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ABSTRACT

Public policy has become increasingly stringent in response to environmental challenges, both global
and local. In this scenario, materials play a crucial role in the innovation of environmentally responsible
products. Design for environment can be identified as the effort to adjust the present design methods to
correct known, measurable, environmental degradation. It should be applied in all the phases of the
design process, such as the concept, embodiment and detailed analysis. Mostly, it needs to take into
account an emerging drawback linked to those raw materials that are considered critical by European
Union because of their high supply risk and economic importance. Alloys that minimise the environ-
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mental impact of a product may suffer of a supply risk because of the presence, inside them, of high
mechanical properties inducing alloy critical elements. A multi-objective design approach is thus pro-
posed that takes into account both the environmental impact reduction and the criticality issues linked to

raw materials. The method is illustrated with an example.

1. Introduction

The transition from a ‘Design for Needs’ to a ‘Design for
Environment’ first began in the early 1970s. Design for
Environment (DfE) is aimed to discover product innovations
that will meet cost and performance objectives while reducing
pollution and waste throughout the life-cycle.

To reach this goal, different techniques are available. Some
of them are used to identify the environmental impact of
a product throughout its life cycle such as life-cycle assess-
ment; others help designers to improve the environmental
performance of their products. These last are summarised in
the work by Telenko, Seepersad, and Webber (2008). Most of
the existing DfE guidelines focus on a single life-cycle stage.
Examples include Design for Disassembly, Design for
Recycling, and Design for Energy Efficiency (Crul and Diehl
2006; Fiksel 1996). These kinds of strategies are developed
separately so that there is the risk that the designer loses the
holistic, life-cycle perspective that allows him to follow the best
design strategy. It is interesting to know that many industries
developed in the past their own strategies to minimise the
environmental impact of their products. Volvo (2005), for
example, defined a black, grey and white list of prohibited,
cautionary, and clean materials. Philips (Meinders 1997; White
1995) and Siemens (2000) produced their own list of Eco-
Design guidelines. On the other hand, different regulations
were developed for products in specific industrial sectors.
The Restriction of Hazardous Substances (ROHS) and Waste
Electrical and Electronic Equipment (WEEE) directives are
two recognised sets of rules for prohibited materials in electro-
nics (http://www.icer.org.uk/). Unfortunately, such rules are
not useful to the designer in realising new, environmentally
friendly concepts and inspiring innovation. Finally, most of

the DfE strategies are focused on the industrial production
rather than to the product design. They are thus mainly
addressed to managers or manufacturing process specialists,
rather than product designers.

Ashby (2012) proposed an eco-design strategy based on the
observation that in most cases the life-cycle of a product is
dominated by only one stage (say, the material production or
the product use). The designer should focus on that ‘target
stage’ in order to obtain the best results in terms of environ-
mental impact reduction. DeMendongca and Baxter highlighted
in their work (2001) how the application of the DfE principles
in the first stages of process design can change a product life
cycle by not only reducing overall cost, but also the environ-
mental impact of production and disposal.

DfE was defined by Billatos and Basaly (1997) as ‘a design
process that must be considered for conserving and reusing the
earth’s scarce resources; where energy and material consump-
tion is optimised, minimal waste is generated and output waste
streams from any process can be used as the raw materials
(inputs) of another’. Unfortunately, they did not know, at that
time, of a new emerging drawback linked to raw materials. In
fact, nowadays, some raw materials suffer from another emer-
ging problem, different from their possible scarcity in the
Earth’s crust, but rather related to their supply risk. Such
critical raw materials (CRMs) are identified by the European
Commission (EC) (2017) according to some criticality indica-
tors among these probably the most recognised are the eco-
nomic importance and the supply risk. They are: Antimony,
Beryllium, Borates, Cobalt, Coking Coal, Fluorspar, Gallium,
Germanium, Indium, Magnesium, Natural Graphite,
Niobium, Phosphate Rock, Silicon Metal, Tungsten,
Platinum Group Metals, Light Rare Earths and Heavy Rare
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Earths, Baryte, Bismuth, Hafnium, Helium, Natural Rubber,
Phosphorus, Scandium, Tantalum, and Vanadium. The CRMs
list is updated every three years. It is important to observe that
these materials are classified as ‘critical’ because:

(1) They have a significant economic importance for key
sectors in the European economy, such as consumer
electronics, environmental technologies, automotive,
aerospace, defence, health and steel;

They have a high-supply risk due to the very-high
import dependence and high level of concentration of
set critical raw materials in particular countries;

There is a lack of (viable) substitutes, due to the very
unique and reliable properties of these materials for
existing, as well as future applications.

