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Key words: Abstract - Many materials can only be recycled a limited number of times because of phys-
Steel recycling; ical degradation (paper and board), chemical degradation (plastics), or impurities (several
material pinch analysis; metals). Management of the quality of materials is a key to high long-term recycling rates
material flow analysis; and, hence, to the sustainable future. This key includes several elements, such as: retain-
material quality; ing the quality of materials in the production and use of products; retaining the quality
copper contamination; of materials in the recycling processes; and using high-quality materials only when it is re-
car dismantling quired. Pinch analysis is a set of methods to optimize physical flows by taking the quality

into account. It was originally developed for minimizing the energy demand in process in-
dustries. It has been adapted for optimization also of water and solvents flows. A Japanese
research group applied part of the method on flows of steel within Japan and globally.
We present a pilot study that illustrates how all the elements of the basic pinch approach
can be applied to global systems of material flows. Our material pinch analysis (MPA) dis-
tinguishes between three categories of steel applications, each with its own requirements
on the material quality: rolled steel, sections and re-bar. Copper in wiring etc. increases the
copper content of steel recycled from machinery and eventually restricts the recyclability of
the steel in a global system where steel use does not increase. This is important because
an MPA is mainly relevant when impurities or other quality aspects restrict the recycling
rate. Our quantitative results should not be considered accurate reflections of the reality,
because the pilot study is to a large extent based on assumptions and crude data. However,
the model gives a first indication that the maximum recycling rate of steel is approximately
80% in a potential future when steel use does not increase, unless technology is improved.
A full MPA with more thorough data collection would more accurately define the maximum
long-term recycling rate and the minimum quantity of ore-based material. In addition, a full
MPA would give information on for what applications ore-based material should be used,
and what scrap flows should be discarded rather than recycled. Such information can be
important for policy-making aiming at increased resource efficiency. If it is important for
policy-making it is also likely to be important to industrial companies that can be affected
by policies.
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1 Introduction Management of the quality of materials
then becomes a key to the sustainable future.

1.1 Background This key includes several elements, such as:

- retaining the quality of materials in the
production and use of products;

- retaining the quality of materials in the
recycling processes; and

— using high-quality materials only when
it is required.

Recycling of materials becomes more im-
portant as the demand for materials con-
tinues to grow, while the stocks of natu-
ral resources dwindle or remain constant.
A sustainable future requires a high degree
of recycling. However, many materials can
only be recycled a limited number of times 4.2 Ppjnch analysis

because of physical degradation (paper and

board), chemical degradation (plastics), or Pinch analysis is a set of methods aiming at
impurities (several metals). minimising the energy demand in process
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industries [1]. It is based on thermodynamic
principles and on the fact that different pro-
cesses in an industrial plant require differ-
ent temperature and pressure levels. Pinch
analysis describes the optimum utilization
of the hot flows that give offheat and the cold
flows that needs to be heated. A network of
heat exchangers is installed to allow energy
to be transferred between these flows. The
heat exchanger network is optimised to al-
low for maximum reuse of the energy within
the plant, for example by avoiding the use
of high-quality energy in processes where
low-grade energy is sufficient.

Analogies between heat and mass trans-
fer led to the field of mass pinch analy-
sis. This has been applied to obtain efficient
use of, for example, solvents in industrial
plants [2]. Here, the key parameter of the
flow is concentration rather than energy and
pressure. A related methodology is the water
pinch analysis, where the purpose is to op-
timise water flows in industrial plants [3,4].
The quality of the flows is here given as the
concentration of contaminants or the purity
of the water.

El-Halwagi et al. [5] presented a gen-
eral pinch approach to calculate the poten-
tial for reuse/recycling and the minimum use
of fresh resources. Instead of hot and cold
flows they map and arrange sources and
sinks of the substance investigated. They
describe the quality of the flows in terms
of their load of pollutants. The approach of
El-Halwagi et al. [5] is sometimes called ma-
terial pinch analysis (MPA); however, it is
more related to the mass and water pinch,
because it was applied to flows of water and
hydrogen within a single production plant.

