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I Paper

Recycled Content for Metals with Refined Classification of Metal
Scrap: Micro-level Circularity Indicator in Accordance with
Macro-level System*

Taichi Suzuki®* and Ichiro Daigo™ ** ****

Transitioning from a traditional linear economy to a circular economy occurs at the micro-level system,
encompassing products and companies, which should be monitored. For metals, recycled content as an
input-side indicator of recycling quantifies the ratio of metal scrap consumed during production and
fabrication. However, conventional methodology struggles to evaluate recycled content uniquely due to
the ambiguous classification of new scrap derived from industrial processes. Additionally, the input and
output of new scrap between micro-level systems are often inadequately counted, causing inconsistencies
on recognition of secondary input between macro- and micro-level systems. This study introduces a
refined classification for metal scrap, precisely distinguishing new scrap by its originating processes.
Furthermore, we propose a novel perspective on new scrap, viewing it as a mixture of old scrap and
primary raw materials, with only the portion of old scrap being considered secondary raw material. This
stance navigates past the binary classification — whether new scrap should be classified as secondary —
eliminating ambiguity and allowing for clear identification of secondary raw materials. The developed
methodology ensures all inputs of scrap are accounted for without leakage, and the recycled content of a
specific metal is uniquely determined, maintaining consistency with macro-level systems.
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1. Introduction that necessitates fundamental macro-level changes®.

Furthermore, the challenge lies in integrating these

The transition from a traditional linear economy to a
circular economy represents a significant shift in
sustainability approaches. Essential to advancing this
transition are frameworks, evaluation tools, and
indicators for measuring and monitoring circularity™ ?.
These indicators are classified across micro
(organizations, products, and consumers), meso
(symbiotic associations and industrial parks), and
macro levels (cities, provinces, regions, or countries),
reflecting the various scopes of organizational,
industrial, and societal impacts®. While the discussion
around macro-level indicators has matured, micro-
level indicators, crucial for organizational and
product-level transitions, remain relatively scarce and
in the early stages of development”. This is largely

because circularity is perceived as a complex system

micro-level indicators with broader macro-level
frameworks to provide a comprehensive systems
perspective® 9,

In the context of material use, particularly metals,
central to the circular economy is maximizing the
utilization of secondary raw materials while
minimizing reliance on primary resources. Recycling
strategies play a critical role here. As the monitoring
measures, recycling indicators are classified into input
and output side metrics”™? the former assesses the
product supply to society, and the latter evaluates
product lifecycle completion and transfer to waste
management. As an output-side indicator, the end-of-
life recycling rate (EoL-RR) provides the ratio of
recovered metal scrap to the scrap generation
potential”. Although EoL-RR directly reflects the
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status of metal recycling at the end-of-life stage®, EoL-
RR is influenced by product design, collection rates of
end-of-life products, and the waste management
system. This makes upstream producers and
fabricators of metals challenging to impact EoL-RR
improvements solely® .

As one of the input-side indicators, recycled content
quantifies the share of metal scrap in metal
production®. Monitoring recycled content is crucial
for metal producers and fabricators, as it reflects
their contribution to recycling efforts. The recycled
content is determined during production and
fabrication processes and remains constant
throughout subsequent manufacturing stages.
However, aligning this micro-level metric with macro-
level indicators presents complexities concerning
inputs and outputs at different system scales. One
such complexity arises with “new scrap” , generated
during industrial processes and often recycled into
the same or different material. When recycled, new
scrap crosses system boundaries at the micro level,
while it is regarded as circulating within the macro-
level system. Addressing the consistency between
macro- and micro-level systems, especially concerning
new scrap, is essential for developing micro-level
indicators for input-side indicator, namely, recycled
content.

Therefore, this study aims to develop a
methodology for evaluating recycled content at the
micro level, considering its alignment with macro-
level systems. Section 2 discusses the methodological
framework, including the classification of scrap, and
the formulation of recycled content. Section 3 explores

the applicability of the developed methodology.