CRMs are linked to clean technologies. They are irreplaceable
in solar panels, wind turbines, electric vehicles, and energy-
efficient lighting. A smartphone, for example, might contain
up to 50 different kinds of metals, all of which contribute to its
small size, light weight and functionality.

The criticality assessment related to raw materials is a very
difficult task and a great effort was made in literature to reach
that goal (Achzet and Helbig 2013; Blengini et al. 2017;
Cimprich et al. 2019; Helbig et al. 2017). An excellent review
of the criticality concept, as well as the methodologies used in
its assessment, was presented by Frenzel et al. (2017). In that
work, the authors also discussed a number of risks present in
global raw materials markets that are not captured by most
criticality assessments and, finally, they propose measures for
the alleviation of such risks.

In a recent paper, Hofmann et al. (2018) showed that
material scientists seem frequently not concerned with the
criticality of raw materials in their work so that they suggested
to advance the implementation of the concept of materials
criticality in materials research and development.

Because the product efficiency strictly depends on CRMs, it
is clear that the raw materials criticality concept must be
urgently included in the DfE. Materials that minimise the
environmental impact do not necessarily reduce the criticality
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Figure 1. The material life cycle.
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issues related to their CRMs content; thus, a multi-objective
strategy taking advantage from trade-off diagrams is necessary.

In the first part of the work the eco-design strategy is
summarised. In the second part, a method to quantify the
criticality issues linked to raw materials is described and trade-
off plots are proposed that link eco-design objectives with the
product criticality reduction in a CRMs perspective. Finally,
two simplified case studies are illustrated to show the potenti-
ality of the proposed approach in product design.

2. Eco-design strategies

The eco-design strategies take advantage from the analysis of the
product life cycle (Life Cycle Assessment (LCA)) (Figure 1). Ore
and feedstock are first mined and processed to yield a material.
These are manufactured into a product that is used and, at the
end of its life, discarded or recycled. Energy and materials are
consumed in each phase, generating waste heat and solid, liquid
and gaseous emissions. Each phase of the product life cycle is
quantified by an eco-attribute that for the sake of simplicity is
the energy consumption or the corresponding CO, emission.

Most of the energy consumed in all the phase of the life-
cycle of the product is derived from fossil fuels. In particular,
regarding the material production, the fossil-fuel energy con-
sumed in making one kilogram of material is called material
production energy (H,).

Compared to a single-valued indicator coming from LCA
(Ashby 2012) that has no simple physical significance, CO,
generation or energy consumption are measurable quantities
and carry more convictions in defending design decisions.
Figure 2 shows the schematic LCA output of two products,
a car and a bicycle. The first one requires energy to perform its
primary function (energy-intensive product); the second one
provides its primary function without any need for energy than
human effort (material-intensive product).

It is generally true that, according to the analysed product,
one of the four phases of its life cycle dominates the picture
(Figure 2). If large changes are to be achieved, it is this phase
that must be the target. Furthermore, when differences are as
great as those of Figure 2, precision is not an issue. It means
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Figure 2. Approximate values for the energy consumed at each phase of Figure 1 for two products (car and bicycle).
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Figure 3. Eco-design strategies.

that expansive, long and precise LCA is not necessary for eco-
design. Approximate data are sufficient to find the dominant
life-cycle phase. Figure 3 summarises the strategies to be used
in the DfE. A rational procedure starts with an analysis of the
phase of life to be target. This decision then guides the method
used to minimise the impact of the phase on the environment
as shown in Figure 3.

3. Critical raw materials and criticalities assessment

In Figure 4, raw materials are classified by EU according to
their supply risk and economic importance values. Critical raw
materials (CRMs) are those located within the criticality zone
(supply risk =1 and economic importance >2.8) of the graph
(European Commission 2017).