Zhao et al. [6] also used the source/sink
terminology but describe the quality of the
flows in terms of impurity or purity. They
optimise hydrogen flows with several kinds
of impurities through the use of separated
source and sink curves for each impurity.
They also describe how impurity deficiency
(or excess purity) in one part of the system
can allow for increased recycling through the
mixing of hydrogen with different levels of
impurity. This pinch approach can be gen-
eralised to the recycling of substances other
than hydrogen.
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University of Tokyo applied an MPA ap-
proach to investigate the potential Japanese
recycling of steel [7-11]. The scope of this
study was not an individual production
plant, but Japan. The key parameter in their
analysis was copper concentration in the
steel flows. This was found relevant because
copper impurities often restrict the use of re-
cycled steel. Although the method applied
was called pinch technology, the study did
not distinguish between steel applications,
but used a general maximum allowable cop-
per concentration of 0.4% [10]. No pinch
point appears to be identified.

In a more recent MPA from the same
Japanese research team, Hatayama et al. [12]
presented a dynamic MFA and results from
a connected MPA of aluminum. This MPA
included not only Japan but also China,
United States and Europe. The authors con-
cluded that the maximum recycling rate of
aluminum in the US and Europe is less than
100% because of alloys in the scrap metal,
particularly from old automobiles. How-
ever, little detail of the study is presented
in the paper. Itis, for example, not clear how
they defined the quality of the material. Sim-
ilar to the MPA of steel in Japan, no pinch
point was presented.

The Japanese research team also pub-
lished studies in Japanese (e.g., [13]). The
content of these publications was unfortu-
nately not intelligible to the authors of this
paper.

To fully utilise the strength of pinch
analysis, a pinch analysis of a material
should take into account the fact that dif-
ferent processes and products require mate-
rial with different purity. The geographical
scope should be global if the material is glob-
ally traded. This is the case not only for steel
but also for other metals, paper, etc.

1.3 Purpose and method

This is a pilot study aiming to test if and
to illustrate how the basic elements of the
pinch approach can be applied to describe
the optimum global system of flows for a
specific material.

Our case study focuses on steel and can
be considered a follow-up on the previ-
ous Japanese MPA. We also choose copper
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content as the key quality parameter for
steel. Several different metals are used for
producing steel alloys. All of these can be
found in the scrap from used products. Most
of these metals are separated from the steel
in the recycling process, but not copper and
tin [14]. Unless ore-based steel is added to
the system, the copper content in the steel
will gradually increase until the material be-
comes unfit for high-quality applications.

A high copper content means the qual-
ity of the steel is lower. We want the quality
indicator to be high when the quality of the
material is high. For this reason, our quality
indicator is the purity of the steel, which we
define as the share of the steel that is not cop-
per. Since the copper content is typically less
than 1%, the purity will typically be between
99 and 100%.

Since this is a pilot study, the resources
available for data collection was limited.
The calculations are based on easily avail-
able data and, in several occasions, on
assumptions.

2 Results
2.1 Material flows

Nakamura et al. [15] distinguish between
three categories of steel with different tol-
erance for copper: maximum 0.1% for hot
and cold rolled steel, 0.3% for sections and
0.4% for re-bar (reinforced bars). We use
data from Allwood and Cullen [16] to es-
timate the global use of steel in the year 2008
(1040 Mt) and divide it into these three cat-
egories, also including castings in the re-bar
category (see Tab. 1). This is a crude sim-
plification of the multitude of steel qualities
and applications in the global steel system.
However, it is sufficient to demonstrate how
the pinch approach can be applied.

We found no data on the quantities of
scrap from each of the three steel categories
in this tentative study. Instead, we model
a hypothetical case where material use has
been constant for a long time. The use of
steel in new products is then the same as
the quantity of steel in old products that are
taken out of use.

All steel in products taken out of use is
not available as scrap. Part of the steel might

https://doi.org/10.1051/metal/2014043 Published online by Cambridge University Press

be buried underground or in the oceans.
Other steel flows might be so diluted or
contaminated that recycling is not a realis-
tic option. There can also be material losses
in the collection and recycling system. We
do not have data on the material losses in
the use, collection and recycling of steel, but
we assume that it is 5% per recycling cycle
for rolled steel and sections, and 20% for re-
bar. This means that for each tonne of rolled
steel products that reach the end of their use
phase, the model assumes that 950 kg will
be found in new products after recycling.
We assume, based on the estimate of
Kakudate et al. [18] that 4 kg of copper from
cables etc. is added to each tonne of steel
scrap from machines and similar products
(passenger cars, etc.). This resulted in the
material flows presented in Table 2.