2. Methodological framework

2.1 Classification of metal scrap

Recycled content explains the ratio, by mass, of
recycled (secondary) material in a product'®. The
conventional definition of the recycled content for a
specific metal, e.g. at a micro-level system, was
ambiguous, primarily due to differing perspectives on
the classification of new scrap. On the one hand,
numerous material flow analysis (MFA) studies” and

reports such as the UNEP report!? describe new

scrap originating from fabrication or manufacturing
processes and typically transferred to the scrap
market rather than recycled within the same facility.
These definitions suggest an alignment of new scrap
with old scrap in evaluating recycled content.
However, considering that the origin of new scrap is
an industrial process, new scrap should not be
directly equated with old scrap. Conversely, some
academia® " regard new scrap as not secondary raw
materials, arguing that its utilization does not reduce
natural resource consumption or material disposal.
Based on this perspective, new scrap generated from
the metal derived entirely from old scrap is regarded
as a primary raw material. In this case, the origin of
new scrap overrides the nature of its original inputs.
This case suggests that the binary classification of
new scrap may cause discrepancies between macro-
and micro-level systems. In other words, considering
its origin, the refined classification of new scrap aligns
the different systems. In this section, we first
classified metal scrap in 2.1, followed by the
differentiation of secondary input in 2.2, and finally,
the recycled content is formulated in 2.3.

Metal scrap is generated throughout the life cycle
of a metal and can be categorized into two types: old
scrap and new scrap”. The scrap derived from end-of-
life products and recycled after waste management is
regarded as old scrap. Old scrap is also referred to as
post-consumer material'®, end-of-life scrap'?, or
obsolete scrap™ 9. Conversely, the scrap generated
during industrial processes is regarded as new scrap,
which is often recycled into the same or different
metal. New scrap is also referred to as pre-consumer

1 process scrap'”, or

material'®, industrial scrap
prompt scrap'®. Since some new scrap is not
considered an input to the system depending on
where it is generated and consumed, we classified
new scrap based on its origin and consumption.

In a supply chain of metals, industrial processes are
classified into production, fabrication, and
manufacturing in line with MFA studies'’. Production
involves concentration and purification processes like
mining, milling, smelting, and refining. Fabrication
includes conversion processes such as melting,
casting (solidification), rolling, extrusion, and forging.

Manufacturing is forming a finished product, for
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example, pressing, joining, and assembling. The
finished product then enters the use phase in society.
Upon reaching its end of life, the product is sent to
waste management, which includes collection,
dismantling, separation, treatment, recycling
(primarily as scrap), and disposal (mostly as
landfilling)'®. In these stages, metal scrap is generated
and is typically recycled alongside primary raw

91019 This is because metal scrap

materials
recycling is generally economically and
environmentally beneficial if the metal scrap can
substitute primary raw materials®~ 22,

In this study, the target of the recycled content is a
specific metal which is defined as a metal for a target
product with a particular chemical composition. A
specific metal is a micro level system; thus, it reflects
the complexity between the micro-level and macro-
level systems. By setting this target, metal scrap is
further differentiated by whether it originates from
itself. Ashby proposed the taxonomy of materials as
follows®, “The Kingdom of Materials can be subdivided
into families, classes, subclasses and members. As an
example, the Materials Kingdom contains the family ‘Metals’
which in turn contains the class ‘Aluminium alloys’, the
subclass ‘5000 series’ and finally the particular member
‘Alloy 5083 in the H2 heat treatment condition’.”
According to the kingdom of materials, a specific
metal in this study corresponds to a member. Then,
the metal products from different members are
considered distinct.