More in detail, the criticality issues linked to each raw
material are quantified by a series of indexes such as the
abundance risk, the sourcing and geopolitical risk, the envir-
onmental country risk, the supply risk, the economic impor-
tance and finally, the end of life recycling input rate defined in
Appendix A. These index values may change during time and
they are thus updated every three years by the European
Commission (2017). In order to use such indicators in design,
it is first necessary to aggregate the above-mentioned indexes

Use Displ.
| |

Disposal

1. Minimize mass 1. Select non-toxic

2. Min. heat loss materials

3. Min. electrical loss 2. Choose recyclable
materials

in an overall general indicator for each critical raw material.
One possibility should take the normalised value of each index
in order to remove the units and reduce them to a common
scale (Helbig et al. 2018). Then, they may eventually be
weighted to reflect the perceived seriousness of each criticality,
and finally, the weighted, normalised measures should be
summed or averaged to give the indicator. For the sake of
simplicity, in this work the criticality indicator for a CRM 1’
(Clcra) is obtained by averaging the different normalised
criticalities  indexes defined in Appendix A. As
a consequence, the criticality index (CI,) for a generic alloy
can be quantified by the following equation:

Clh = Z Clcrumi - Pormi (1)

i=1

where n is the number of CRMs in the alloy chemical compo-
sition and Pcryy; is the weight amount of CRM ¥ in the alloy. It
is observed that the alloy criticality index (CI,) represents an
overall criticality value per unit of mass of the alloy. In a CRMs
perspective, the objective to be minimised will be the criticality
of the designed component. This objective is formulated by
multiplying the mass of the component (m) by the alloy
criticality index (Equation 2) (Ferro and Bonollo 2019; Ferro,
Bonollo, and Cruz 2020):
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Figure 4. Raw materials classification (European Commission 2017).

mx = m - Cl (2)
Since CI, represents an overall criticality value per unit of
mass of the alloy, m* quantifies the criticality of the whole
component in a CRMs perspective. This concept can most
straightforwardly be applied to metallic alloys.

4, Eco- & criticality-informed material choice

The goal to be reached in the present product design is the
minimisation of both the environmental impact and the reduc-
tion of the alloy supply risk due to the possible presence of
CRM:s inside its chemical composition. Strategies that mini-
mise the environmental impact could not reduce at the same
time the product criticality. The proposed design strategy is
described by the flowchart of Figure 5. In most cases products
can be classified as energy-intensive or material-intensive
(Figure 2). If the material-intensive product is the case, the
objective function (V) to be minimised during the design
process can be defined by Equation (3):

3)

V =agH + a,.m *

where V is called value function (Ashby 2000) or penalty func-
tion (a global objective), and it is measured conventionally in
units of currency ($, €, etc.), while H is the material production
energy per unit of function and ay and a,,« are the so-called
exchange constants (Ashby 2000) or parameter influence coeffi-
cients, defined by the following relations:

o
Omx*

(4)

@0),.. o= (@),

The exchange constant converts the units of one metric (say,
H or m*) into the other, cost, making the sum of different
metrics (H and m*) possible. It measures the value of a unit
change of the performance metric (i.e.: H or m*) (Equation 4).
In particular, a,,» quantifies the penalty (in units of currency)
provided or perceived by a unit increase of m* and ay is the
penalty V, quantified in terms of currency, provided or per-
ceived by a unit increase of H.

On the other hand, if the energy-intensive product is the
case, the objective function to be minimised may be
(Equation (5)):

OH

V = a,,m + apm * (5)
where m is the mass per unit of function (but also the heat or
electrical loss per unit of function, Figure 3) and a,, is the
change in value V associated with unit increase in m.

In order to minimise the functions (3) and (5), a trade-off
plot is needed (Figure 5). Each circle in the plots of Figure 6
represents a different material. Those which have the charac-
teristic that no other solution exists with lower values of both
the performance metrics are said to be non-dominated solu-
tions; the line on which they lie (approximated with a smooth
continuous line, without sharp corners (Figure 6)) is called the
optimal trade-off surface. Now, by rearranging Equations (3)
and (5), the following relations are obtained:
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me = — gy (6)
Qs Al
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Amx Qmx

Equations (6) and (7) define a linear relationship between m*
and H and m* and m, respectively. They are two family of
parallel lines called V-lines of slope -ay/an,« and -ay,/ans
respectively. The value of V decreases towards the bottom to
the left. Best choice lies nearest the point at which a V-line is
tangential with the trade-off surface, since is the one with the
smallest value of V. It is interesting to observe that the best
material choice depends on V-line slope. It is a question of
relative importance assigned to the two objectives to be
minimised.

