →  e = (T-P)/(S-T) = 0.9/0.6 = 1.5
  →  Fraction of primary metal = 100/(T+e) = 100/(1+1.5) = 40%

The proportions would be significantly less favorable to recycle scrap if more highly alloyed 
scrap were to be used. For example if scrap has S = 4.5% Mg and target metal has T = 1%, 
then only 20% scrap can be recycled.

Recycling of Al beverage cans
Approach #2: Management of alloying elements
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Recycling of Al beverage cans

Thermodynamic limitations!

Manganese (Mn), for example, 
used in the 3000 series of 
aluminium alloys, is retained in 
the metal phase during remelting, 
producing a melt that would be 
unsuitable for reuse in any other 
Al-based system. 

Unless the 3000 series alloys 
were separated prior to remelting, 
the resulting metal would be 
unsuitable for 95% of all 
aluminium applications. 

Sci. Technol. Adv. Mater. 12 (2011) 035003 T Hiraki et al
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Figure 9. Element radar chart for the recycling of Fe, Cu, Zn, Pb, Al and Mg into the metal phase.

shows the mole fractions in the gas and liquid phases at 973 K,
where the y axis denotes xgas

Mg defined as pMg/(pMg + pM). The
solid lines are calculated from equation (6). The dotted line
corresponds to xMg = xgas

Mg; above this line, the mole fraction
of magnesium against the alloying element in the gas phase
is higher than that in the liquid phase and thus the distillation
of magnesium is theoretically possible. Figure 8 demonstrates
that the enrichment of magnesium does not occur in the
Mg–Zn alloy due to the relatively high vapor pressure of zinc.
However, it does occur in Mg–Li and Mg–Mn alloys because
the vapor pressure for magnesium is much higher than that for
lithium or manganese. It is theoretically possible to recover
magnesium from magnesium alloy by distillation, provided
the energy consumption and refining costs are not an issue.

4.2. Controllability of alloying elements in metal products

The distribution tendencies of elements in the remelting
processes of steel, copper, lead, zinc and aluminum have
been examined in previous studies [9, 10]. Since the
thermodynamic criteria on impurity removal from EoL
magnesium alloys by oxidation and evaporation have also
been developed in this work, the removability of impurity
elements for these metals and magnesium can be compared.
The results are shown in figure 9 as an ‘element radar

chart’. In the case of iron/steel recycling, it is difficult to
remove incorporated tramp elements such as copper and
tin [51]. Compared with other base metals, the removal of
impurity elements for magnesium in the remelting process is
considerably more difficult except for a very few elements
such as yttrium. The possibility of recovering magnesium
from EoL magnesium products by distillation has been
demonstrated in this study. However, distillation has some
problems such as high cost, large energy consumption
and the limited availability of evacuation facilities. An
important result of this study is that sustainable supply of
magnesium requires a careful design of advanced magnesium
alloys—to avoid contamination or accumulation of alloying
elements—and development of refining processes for the EoL
magnesium products.

5. Conclusions

The equilibrium distribution ratios between metal,
oxide/chloride flux and gas phases in the magnesium
remelting process were investigated by thermodynamic
analysis for 25 elements that are likely to occur in industrial
magnesium alloys. The following conclusions were drawn.

1. Calcium, gadolinium, lithium, ytterbium and yttrium can
be removed by oxidization (transferred to slag) from

8

Hiraki et al, Sci. Technol. Adv. Mater. 12 035003 (2011)
Reck and Graedel Science 337, 690 (2012)

Element radar chart for the recycling of Fe, Cu, Zn, Pb, Al and Mg 
into the metal phase (BOF, basic oxygen furnace; EAF, electric arc 

furnace; ISP, imperial smelting process)

Approach #2: Management 
of alloying elements
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… the complication comes from the large diversity of alloys

Recycling of Al from cars (~ 200 kg of aluminium alloys)

§ Casting alloys contain a maximum of 20% 
alloying elements (mainly Si, Mg, and Cu) 
and the silicon content is more than 5%. 