2.2 Material pinch

The core of the graphical presentation of an
energy pinch analysis is composite curves
that plot the enthalpy and temperature of
all heat sources (physical streams that need
cooling or otherwise give away heat) and
heat sinks (streams that are and need to be
heated) in the industrial plant. In material
pinch analysis, the composite curves instead
plot the quantity and quality of scrap from
different sources and the quantity and quan-
tity demanded for different applications of
the material on the global market. Using the
terminology of El-Halwagi et al. [5], we call
these the source and sink composite curves.

Figures 1 and 2 illustrate how the steel
flows in Table 2 can be plotted in dia-
grams. Figure 1 presents all applications of
steel in a sink composite curve, which de-
scribes the total steel-demand. Similarly, Fig-
ure 2 includes all scrap-supply in a source
composite curve.

The minimum distance between the com-
posite curves is the sum of the quality loss
in the recycling process (if any) and the min-
imum safety margin for the quality (if any).
To find the pinch point, the two composite
curves are placed in the same diagram, and
the sink composite curve is shifted horizon-
tally to the right until it is completely below
the source composite curve (see Fig. 3). For
simplicity we neglect the possible quality
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Table 1. The global use of steel in different applications during 2008. Estimates based on Allwood

and Cullen [16] and Takahashi et al. [17].

Steel application Total steel quantity (Mt) Steel category  Steel quantity (Mt)
Transport
Cars and Light Trucks 93 Sections 32
Re-Bar 38
Rolled 23
Trucks and ships 28 Sections 10
Re-Bar 15
Rolled 3
Industrial Equipment
Electrical 27 Sections 19
Re-Bar 0
Rolled 8
Mechanical 137 Sections 0
Re-Bar 22
Rolled 115
Construction
Infrastructure 150 Sections 36
Re-Bar 81
Rolled 33
Buildings 433 Sections 108
Re-Bar 191
Rolled 134
Metal Products
Metal Goods 134 Sections 0
Re-Bar 67
Rolled 67
Consumer packaging 9 Sections 4
Re-Bar 0
Rolled 5
Domestic appliances 29 Sections 0
Re-Bar 0
Rolled 29
Total 1040 1040

loss in the recycling process and the possi-
ble minimum safety margin for the quality.
This means that the minimum distance be-
tween the two composite curves is zero. To
be nowhere above the source curve, the sink
curve needs to be shifted 250 Mt/year to the
right, compared to Figure 1.

Figure 3 shows several things about our
tentative model:

— The quantity of recovered steel scrap
from machinery etc., which is too con-
taminated with copper to be directly
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recycled onits own, is 263 Mt/year. This is
the horizontal distance between the low-
est points of the two curves.

The minimum required quantity of ore-
based steel is 377 Mt/year. This is the hor-
izontal distance between the tops of the
two curves.

The maximum rate of direct recycling of
steel, without mixing of different scrap
flows, is 64%: (1040-377)/1040 = 0.638.
The two curves meet at three places.
However, the pinch point is at 99.6%
purity, because this is the part of the
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Table 2. The global flows of steel and their copper content in our tentative steady-state model based on Allwood and

Cullen [16], Takahashi et al. [17], and Kakudate et al. [18]. The figures are rounded.

Improved car

Total steel ~Cuin products Scrap quantity Cuaddedin Cuin scrap dismantling
quantity (Mt) (%) (Mt) scrapping (kt) (%) Cuaddedin Cu inscrap
scrapping (kt) (%)
Rolled
Cars & light trucks 23 0.10 22 88 0.50 22 0.2
Other machinery 152 0.10 145 578 0.50 578 0.50
Other applications 243 0.10 231 0 0.10 0 0.10
Sections
Cars & light trucks 32 0.30 30 120 0.70 30 0.4
Other machinery 19 0.30 18 72 0.70 72 0.70
Other applications 157 0.30 150 0 0.30 0 0.30
Re-bar etc.
Cars & light trucks 38 0.40 31 122 0.80 31 0.5
Other machinery 22 0.40 18 70 0.80 70 0.80
Other applications 354 0.40 283 0 0.40 0 0.40
Total 1040 926 1051 803
100.00
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99.70 : ‘
€ 99.60 ¥
2 99.50
g 99.40
99.20
99.20
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Fig. 1. The sink composite curve of the tentative model, describing the steel demand based on data
from Table 2. The term purity here refers to the share of non-copper content in the steel.

scrap-supply curve that decides how far
to the right the steel-demand curve needs
to be shifted.