5. Applications
5.1. Air cylinder for a track

In the following, the DfE in a CRMs perspective of an air
cylinder for a truck is illustrated. Trucks rely on compressed
air for braking and other power-actuated systems. The air is
stored in one or a cluster of cylindrical pressure tanks like that
shown in Figure 7 (length L, diameter 2R, hemispherical ends).
Most are made of low-carbon steel, and they are heavy. For this
reason, it is supposed that the life-cycle phase to target is that
of use. In fact, the air cylinder is part of the track; it adds to its
weight and thus to its fuel consumption.

The environmental impact is thus minimised by reducing
the mass of the air cylinder (Equation (8)):

m = (2nRLt 4 47R%t)p = 2nRL(1 + Q)p (8)

where Q = 2R/L is the aspect ratio, t is the thickness of the
cylinder and p is the material density. On the other hand, the
drawbacks linked to CRMs used to produce the tank are
reduced if the criticality per unit of function (m*) is minimised
(Equation (9)):

m# = 2nRLt(1 + Q)pCl, )

The stress induced by the pressure inside the tank must not
exceed the yield strength of the material of the tank wall:

R
czp—gcy

" (10)

Aspect ratid

2R Q0 = 2R/L

Pressure p

Figure 7. Air cylinder for a track.

Now, substituting for t (the free variable) in Equations (8) and
(9) gives:

m = 27R%Lp(1 + Q) (ﬂ) (11)
Oy

mx* = 2nR’Lp(1 + Q) (%) (12)
y

m and m* are minimised by materials that minimise the so-
called material indexes M = p/o, and M* = (CIp)/oy, respec-
tively. In order to minimise both of them, one has to seek the
minimum of the value function (V):

V = ay (ﬁ) ¥ ag, (CIAP)
Oy Oy
By rearranging the terms of Equation (13) the following family

of parallels V contours are obtained (with varying the V value):

v
(me—ﬁ—

(13)

Mx = —

(14)

L L

Figure 8 shows the trade-oft plot, M against M*. It provides
data for about 1000 alloys belonging to the most important
metallic materials used in mechanical engineering. The trade-
off surface is also shown that identifies the non-dominated
solutions. It is observed that materials that minimise the envir-
onmental impact, do not do the same for the criticality issues.
According to the values assigned to the exchange constants
(am, oy+), the best solutions will lie in the vicinity of the
tangential point between the trade-off surface and the
V-contour (Equation 14) (corresponding to the minimum
value of V). For a,,, = o« (meaning the criticality issues and
environmental impact are valued equally) the steel UNS T5160
(annealed, oil quenched and tempered at 175-260°C) and the
titanium alloy Ti-6Al-2Sn-2Zr-2Mo are the two identified
potential solutions. If the criticality issues are valued much
more seriousness than environmental impact (i.e.: a,, = 0.001
an), the solution moves to the Titanium grade 4 (EN DIN
3.7065). The analysed case-study was deliberately simplified in
order to demonstrate the potentiality of the method in inte-
grating the DfE with the nowadays increasing issues related to
CRMs. The obtained solutions must be evaluated by using
supporting information and by taking into account other pos-
sible constraints defined by the designer such as fracture
toughness, maximum thickness and so on. Despite this, the
definition of the alloy criticality index allows to integrate the
objective of reducing the criticality issues with the objective of
minimising the environmental impact in a systematic
approach.

5.2. Bicycle forks

The first consideration in bicycle design is that the forks
should not yield or fracture in normal use. The forks are
loaded predominantly in bending (Figure 9) and, for racing
purpose, they should be as light as possible. But if the issues
associated with environmental impact and critical raw materi-
als are of primary importance, which will be the best alloy
to use?
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Figure 9. The bicycle forks are loaded predominantly in bending.

In this case, the life-cycle phase to target is that of material
production energy per unit of function, as shown in Figure 2.
The design has to focus on that phase if he wants to reduce
significantly the environmental impact.

For the sake of simplicity, the forks are modelled as beams
of length L that must carry a maximum load F without plastic
collapse or fracture (Figure 10). The objective equations are the
material production energy required to produce a fork (H)
(Equation 15) and the function m* (Equation 16), while the
constraint equation (Equation 17) ensures that the material
does not yield under the load F.

H = 2nrtpH,L (15)

m* = 2mrtp CI,L (16)
FL

7 = Oy (17)

p/o, [kg/(m3 MPal)] L

1000

|F
O

L

Figure 10. Schematic of a fork.