§ Wrought alloys contain a maximum of 10% 
alloying elements (Mn, Mg, Si, Cu, Zn) and 
less than 1% silicon. 

§ It is thus very difficult to make wrought alloys 
out of cast alloys, but it is possible to make 
cast alloys out of wrought alloys. 

Alloy composition of automotive aluminium
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Energy demand model
§ Total demand (mass) of a material 𝑄! = 𝑄" + 𝑄# (primary + secondary)

§ Total energy demand 𝐸! = 𝑄"𝑒" + 𝑄#𝑒# = 𝑄! 1 − 𝑟 𝑒" + 𝑟𝑒# = 𝑄! ̅𝑒 = 𝑄!𝑒" 1 − 𝑚  where 

§ 𝑒" and 𝑒# are the primary and secondary energy intensities

§ 𝑟 = ⁄𝑄# 𝑄!  is the recycled fraction

§ 𝑚 = 𝑟 1 − ⁄𝑒# 𝑒"  represents potential energy savings … the goal is to achieve m = 0.75

§ Also 𝑟 = 𝑓 1 + 𝑖 $% where 

§ 𝑓 = ⁄𝑄# 𝑄&'#() is the recycling efficiency (EF in the MCI calculation), with 𝑄&'#() being the 
actual amount of waste

§ n is the average lifetime of the material in products
§ 𝑖 is the annual growth rate of the material
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Energy demand model
Material Steel Al

Input data (years 2005-2006)

n [years] 19 15

i2005–2050 [%] 2.62 2.60

QT [Mt] 1250 55

ep [MJ/kg] 25 93

es [MJ/kg] 9 6

r [%] 37 30

f [%] 56 49
m [%] 23.7 28.1

https://thundersaidenergy.com/downloads/global-steel-supply-demand-model/
http://www.alueurope.eu/2012
source: International Aluminium Institute
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Steel

Al Predicted data for year 2050

QT [Mt] 4003 175

ep [MJ/kg] 13 56

es [MJ/kg] 5 3

r [%] 55 61

f [%] 90 90

m [%] 33.9 58.0

Far from 75%!

https://thundersaidenergy.com/downloads/global-steel-supply-demand-model/
http://www.alueurope.eu/2012


§ The higher the future increase of the 
demand, and the longer the product lifetime, 
the lower the possible recycled fraction, and 
the higher the total energy demand

§ Alternatives to metals based on 
environmental and cost optimizations are 
very difficult to identify and will not help 
much

§ The priority should be given to ‘material 
efficiency’, i.e., reduce the consumption of 
metals, which would require new thinking 
about how we use materials:

• Effort in the North in favor of the South
• Extend lifetime and share

Energy demand model
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§ Metal production represents ∼ 8% of the global energy consumption 
and fossil-fuel related CO2 emissions

§ The most abundant and energy intensive metals are steel (30 PJ/yr) 
and aluminium (9 PJ/yr)

§ Strategies to reduce the energy demand for primary steel and Al are 
limited by thermodynamic limits and would enable ~ 37% energy 
savings … when CE strategies require more than 75%!

§ Steel and Al are recycled via pyrometallurgy, electrometallurgy or 
(bio)hydrometallurgy and contain an increasing recycled fraction (Al 
70%, steel 70-85%), which saves energy and greenhouse gases 
emissions (Al 95%, Steel 70%)

Summary (1/2)
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§ Metals are infinitely recyclable in principle, but in practice, recycling is 
often inefficient or essentially nonexistent because of limits imposed by 
social behavior, product design, recycling technologies, and the 
thermodynamics of separation.

§ A model shows that the reduction in energy demand in 2050 for these 2 
metals is far from the 75% target due to increasing demand, especially 
in developing countries. Alternative materials are yet to be identified, so 
the most effective alternative is to reduce demand in developed 
countries.

Summary (2/2)
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Summary
Mass of the Earth core (Fe & Ni) 1.7 x 1024 kilograms

An illustration from the novel "Journey to the Center of the Earth" by Jules Verne painted by Édouard Riou
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