In practice, recycling of each separate scrap
flow is not realistic. Cast iron and rolled steel
will be mixed in the scrapping of, for exam-
ple, a car. Also, scrap with a high copper
content can be deliberately mixed with ore-
based steel or high-quality scrap to reach an
acceptable copper level, similar to the mix-
ing of hydrogen flows in the pinch analysis
of Zhao et al. [6]. This way more scrap can be
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recycled and the use of ore-based steel can
be reduced.

The quantity of extra copper from poor
steel scrap that can be tolerated in the re-
cycling system depends on the excess pu-
rity in the systems. This is given by Area
Al + A2 + A3 between the two curves in Fig-
ure 3. With the input data and assumptions
above, this excess purity can be calculated to
958 kt copper per year:

Al =0.001 x (676 — 546) = 0.131 Mt/year
A2 =0.002 x (884 — 695) = 0.378 Mt/year
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Fig. 2. The source composite curve of the tentative model, describing the supply of steel scrap
based on data from Table 2. The term purity refers to the share of non-copper content in the steel.
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Fig. 3. The pinch diagram of the global steel system. The excess purity is given by the area

Al + A2 + A3.

A3 =0.001x (1303 -926) = 0.377 Mt/year
A = Al + A2 + A3 = 0.886 Mt/year =
886 kt/year.

Area B in Figure 3 also corresponds to 886 kt
copper per year. This means that the copper
contentin all rolled steel from machinery etc.
is small enough to be accepted into the steel
recycling system. All rolled steel from ma-
chinery etc. can be recycled, if this scrap is
mixed with ore-based steel and high-quality
scrap that are available in the optimized sys-
tem. A small share (16%) of the sections from
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machinery etc. can also be allowed into this
mix.

From these additional calculations, we
get the following results:

— The minimum quantity of steel scrap that
should be discarded due to high copper
content is 89 Mt/year. This is the re-bar
and 84% of the steel sections from ma-
chinery etc.

— The minimum required quantity of ore-
based steel is 203 Mt/year.

— The maximum rate of recycling of steel is
81%: (1040 — 203)/1040 = 0.81.
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These results should be interpreted as crude
indications only, because the calculations are
based on assumptions and data from single
sources. The results of the calculations de-
pend on the material losses in the recycling
system. In a sensitivity analysis, we raised
the material losses of rolled steel and sec-
tions in the use and recycling phases from 5%
to 10%. The quantity of steel scrap that needs
to be discarded decreased to 75 Mt/year, be-
cause the total copper content in the avail-
able steel scrap was reduced. On the other
hand, the minimum quantity of ore-based
steel increased to 220 Mt/year, because more
virgin steel is needed to replace the increase
in material losses. The maximum recycling
rate decreased to 79%.

The results also depend on how much
copper is separated from the steel scrap
in the scrapping processes. This is demon-
strated in next section.

2.3 Improved car dismantling

Cars include many materials but iron and
steel is the main constituent. An average car
contains 960 kg of steel, and 93 Mt of steel
and iron are globally used in the produc-
tion of cars and light trucks each year [16].
Copper is mainly used in electrical wiring,
electric motors, in the steering device and
i other electronic and electrical appliances.
This means that the copper content of cars
has increased over time with increased elec-
trification. The current use of copper in new
Volvo cars is between 25 and 30 kg [19].

Improved dismantling of cars is the fo-
cus of current research, for example in
the on-going Swedish multidisciplinary re-
search project REALIZE (Realizing resource-
efficient recycling of cars), which is funded
by Mistra (The Swedish Foundation for
Strategic Environmental Research).

Our calculations above assumed that 4 kg
of copper was added to the each tonne of
steel scrap from machines (incl. cars and
light trucks) [18]. If the copper content in
steel scrap from cars and light trucks is re-
duced by 75% through progress in the RE-
ALIZE project and similar efforts, the total
amount of added copper in the steel scrap is
reduced by 248 kt (see Tab. 2). This increases
the maximum recycling rate in the global
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steel system from 81% to 83% and reduces
the minimum input of ore-based steel from
203 to 180 Mt/year. Such improved disman-
tling of just cars and light trucks in our cal-
culations reduces the quantity of steel scrap
that needs to be discarded by a full 25%
(from 89 to 66 Mt/year).