In Equations (15) and (16), r is the inner radius of the cross-
section, t is the thickness of the cross-section (free variable), H,,
is the material primary production energy per unit of mass, L is
the length of the fork and z is the section modulus (= rt).
Using the constrain equation, the expression of the free vari-
able, t is:

FL
t=— (18)
=0y

Now, substituting Equation (18) in Equations (15) and (16)

gives:
H= <Z—LZ>F (P_HP) (19)
r Oy
m% = (Z_LZ) F (pCIA> (20)
r Oy

H and m* are minimised by materials that minimise the so-
called material indexes M = pH,/o, and M* = (Cl,p)/oy,
respectively. In order to minimise both of them, one has to
seek the minimum of the value function (V):
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Table 1. Pre-selected alloys used to produce bicycle forks.

Material Strength, o, (MPa) Density, r (Mg/m3) Hp* (MJ/kg) Clp V(aw/amx = 0.0001)** V(ay/0mx = 1)**
Steel (EN 18CrMo4) 500 7825 32 0.08 1.30 502.05
Alu (6061-T6) 434 2600 200 0.11 0.77 1198.81
Titanium 6-4 1050 4425 690 0.15 0.92 2908.48
Magnesium AZ 61 195 1805 310 6.77 62.9 2932.15

* values taken from GRANTA database.

A = 1.
H CI
V= ay (_pp) + O ( Ap>
Oy Oy

Table 1 lists 4 candidate materials with their properties.

For ay = o, (the criticality issues and environmental
impact are valued equally) the steel EN 18CrMo4 is identi-
fied as potential solutions because of its lowest V value. If
the criticality issues are valued much more seriousness than
environmental impact (i.e.: agg = 0.0001 a,+), the solution,
among the pre-selected materials, moves to the Aluminium
alloy AA6061-T6. It is noted that all the alloys in Table 1
are used to produce bicycle forks. Yet, the discreteness of
the search space for material selection means that a given
solution on the trade-off surface is optimal for a certain
range of values of a; outside this range another solution
becomes the optimal choice. The range can be large (as in
the present example, according to how much the Pareto’s
set is populated) so any value of exchange constant within
the range leads to the same choice of material. Then,
approximate values for exchange constant are sufficient to
reach precise conclusions about the choice of materials.

21)

6. Conclusions

Basing on the concept of alloy criticality index a systematic
approach was proposed to face the design for environment
that integrates the growing drawbacks linked to the use of
CRMs with those related to the environmental impact. It takes
advantage from the method proposed first by Ashby and the use
of trade-off plots, H against m* or m against m*, proposed in
this work. Best materials depend on the relative seriousness
attributed to the two issues quantified by the ratio between the
two corresponding exchange constants.
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Appendix A

The raw materials criticalities taken into account in the present work are:
the ‘Abundance Risk Level’, the ‘Sourcing and Geopolitical Risk, the
‘Environmental country risk’, the ‘Supply Risk’, the ‘Economic
Importance’ and the ‘End of Life Recycling Input Rate’. Their definition
and values are summarised in the present Appendix.

The Abundance Risk Level (ARL) of the CRM 7 is associated to the
value of the ‘Abundance in the Earth’s crust (AEC) [ppm]’ by the follow-
ing proposed relation:

AEC
ARL; = 10 — {10 + 1og(¢)]

(A1)
AEC CRM max

where AECcryy; stays for the amount in the Earth’s crust of the CRM ¥’
(measured in ppm) and AECcryimay is the maximum value found in the
CRMs list.

The Sourcing and Geopolitical Risk (SGR) index indicates the supply
disruption risk due to political factors, based on the countries in which the
element is produced and the concentration of worldwide production.
A higher value means a higher risk.

In this work the SGR index of the CRM ‘i’ is given by

(A.2)

where HHIW Y, is the modified and scaled Herfindahl-Hirschmann Index
of the critical element i [20] while HHIWC! . is the maximum value
reached by the index HHIV Y, in the CRMs list.

The Environmental country risk (ECR) indicates the risk that worldwide
supply of an element may be restricted in future as a result of environ-
mental protection measures taken by any of its producing countries.
A higher value means a greater risk that environmental legislation may
restrict supply in the future. It is quantified, for an element ¥, by the
following equation:

_ HHIP”
ECR; = HHIEP!

max

.10 (A.3)

where HHI®?, . stays for the maximum value reached by the index
HHI®®; (EU Report, 2010) in the CRMs list.