Based on the classification of processes and
differentiation above, life-cycle process flows of a
specific metal and another type of metal are drawn as

in Fig. 1. Here, the differentiation of two types of

metal is irrelevant to an entity which operates the
process. In other words, these two types of metal are
regarded distinct, even though they are produced by
the same facility in different time. Following the flows
in Fig. 1, scrap is classified into five types based on its
origin and consumption: (a) generated from
production and fabrication (P&F) of a specific metal
and consumed in P&F of the same metal, (8)
generated from P&F of different metal and consumed
in P&F of the specific metal, (y) generated from
manufacturing of a product for which the specific
metal is used, and consumed in P&F of the specific
metal, (') generated from manufacturing of different
product and consumed in P&F of the specific metal,
and (e) generated from waste management and
consumed in P&F of the specific metal. Typically, (a),
(B), (v), and (0) are referred to as new scrap, and (¢)
as old scrap.

In addition to differentiation by the type of metal
and the process, temporal differentiation is
considered. In a continuous process of metals, one
production cannot be identified. Examples of
continuous processes are converting for copper?” and
recovering molten lead from the shaft furnace during
the recycling process of lead®. Without the temporal
differentiation, all products from a continuous process
are regarded as the same, even if the production
timing gap spans years, which is unrealistic. Here, a
specific metal is temporally distinguished by setting
the time period necessary for one production.
Conversely, in a batch process, one production batch
is independent of others. Therefore, the time period
can be set as only one batch of a specific metal. The

time period is optionally extended to include several

(e) \

(v)
(o) "~
|~

A specific metal
and a product

Different metal

Production and Manufacturin Use . Waste Disposal
Fabrication € "I management ooey Disp
(B) (3) \ (€) \
Production and . Waste
» Di |
Fabrication Manufacturing Use 1 management noc Disposa

and different product

Fig. 1 Schematic image of classification of scrap indicated in the life-cycle process flows of a specific metal

and different metal.
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Table 1 Classification of scrap used as an input to the production and fabrication of a specific metal.
The characters in the brackets correspond to those in Figure 1. Abbreviations are as follows:
P&F for production and fabrication, M for manufacturing, and WM for waste management.

Generated from

Conventional classification Expression in this study

(a) P&F of a specific metal in scope

Home scrap Home scrap

. from the same facility
(B) P&F of a different metal -

Home scrap

""""""""""""""""""""""""""""" New (different, P&F) scrap

from a different facility New scrap
(v) M of the product New scrap New (same, M) scrap
(0) M of a different product New scrap New (different, M) scrap
(¢) WM Old scrap Old scrap

batches of a specific metal.

The idea of time period helps distinguish scrap
generated over different time spans, contributing to
accurate classification. By introducing the time period,
“same” in the definition of («) and (y) means
“derived from the same metal, generated from the
same process(es), and recycled within the same time
period.” For instance, if scrap from a specific metal is
recycled to the process of a specific metal but is not
recycled within the same time period, the scrap is
regarded as originating from different metal. Note
that though () would further be differentiated as the
same or different by definition, (e¢) does not
practically meet the criteria to be “same” since the
lifetime of a typical product is longer than the time
period. Therefore, in our classification, same or
different is not applied for (e).

Further analysis reveals that metal scrap from
production and fabrication («, £) and manufacturing
(v, 0) hold different statuses. According to the
previous or original system of inputs, whether they
are derived from the same metal is clarified. Among
these inputs, («) corresponds to home scrap, internal

27)

scrap®, and in-house scrap?. Home scrap is output

from production and fabrication (P&F), but it is

always recycled internally within the process”

or
within the same facility®. Practically, almost 100% of
home scrap is recycled”. Therefore, home scrap is
neither regarded as an input nor an output.

In this regard, for the system at a micro-level or
above, a part of (/) is consumed within the same
facility, regarded as home scrap (recycling). On the
other hand, when considered at a product level, such
recycling is not regarded as home scrap (recycling),
as it derives from a different metal, i.e., a different
member in the kingdom of materials. This distinction

can be likened to rooms in the home, resulting in the

precise terminology “room scrap” for the scrap
mentioned above as (8). The scrap (y) is new scrap
generated from manufacturing and recycled back to
the original metal within the determined time period.
This means (y) is neither regarded as input nor
output, which holds the same status as («). The

classification of scrap is summarized in Table 1.