3 Discussion and conclusions

At least two aspects of our tentative MPA
on steel need to be discussed. First, the use
of steel in new products is in our model the
same as the quantity of steel in old products
that are taken out of use. This does not reflect
the current reality, where global steel use in-
creases. When steel use is much greater than
the total quantity of available scrap, the use
of ore-based steel is large enough to dilute
the copper content to acceptable levels. This
means that the copper contamination does
not restrict the current recycling.

A material pinch model is more relevant
when recycling is restricted by contamina-
tion. This indicates that a steel MPA is mainly
relevant for investigating a possible future
situation where the global use of steel no
longer increases.

Second, our tentative MPA is to a large
extentbased on assumptions and crude data.
The quantitative results should not be con-
sidered accurate reflections of the reality.
Part of the data can probably be signifi-
cantly improved in a full MPA on steel.
However, the investigated system, the global
steel flows, is very large and highly complex.
Crude simplifications of this system will al-
ways be necessary to make an MPA feasible.
A full MPA with more thorough data collec-
tion would still more accurately define the
pinch point of the global steel-recycling sys-
tem, the maximum long-term recycling rate,
etc.

Taking these limitations into account,
our pilot study still demonstrates that, with
current technology, steel is not 100% recy-
clable forever. An inflow of ore-based steel is
needed to dilute the copper in the steel scrap;
otherwise, the copper content will increase
to levels that make the steel unfit for use in
many applications. In a future when the use
of steel no longer increases, copper-rich steel
scrap will need to be discarded at landfills or,
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possibly, sent to copper recycling to keep the
copper content at acceptable levels.

Even though the numerical results
should not be taken at face value, they give a
first indication that, again with current tech-
nology, the maximum really long-term recy-
cling rate is around 80%. The range was 79—
83% in the three different cases we modelled.

The copper-rich scrap that needs to be
discarded is in our model represented by
re-bar (incl. castings) and sections from ma-
chinery. All scrap from applications other
than machinery is generated above the pinch
point and should ideally be recycled.

The two composite curves in our model
run together for most of the interval with
re-bar use and scrap from re-bar in non-
machinery applications (99.6% purity). This
mean care should be taken not to use too
much ore-based steel and scrap from rolled
steel to produce re-bar; otherwise it might be
difficult to find use for all steel scrap from
non-machinery re-bar.

Note that a long-term rate of recycling
higher than 80% is possible if less material
is lost in the use, collection and recycling
of steel, and/or if more copper is separated
from the steel when machinery etc. are dis-
mantled. As the recycling rate increases, the
need for ore-based steel also decreases.

The need to discard copper-rich steel
scrap is sensitive to such developments. If
less steel is lost in the use and recycling
phases, more scrap will have to be discarded
because the total quantity of copper in the
collected steel scrap will increase. If more
copper is separated from the steel in the dis-
mantling processes, on the other hand, the
need to discard steel scrap will decrease sig-
nificantly. Furthermore, improved disman-
tling can increase also the actual recycling of
valuable copper. This could be considered
already in the design phase of the product,
so that it is easier to separate the different
components at dismantling.

Our tentative study takes MPA method-
ology beyond the material pinch studies
that have previously been published in En-
glish. It demonstrates that all the elements of
the basic pinch approach can be applied to
global systems of material flows: construct-
ing the composite curves, identifying the
pinch point, and calculating the maximum
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recycling rate. This allows us to draw conclu-
sions on what flows should not be discarded
and on what applications are available for
external, virgin flows in the optimized sys-
tem. The MPA can also be used to calculate
how the maximum recycling rate is affected
by improvements in the technology that re-
duces material losses or increases the sepa-
ration of copper from the steel scrap.

An MPA is mainly relevant when impu-
rities or other quality aspects restrict the re-
cycling rate. It is clearly relevant for steel in
a potential future where steel use no longer
increases significantly. It is less relevant in a
situation where the scrap quantity is far from
sufficient to cover the material need, for ex-
ample because total material use increases
rapidly. It is not very relevant for materials
such as copper, where recycling processes re-
stores the quality of the material to the same
level as virgin material.

The MPA can be applied on materials for
which the quality can be measured with a
single value. Zhao et al. [6] demonstrate that
it can also be applied when there are several
quality indicators, as long as a set of compos-
ite curves can be developed for each quality
indicator. This is the case when the accept-
able level of one indicator does not depend
on the level of other indicators. An MPA
might not be possible to apply for materials
for which the quality cannot be measured
with a single value if the multiple indicators
depend on each other.
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