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Abstract
Purpose Two life cycle assessment (LCA) studies comparing a new low-particulate-matter-emission disc brake and a reference
disc brake were presented. The purpose was to identify the difference in potential environmental impacts due to a material change
in the new disc brake parts. Additionally, the validity was investigated for the simplification method of omitting identical parts in
comparative LCA. This was done by comparing the results between the simplified and the full LCA model.
Methods The two disc brakes, new disc brake and reference disc brake, were assessed according to the LCA ISO standards. The
ReCiPe 2016 Midpoint (hierarchist) impact assessment method was chosen. Simplifying a comparative LCA is possible, all
identical parts can be omitted, and only the ones that differ need to be assessed. In this paper, this simplification was called
comparative LCA with an omission of identical parts.
Results and discussion The comparative impacts were analysed over seventeen impact categories. The new disc brake alternative
used more resources during the manufacture of one disc compared to the reference disc brake alternative. The shorter life length
of the reference disc demanded a higher number of spare part discs to fulfil the same functional unit, but this impact was reduced
due to material recycling. The new disc brake impacts were connected primarily to the coating and secondly to the pad
manufacture and materials. The validity of the simplification method was investigated by comparing the results of the two
LCA models. The impact differences were identical independent of the LCA model, and the same significant impact categories
could be identified. Hence, the purpose of the study could be fulfilled, and the simplification was valid.
Conclusions Both LCA models, simplified and full, revealed that the new disc brake had limited environmental advantages. The
omission of identical parts made it more challenging to determine if an impact was significant or insignificant. The simplification
seemed to be reasonable.
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1 Introduction

Research and published papers on disc brake development are
plentiful, e.g. (Federici et al. 2016; Harada et al. 2013; Maleque
et al. 2010; Perricone et al. 2017; Verma et al. 2016). These
studies investigate particulate emissions generated through

wear, noise pollution and other issues related to the use phase.
There is, however, a lack of life cycle perspective in disc brake
research. To the best of the author’s knowledge, no previous
published studies are available that investigates impacts from a
life cycle perspective, i.e. how the choice of, e.g. materials
affects impacts upstream and downstream from the use phase.
No studies report, investigate if and how environmental impacts
shift due to product development. There are, however, some
studies connecting disc brakes and environmental issues. In a
study made by Madeswaran et al. (2016), an ‘eco-friendly’
brake pad is presented but without any impact calculations or
life cycle considerations. The master thesis by Andersson and
Dettmann (2013) about optimising brake disc production does
consider several different impact categories. However, the
study scope is limited to production. In the study done by
Eddy et al. (2015), a disc brake development is used as a case
study to test a predictive modelling for material selection. Eddy
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and colleagues made a significant point about materials being
of substantial importance for the sustainability level of the prod-
uct. However, no actual life cycle assessment (LCA) results are
revealed.

As recognised, cars contribute to both exhaust and non-
exhaust emissions (Grigoratos and Martini 2015; Kupiainen
2007). Exhaust or tailpipe emissions are produced by the com-
bustion of fuel or wear in a vehicle engine, while non-exhaust
emissions are all other emissions from a vehicle (Kupiainen
2007). Non-exhaust emissions, e.g. particulates, are a known
issue with significant impact on plant, animal and human
health (Abbasi et al. 2013). The brake system is one of the
primary sources of non-exhaust particle emissions (Grigoratos
and Martini 2015). Even though non-exhaust emissions such
as brake particulates are not regulated yet (Grigoratos and
Martini 2015; Kupiainen 2007) and due to the environmental
objective to reduce air pollution (IIASA, 2016), there is an
interest to decrease the amount of particulate generated
through braking. New materials are tested in both brake pads
and discs. Tests indicate that the amount of particulate matter
decreases when, among other factors, the materials show an
increased resistance to wear (Federici et al. 2016; Wahlström
et al. 2017). The Lowbrasys project (LOWBRASYS 2017),
presented a new disc brake with modification of pad and disc
materials. Internal project test exhibited a 16% decrease of
particulate matter (PM) formation caused by braking. The
reduced wear also increased the life length of the disc com-
pared to a reference disc. Hence, PM formation decreased
during the use phase. However, other resources, raw materials
and processes are used upstream, and the end-of-life treatment
should be adapted to manage the new disc brake materials.
From a life cycle perspective, the gain in the use phase has
consequences in other life cycle phases, as shown in vehicle
LCA studies, e.g. (Hawkins et al. 2013; Notter et al. 2010).