2.2 Determining secondary raw material status in
metal scrap

The next step is how to regard classified metal

scrap as secondary raw materials. One of the

conventional definitions of secondary raw materials is

“recycled materials that can be used in

manufacturing processes instead of or alongside

30 Other definitions are

virgin raw materials”
“materials and products that can be used as raw
materials by simple re-use, or via recycling and

3D “the basic materials recovered from

recovery.
previous use or waste from which a product is
made,” and in life cycle (LC) terms, “the basic
materials recovered from previous use or waste that
are introduced into the boundaries of the studied
system” ®. Secondary raw materials are sometimes
described as secondary supply' or secondary
materials®. In summary, these definitions intend to
distinguish primary raw materials from all other
inputs that can substitute for primary raw materials.
Although recognizing what can be regarded as
secondary raw materials is still open for discussion, it
is undisputed that metal scrap generated from waste
management, denoted as (¢) in this study, is regarded
as secondary raw materials. This is because (e) is
derived from end-of-life products that have completed
a defined function during the use phase in society. On
the other hand, (a), (7). (v), and (J) do not derive

from waste management but are generated from
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Fig. 2 Schematic image of referring to the origin of new scrap input used in the present production and fabrication.
Abbreviations are as follows: pro. for production, fab. for fabrication.

industrial processes, meaning they have not
completed the defined function through the use
phase. Consequently, these inputs are not always
regarded as secondary raw materials. This raises the
question of whether such inputs are not secondary
raw materials and whether they should be regarded
as equivalent to primary raw materials. Metals are
recycled at a relatively high rate after reaching their
end of life compared to other industrial materials™ .
This fact indicates that a certain amount of recovered
metal scrap has been used as an input in the previous
production and fabrication of metals, which generated
the new scrap. Therefore, the new scrap contains
some secondary raw materials and should not be
considered equivalent to primary raw materials. Here,
we propose to regard the input of («), (8), (), and
(0) as a mix of primary and definitive secondary raw
materials referred to (e). In other words, we regard
only (¢), or old scrap, as secondary raw materials.
The idea refers to the previous system(s) from which
those inputs of metal scrap are generated, which can
determine how much old scrap was consumed during
the production and fabrication of the original metal,
resulting in a system expansion (Fig. 2).

For the sake of simplification, we suppose the case
where the previous system does not consume any
new scrap in Fig. 2. If the previous systems consume

new scrap, it should be traced back to further

previous systems. In theory, it is possible to refer to
the previous systems subsequently until new scrap is
no longer used. From a conservative perspective, the
input with no details because of insufficient
traceability should not be regarded as containing old
scrap. It should be treated the same as primary raw

material.

2.3 Formulation of recycled content

There are several definitions of recycled content,
depending on its purpose and usage. For metals, the
United Nations Environment Programme (UNEP)
defines recycled content as “the fraction of secondary
(scrap) metal in the total metal input of metal
production” V. This definition is commonly used in
many MFA studies to evaluate the recycled content
of metals at global®, regional®, and nationwide
levels®~ 3. In this study, we adhere to the UNEP's
definition of recycled content. The difference between
other definitions of recycled content will be discussed
later.

The recycled content of a specific metal represents
the ratio of substances derived from end-of-life
products contained in the metal. However, it is
technically impossible to quantify the ratio of
secondary substances contained in the metal in scope
through the analytical detection of recycled metals

directly. Therefore, the recycled content of a specific

44 UACJ Technical Reports, Vol.12 (1) (2025)



Recycled Content for Metals with Refined Classification of Metal Scrap: Micro-level Circularity Indicator in Accordance with Macro-level System