The Supply Risk (SR) indicator quantifies the inadequate supply of
a raw material to meet industrial demand. The formula for the calculation
of the SR index for the element 1’ is given in (EU Report, 2010):

In this work, the normalised SR indicator (NSR) is used

.10 (A.4)

where SR ,qx stays for the maximum value reached by the
index SR; in the CRMs list

The economic importance of a raw material i’ (EIL) is calculated as the
weighted sum of the individual megasectors (expressed as gross value
added), divided by the European gross domestic product (GDP)
(Chapman et al. 2013). In the present work, the normalised EI indicator
is defined as follows:

El;
NEI; = -10
Elnax

(A.5)

where El,,q, stays for the maximum value reached by the
indicator El; in the CRMs list

Finally, The End of life recycling input rate (EOL-RIR) is ‘the input of
secondary material to the EU from old scrap to the total input of material
(primary and secondary)’. In order to assess the overall criticality index
for each CRM, a recycling drawback index (RDI) is defined for the first
time as follows:

Table A1. Values of the criticality indexes for different CRMs (k = 1 for each index in Equation (A.7)).

CRM ARL SGR ECR NSR NEI RDI Clepm
Sb 6.15 6.46 7.68 8.78 5.89 3.64 6.43
Ba 2.82 2.59 2.62 3.27 3.97 9.77 417
Be 5.00 449 6.43 4.90 5.34 10.00 6.03
Bi 7.52 7.18 8.52 7.76 493 9.77 7.61
B 4.45 5.04 5.31 6.12 4.25 10.00 5.86
Ce (LREEs) 3.63 10.00 9.49 10.00 493 9.77 7.97
Co 4.05 4.20 3.94 3.27 7.81 10.00 5.55
F 2.68 - 2.65 5.75 9.77 -

Ga 417 6.88 8.19 2.86 438 10.00 6.08
Ge 527 6.97 8.33 3.88 479 9.55 6.46
Hf 497 1.31 2.02 2.65 5.75 9.77 441
He - - 3.27 3.56 9.77 -

In 6.05 3.57 3.97 4.90 4.25 10.00 5.46
Ir 8.45 5.49 6.66 5.71 5.89 6.82 6.50
La 3.86 8.40 10.00 10.00 493 9.77 7.83
Mg 1.08 7.85 9.33 8.16 9.73 7.95 7.35
Natural graphite (carbon) 3.15 6.98 8.33 5.92 3.97 9.32 6.28
Nb 415 5.48 6.17 6.33 6.58 9.93 6.44
Pd 7.27 3.11 3.11 3.47 7.67 7.73 5.39
P 243 - 2.04 6.99 6.14 -

Pt 7.75 3.93 471 4.49 6.71 7.50 5.85
Pr 449 8.40 10.00 10.00 493 7.73 7.59
Rh 8.45 5.49 6.73 5.10 9.04 455 6.56
Ru 8.45 5.49 6.73 6.94 479 7.50 6.65
Sc 41 10.00 9.49 10.00 493 9.77 8.05
Si 0.00 5.37 6.36 2.04 5.21 10.00 483
Ta 5.15 2.89 3.57 2.04 5.34 9.77 479
w 5.35 7.24 8.58 3.67 10.00 0.45 5.88
Vv 3.37 443 5.15 3.27 5.07 0.00 3.55
Y 3.93 10.00 9.49 10.00 493 9.77 8.02

(HREEs)




EOL — RIR;
RDI; =10 - —— .10

A.6
EOL — RIR (4.6

A rational calculation of the criticality indicator for the CRM 1" (Clcgrai)
is obtained by averaging the above-defined, scaled (0-10), normalised and
weighted criticalities index values (Equation (A.7)):

Clcrm; = (kariARL; + ksgrSGR; + kpcrECR; + knsrNSR; + kngrNEI;
+ kRD[RDIi)/6

(A7)
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In Equation (A.7) k is a non-dimensional coefficient which value is in
between 0 and 1, according to the seriousness of the corresponding
criticality aspect.

The values of the criticality indicators in Equation (A.7) are calcu-
lated by using data taken from the literature (https://publications.
europa.eu/en/publication-detail/-/publication/08fdab5{-9766-11e7-
xb92d-01aa75ed71al). For the reader convenience, they are collected
in Table Al.
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