This paper presents two types of comparative LCA studies
of the new disc brake and the reference disc brake: a full LCA
study and a comparative LCA with omitted identical parts.
The primary purpose of this study is to identify the differences
in environmental impacts of the disc brakes in a life cycle
perspective. Beyond answering how the environmental life
cycle impacts are affected by the disc brake material change,
the secondary objective of this paper is to investigate and
discuss the validity of simplifications in comparative LCA.
The results of the full LCA are compared against the results
of the comparative LCAwith omitted parts.

1.1 Comparative LCA with an omission of parts

It is agreed upon in the LCA research society that most LCA
studies are in fact comparative LCAs, comparing some alterna-
tive product-systems, or comparing an existing product-system
with a proposed redesign, as stated by, e.g. (Heijungs et al.
2017). In comparative LCA two or more different products are

compared which have the same or similar function. According
to, e.g. the ILCD Handbook (European Commission 2010) and
Finnveden (1999), it is possible to simplify a comparative LCA.
All parts that are identical between the compared products can
be omitted, and only those that differ need to be assessed. The
parts could be, e.g. life cycle phases, materials or processes. It is
common in waste LCAs to exclude all life cycle phases before
the end-of-life stage. This is sometimes called the ‘zero-burden
assumption’—suggesting that the waste carries none of the up-
stream burdens into the waste management system (Ekvall et al.
2007). This simplification is justified by claiming that the pre-
vious life cycle phases are identical for the compared products
and can, therefore, be omitted. In this paper, this simplification is
called comparative LCA with an omission of parts.

Simplifications can drastically reduce the efforts required
for an LCA study. It reduces the practical weakness of LCA
through the lesser need for time-consuming analysis, data
gathering and uncertainties (Tillman et al. 1994).
Simplification could, therefore, be of critical value for an
LCA study. The omission of parts is an appealing move,
though possible consequences of the assumed method should
be questioned and examined. In waste LCAs, it is essential to
reflect on the question of how the previous life cycle is affect-
ed by the product’s end-of-life destiny. For example, waste
management of end-of-life vehicles, if the owner of a car
knows that the car parts will be reused and recycled, would
the owner decide to waste the car sooner than if it was known
to be landfilled and downcycled? The uncertainty of omission
of upstream processes for an end-of-life vehicle LCA was
briefly discussed in an earlier study (Gradin et al. 2013).

The omission of identical parts, called simplification in this
paper, can intuitively be perceived as evident. However, the
assumption is only valid if the omitted parts are unaffected. It
is not always obvious what is constant between systems.
There is a risk that omissions are used out of habit.
Therefore, it should be examined and questioned systemati-
cally. Three pitfalls are identified: (i) creates an assessment
blind spot, (ii) decreases the analyses of impact significance
and (iii) prevents hot spot analysis. First of all, significant
impacts might be overlooked. This concern is mainly of sig-
nificance if there are no or few previous studies of a particular
product, as in this case with disc brakes. There is a risk of
‘straining gnats and swallowing camels’; potential environ-
mental impacts in the excluded parts might surpass the
assessed parts by magnitudes. Secondly, it will offer only a
comparing result, which is less revealing than a full LCA. It is
difficult to evaluate whether a difference is small or large, i.e.
1 kg can be significant (2 kg compared to 3 kg in total) or
insignificant (999 kg compared to 1,000 kg in total). Thirdly, a
hotspot analysis is prevented since it is unknown how much
the omitted parts contribute to the impact (Hauschild et al.
2018). The inaccurate information might lead to suboptimal
recommendations of actions and decisions.
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2 Methods

The two disc brakes were assessed with guidance of the ISO
14040:2006 standard (ISO 2006). The life cycle impacts of the
new disc brake were compared to the life cycle of a reference
disc brake, i.e. from the cradle to the grave, including process-
es from material extraction until waste management. In this
paper, the life cycle environmental impacts of the products
were calculated in the software SimaPro version 9.0.0.47
(PRé Consultants 2019).