45

Steel Aluminum alloys Copper alloys
[T T ! [T al [T T H
! (Mining) ! ! (Mining) ! ! (Mining) !
Production Fe,05* Al,Oy* Si0, Al,O;* Fe,04° Si0, CuFes,
and fabrication Production Production
A 4 A 4 A 4
Ca0 . ——> Al,0,° Si0,* Ca0 . . o Si0, 4+  Refining | FeO-SiO,
C -l Smelting | | | co, Refining Fe,05" Si0; 0,4+ (melting) | so,
lCulS' Fes
AlLO, Si0, Refining —— FeO-Si0,
0, =* andsmelting [—* SO,
v lCu
Fe-C : .
- Sme]tlng_ L+ co, Reﬁnlng_
(Electrolysis) (Electrolysis)
Al Cu
Fabrication Fabrication
A 4 A 4
. 0, 77 Refining Alloying elements -+ Melting Alloying elements —| Melting
Alloying elements ——| . —— CO; . .
s and casting Scrap =¥ and casting Scrap =% and casting
crap =+
lSteeI lAI alloy lCu alloy
Forming Forming Forming
and shaping and shaping and shaping

Intermediate product

Intermediate product

Intermediate product

A 4 h 4

Manufacturing ¢
i

(Assembly) !

Solid phase
Liquid phase
lonic status

lFinaI product

Fig. 3 Simplified production and fabrication processes of steel, aluminum alloys, and copper alloys.
The color of processes shows the phase and status of the metal.

metal is empirically quantified using information on
the inputs to the production and fabrication process
of the metal as a proxy. During this process, the
chemical composition of a specific metal is determined
based on the required specification and is
proportional to the ratio of the inputs of raw
materials. Once the composition is determined, it does
not change in subsequent processes. Hence, we focus
on the process in which the chemical composition of a
specific metal is determined.

The process to determine the recycled content and
the related inputs vary depending on the class of
metals. Simplified processes of representative metals
are depicted in Fig. 3. For example, the recycled
content of aluminum alloys is calculated based on the
input to the melting and casting processes during
fabrication because no scrap or scrap-derived inputs
are used in production processes such as refining
(Bayer process) and smelting (Hall-Héroult process)™.
The approach for calculating the recycled content of
copper alloys follows the same rationale due to similar

production characteristics®. Conversely, the recycled

content of steel is calculated based on the input to the
steelmaking process', or refining and casting as
integrated processes of production and fabrication
shown in Fig. 3. It is important to note that the input
of metal scrap is not always purely scrap; sometimes,
such input includes processed scrap and may even be
mixed with primary, typically to dilute impurities. In
such cases, the primary and scrap metal proportion
within the input shall be clearly identified and
accounted for separately. The inputs of alloying
elements can be treated similarly; if any, the scrap-
derived portion of alloying elements is clarified and
accounted for separately as primary and secondary.
Furthermore, by applying this framework, the
recycled content of a composite metal can be
expressed as the weighted average of each composed
uniform metal. This approach ensures a nuanced and
accurate representation of recycled content across
various types of metal and their respective
production processes. Note that this definition is valid
for uniform metals, not for plated materials, clad

materials, coated materials, and layered materials.

UACJ Technical Reports, Vol.12 (1) (2025)

45



46

Recycled Content for Metals with Refined Classification of Metal Scrap: Micro-level Circularity Indicator in Accordance with Macro-level System

Integrated system

System 1 in micro-level, a specific metal

o __( Pl)_b Production and

I N Fabrication Manufacturing Use ooy
— 5P —> " N
—Se—> (B) ()
System 2 in micro-level, different metal
\
“__(PZ)_b Production and

Fabrication

Manufacturing Use

oocy

e

Fig. 4 Schematic image of input flows between micro-level systems and within the integrated system. (P) for primary
raw materials, (£ for new scrap from the production and fabrication of different metal, (6 ) for new scrap from
the manufacturing of different metal, and (¢ ) for old scrap.

The recycled content of a specific metal, defined
above as the ratio of old scrap in the total inputs, is
formulated as Equation 1. The denominator
represents the total mass of inputs other than the
same metal. The numerator signifies the total mass of

old scrap included in the inputs.

RC(%)=[(B+8)xRCytel/(P+B+56+e)%x100 (1)

Where:

RC is the recycled content of a specific metal.

RCy is the original recycled content of individual
input of new scrap.