2.1 Case study

In the LOWBRASYS (LOW environmental impact BRAke
SYStem) project (LOWBRASYS 2017), one of the project
objectives was to develop a new disc brake that reduces par-
ticulate generation during braking. The wear rate was reduced
by changing the contact pair regarding the material composi-
tion and part coatings. The mix of the friction material in the
pads was modified, a disc coating was added, and paired to
minimise particulate formation. Wear testing, by the project
partners, indicates a 16% decrease in particulate formation.

2.1.1 Goal and scope

The goal of this study was to categorise the differences in
environmental impacts between the two options of disc
brakes. Therefore, it was of interest to analyse other impacts
than particulate emissions. Hence, all seventeen impact cate-
gories calculated by the model were studied.

The scope of the study includes the complete life cycle for
both disc brakes, which were used in medium-sized petrol
passenger cars in the EU. The assessed brakes were assembled
in identical cars; the main difference between the two brakes
was the different materials in and on the disc and pads. The
time scope was the present and up to 100 years as considered
by the hierarchist perspective (see further down for more on
the choice of the impact assessment method). The full LCA
system boundary includes raw material extraction,
manufacturing, transport of resources and products, use, and
end-of-life management of the disc brakes. The system bound-
aries for the full LCA and the comparative LCAwith omitted
parts are defined in detail in the inventory section. The assem-
bly of the disc brake into the car was cut-off due to insignif-
icant impact contribution.

When comparing two products, it is essential to define a
functional unit to which both products can be referenced. For
example, it is critical when comparing the two different disc
brake options to find a functional unit so that the compared
products can be reasonably and fairly related. The primary
function of a disc brake is to slow down or to keep a constant
speed of a car by transforming kinetic energy into frictional
heat. The braking must be done securely and efficiently; the

performance security of the product is critical. The braking
performance of the two disc brakes is equivalent; the perfor-
mance was tested and presented in Wahlström et al. (2017).
The functional unit was defined as the deceleration of a car
during the lifetime of the car. The omission of parts is possible
since this is a comparative study of two disc brakes, and parts
not affected by the disc brake change can be excluded
(Tillman et al. 1994) (Fig. 1).

The scope of the use phase was set to the lifetime of a car,
i.e. 240,000 km. The functional unit is the unit to which all
calculated environmental impacts are referenced. The chosen
lifetime was based on internal discussions within the project
and might seem long for an average car. As stated by Capitano
(2015), in regard to PM emissions, increasing the use phase
length would have the effect of magnifying the use phase’s
importance, and diminishing the impact of the other phases.
The sensitivity of the choice of the lifetime was tested. The
reference flows for both disc brakes are listed in Table 1.

In this study, the ReCiPe 2016 Midpoint (hierarchist) im-
pact assessment method was chosen to transform the long list
of life cycle inventory results, into a limited number of cate-
gory indicator results. These category indicator results express
the relative severity of one product-system to another product
system within one impact category. The hierarchist perspec-
tive is a consensus model, as often encountered in scientific
models, and this is often considered to be the default model
(PRe Consultants 2017). The ReCiPe Midpoint method de-
livers seventeen impacts categories; the categories are listed in
Table 3. Since there is a lack of previous LCA disc brake
studies, it is difficult to know what aspects of the life cycle
and impact categories are of consequence. Because of this, all
impact categories calculated by the method were investigated,
and some categories were chosen for further scrutiny.