RCyis a weighted average of RC.

P is the mass of primary raw materials input.

[ is the mass of new scrap input generated from
the production and fabrication of a different metal.

0 is the mass of new scrap input generated from
the manufacturing of a different product.

e 1is the mass of old scrap input.

(a) and (y) are not considered in the formula as
they only circulate within the same system. When
multiple sources contribute to (8+0), it often
happens RC, differs by the source. Therefore, RCy is
calculated from the mass and RC, of each source, and

is applied to Equation 1.

3. Demonstration and Discussions

3.1 Is new scrap secondary raw material?

As discussed in 2.1, the binary classification of new
scrap may cause discrepancies of secondary input
between macro- and micro-level systems. The
transfer of new scrap between micro-level systems
adds complexity to this discussion. Suppose the flows
in Fig. 4, where system 1 specializes in processing a
specific metal and product, while system 2 processes
a different metal and product and generates new
scrap as co-products. The parameters of inputs
depicted in Fig. 4 align with those discussed in 2.3.
The mass of all the inputs is supposed not to be zero.

When the conventional binary classification is
applied to the transferred new scrap, (/) and () are
regarded as primary or old scrap, assigning the
recycled content of these scrap at either 0% or 100%.
However, the recycled content of a product from
system 2 is never 0% nor 100%. This creates a severe
discrepancy between the recycled contents of the
product and co-products from system 2, even though
the original inputs and processes are common for
both. This discrepancy, which is practically
challenging and unrealistic, makes the binary
classification of new scrap inapplicable when
considering the transfer of new scrap between
systems.

Moreover, another discrepancy arises when

considering an integrated system comprising systems
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Table 2 Examples of input to a specific metal and calculated recycled content. The characters in the brackets
and expressions of inputs correspond to those in Figure 1.

Case Inputs Calculation
P B+0 b € RC Conv-RC, Conv-RC,
1 60 0 0 40 40% 40% 40%
2 40 20 0 40 42% 60% 40%
3 20 40 0 40 44% 80% 40%
4 60 0 20 40 40% 50% 33%
5 60 0 40 40 40% 57% 29%

1 and 2 as subsystems. If () and (J') are regarded as
old scrap, the sum of old scrap inputs to the
subsystems is (e,+e,+ [ +0). Yet, the input of old
scrap to the integrated system, Xe, is equivalent to
(e;+€,) because (8) and (6) are neither inputs nor
outputs from the perspective of the integrated
system. It is vice versa for the case (/) and (0) are
regarded as primary. The developed methodology,
however, treats new scrap as a mixture of primary
and old scrap and accounts only for the portion of old
scrap contained within new scrap when evaluating
recycled content. As a result, the sum of inputs to
micro-level systems is consistent with an integrated
system, and even a macro-level system eventually,
though the developed methodology operates at the
smallest micro-level as the specific metal level. Thus,
by establishing a consistent methodology for
classifying new scrap, we provide a more
straightforward and transparent approach to
evaluating recycled content.

Furthermore, the recyclability of new scrap varies
significantly. For example, new scrap generated from
blanking processes is easily recyclable and can
directly serve as input for subsequent production and
fabrication processes. However, new scrap from
mixed-metal joints necessitates special treatment,
such as component separation, to mitigate potential
contamination. This study defines such necessary
interventions as “the process to recover new scrap
that cannot be recycled in its original form.” This
additional treatment, thereby, aligns the recycling of
otherwise non-recyclable new scrap with the waste
management applied to end-of-life products.
Consequently, this study posits that new scrap after
an additional treatment has the same status as old
scrap. Here, Equation 1 is modified as Equation 2
when the inputs include the new scrap after

additional treatment.

RC(%)=[(8+0)xRCyt+e+01/(P+B8+5+e+0)x100  (2)

Where:
0 is the mass of new scrap input after an additional

treatment.

Additional treatments include separation, sorting,
removing layers, refining, heat treatment, degreasing,
and pressing. An additional or extra effort to utilize
such scrap as inventions and development can be
regarded as the same as the additional treatment.
However, it is different from the physical treatment.
The challenge lies in establishing protocols to ensure
that additional treatments prevent the disposal of
new scrap and methods to distinguish between new

scrap with and without an additional treatment.

3.2 Evaluation of recycled content by proposed
methodology

The developed formula is demonstrated through
five cases, as shown in Table 2. Note that numbers in
Table 2 are simplified and are not based on the
practical case. This is intended to highlight the
difference of recycled content between our
methodology and conventional equations. Case 1
represents the baseline scenario, with primary (P) and
old scrap (e) inputs. From cases 2 to 5, additional
inputs (B +0) and (y) are included alongside primary
and old scrap to examine the impact of input types on
recycled content. Here, additional treatments for new
scrap were not taken into consideration. We assumed
that the consumption of old scrap remains constant
while the consumption of primary fluctuates based on
production and fabrication requirements for the
metal. In cases?2 and 3, (8+0) originates from

another metal containing 10% of recycled content
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(RCp). The input of (8+0) replaces a part of the
primary inputs. In cases4 and 5, (y) is new scrap
returned from the manufacturing process of the same
product system. The input of (y) does not replace the
primary. Rather, such return means the same amount
of the metal was additionally supplied to the
manufacturing process. Therefore, for cases 4 and 5,
the input mass of (P) and (e) remains the same as in
case 1 because the additional supply and the return
are compensated.

Following the scenarios summarized in Table 2,
recycled content was calculated using Equation 1. For
comparison, we also calculated recycled content
based on the conventional definitions, exploring
whether new scrap should be considered a secondary
raw material. Equation 3 (Conv-RC,) treats new scrap
as a secondary raw material, while Equation 4 (Conv-
RCy) does not. The Conv-RCy reflects the proportion
of old scrap used as input, distinguished and named
end-of-life recycled content®. The equation

parameters align with those discussed in 2.3:

Conv-RC,(%)=(B+y+6+e)/ (P+L+y+d+e) )

Conv-RCy(%)=(e)/ (P+B+y+0+e) 4)

Adopting Conv-RC,, recycled content is up to 80%
by incorporating (/5 +0¢) as input. This result shows
that the recycled content can be inflated by
considering new scrap as a secondary raw material.
Furthermore, recycled content is up to 57% with the
addition of (y), produced in larger quantities without
any difficulties by deliberately reducing the yield
during manufacturing. However, this approach does
not affect the consumption of primary resources,
which leads to a mismatch between increased
recycled content and stable natural resource
consumption. Thereby, Conv-RC, limits its ability to
reflect circularity as the true value. Following Conv-
RCy, resulted in stable or lower recycled content than
the baseline casel as the amount of new scrap
increases, based on the perspective that scrap from
industrial processes should be equated with primary

materials, a view critiqued in 2.1.

The developed methodology accounts for old scrap,
which is included in inputs of new scrap from
different metals for calculating recycled content.
Moreover, new scrap returned through closed loops
does not inflate recycled content but maintains its
value, as shown in cases 4 and 5. Thus, this approach
effectively tracks the relationship between the micro-
level recycling condition and the macro-level natural
resource consumption. This study proposes tracing
the origin of the inputs of new scrap to potentially
motivate the improvement of the original recycled
content (RCy) if previous systems are identifiable. The
developed methodology accommodates the nature of

metal, which is recycled multiple times within society.

3.3 Comparison of various definitions of recycled

content

In this study, we employed the UNEP's definition of
recycled content, commonly used in MFA studies as
an indicator of the utilization of the generated
secondary materials® " %2, The UNEP definition of
recycled content shows the ratio of secondary raw
materials in a metal produced and fabricated in the
defined system. Typically, MFA studies set this
system at the macro level, such as nationwide or
broader. Consequently, metal scrap circulating within
such a macro-level system is not considered when
evaluating the recycled content at the macro level
since this scrap is neither classified as an input nor an
output.

In life cycle assessment (LCA) studies, recycled
content is used as an indicator of a product's
environmental profile related to recycling. Andreasi
Bassi et al. (2021) consider recycled content as an
index and target of recycling, in which a
methodological framework focusing on increasing
material circularity in a product is developed®.
Ardente and Mathieux (2014) proposed a framework
to identify potential measures for improving resource
efficiency related to a product in which recycled
content is regarded as one of the resource efficiency
criteria®®. Furthermore, recycled content is used as a
parameter for recycling modeling in LCA. Niero
(2016) evaluated the environmental profile of
aluminum beverage cans along with the Cradle to

Cradle certification program, which requires a certain

48 UACJ Technical Reports, Vol.12 (1) (2025)



Recycled Content for Metals with Refined Classification of Metal Scrap: Micro-level Circularity Indicator in Accordance with Macro-level System 49

amount of recycled content for certification®. In LCA
studies, the value of recycled content is typically pre-
determined, with little discussion around the
definition, evaluation methodology, or calculated
values of recycled content.

Practically, recycled content is used to make an
environmental claim about a product. Various
manufacturers use recycled content to highlight the
awareness of recycling in their products*® *”. In this
regard, recycled content should be quantified
according to universal standards to ensure fairness
and avoid greenwashing. ISO 14021, for example,
defines recycled content as “the proportion, by mass,
of recycled material in a product or packaging.”
Other private standards for evaluating the recycled
content of a product follow the definition in
ISO 14021%® ¥ According to ISO 14021, the recycled
content of a product is calculated as the weighted
average of the recycled materials used in the product.
While it is straightforward to calculate this average if
materials are explicitly differentiated as recycled
(100% recycled content) or non-recycled (0% recycled
content), complications arise because the recycled
content of a material can vary between zero and
unity. Therefore, to determine a product's recycled
content, each constituent material's recycled content
should be evaluated. However, the definition provided
by ISO 14021 is broad and vague, which can lead to
various interpretations and divergent evaluations of
recycled content.

The developed methodology addresses these issues
effectively; it ensures all inputs of scrap are
accounted for without leakage, and the recycled
content of a specific metal is uniquely determined,
maintaining consistency with macro-level systems. A
limitation, however, is that it is often challenging to
infinitely trace previous systems due to the
insufficient traceability of new scrap. When a
previous system cannot be traced further, the
evaluated recycled content is invariably less than the
actual value. Therefore, according to the developed
methodology, recycled content can be closer to the
actual value by improving the traceability of new
scrap inputs. To achieve the recycled content closest
to the truth, it is imperative that not just individual

entities but all stakeholders and the entire industry

work towards improving the traceability of new

scrap.

4. Conclusions

In this study, we introduced a novel classification
for metal scrap that refines the conventional
classification of new scrap. This approach further
classifies industry-originated scrap, e.g. new scrap,
down to a specific product level, distinguishing it by
the process(es) from which it originates. This refined
classification enables the tracking and accounting of
metal scrap related to a specific metal at a micro-level
system, maintaining the consistency with a macro-
level system. Thereby, it offers more detailed
monitoring of material circularity at the smallest
micro-level. Consequently, we addressed a nuanced
perspective on secondary raw materials, positing that
only the old scrap component within the new scrap
should be considered secondary. It provides a
concrete measure of how much primary raw material
usage is substituted, thereby quantifying circularity
status. Building on this foundation, we developed a
methodology for uniquely evaluating recycled content
for a specific metal at the micro-level, aligning with
definitions commonly utilized in MFA studies focused
on metals. This methodology facilitates a precise
assessment of input-side metal circularity at the
micro level, which is consistent with integrated
systems and leads to advancing a bottom-up approach
to fostering the transition toward a circular economy.

This study contributes to a more sophisticated
understanding and implementation of circular
economy principles, particularly in the context of
metal recycling. Providing clear classification and
evaluation frameworks aims to achieve the recycled
content closest to the truth and, consequently, the

efficiency of recycling processes and policies.
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