The study was prospective, i.e. the aim was to investigate
the effects of the material changes (Tillman 2000). To describe
the product system and its environmental impacts, an attribu-
tional approach (a.k.a. accounting approach) was chosen
(Finnveden et al. 2009). The choice of data was mainly aver-
age. However, for transport distances marginal data was cho-
sen, i.e. the longest route between the sites suggested by
Google maps (Google 2018). Primary data were collected
from project members and cooperating companies. When data
were missing, general SimaPro processes were used. General
SimaPro processes give indications about where potential sig-
nificant environmental impacts might be located.

2.1.2 Assumptions and limitations

The database and inventory in SimaPro concerning particulate
emissions are based on non-specific particulates. Thus, the
impacts of the particulate emissions might be underestimated
since the toxicity of for example nanomaterials, significantly
depending on for example particle size and size distribution,
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agglomeration state, shape, crystal structure, chemical compo-
sition, surface area, surface chemistry, surface charge and po-
rosity (Oberdörster et al. 2005).

To protect the Intellectual Property of the involved compa-
nies, it is not possible to reveal details about the materials
included in the parts and processes involved inmanufacturing.
Consequently, it is not possible to publish the detailed data
inventory of the bill of materials and more (see the Electronic
Supplementary Material (ESM)). It is noted that the lack of
accessible data entails a severe threat to the transparency of
this study.

In some cases materials used, e.g. the friction mix are not
included in any of the SimaPro databases; in these cases, ma-
terials as close as possible to the original material were cho-
sen. One specific limitation was the lack of data in the data-
bases on tungsten carbide. The material was used in the new
disc powder coating. In this LCA model, available data esti-
mate on tungsten carbide environmental impact was used
from the IDEMAT2017 database, process ‘Idemat2018
Tungsten Carbide estimate’.

Since the fuel reduction value (FRV) is commonly used in
vehicle component LCAs a FRV calculation was presented
(Koffler and Rohde-Brandenburger 2010; Ridge 1998;
Schmidt et al. 2004), and the fuel consumption of the disc
brake was calculated.

3 Life cycle inventory

One brake corner of a car was assessed, consisting of two
friction material pads and a disc. The complete life cycles
are presented in the flowcharts representing the reference disc
brake in Fig. 2, and the new disc brake in Fig. 3. Red squares
mark the system boundaries with inputs and outputs represent-
ed by arrows, e.g. spare parts that are needed during the use
phase. Note that the assembly is cut-off from the assessment,
but included in the figures to present a complete life cycle. A
similar LCA inventory is naturally also described in a previ-
ous conference paper presenting a first assessment of the disc
brakes (Gradin and Hedlund-Åström 2018).

The same process data is listed for both the full LCA and
the comparative LCA inventory, but the comparative LCA
only uses the parts that are dissimilar between the disc brakes.
The processes that are different between the disc brakes are
coloured in Figs. 4 and 5. The red squares indicate the system
boundary, i.e. the assessed processes for each product. The
parts that are omitted are a collection of materials in the fric-
tionmix, the pad manufacturing, the primary disc material and
production, assembly and some transports. However, since
there is a need to produce a different number of spare parts,
the full LCA models are used in the spare part life cycles.

3.1 Material extraction and manufacture

The frictionmix differs between the reference pad and the new
pad. The materials mixed into the friction pad are a complex
mix of resins, metals and polymers. To protect the immaterial
right of the pad manufacturer, it is not possible to specify the
material mix further. The materials and additives are extracted,
mixed, pressed, heated and processed. The friction mix is

Fig. 1 Flow chart describing
assessed and omitted parts

Table 1 Reference flow for reference and new disc brake to deliver the
performance described by the functional unit

Reference disc brake New disc brake

Pads 14 16

Discs 2.5 1
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attached to a pad back-plate. The manufacturing is located in
Bad Camberg, Germany. However, the manufacturing pro-
cesses for both pads are identical; therefore, the processes
can be omitted in the simplified LCA model. The finished
brake pad is transported to the car manufacturer for assembly
into the car. Both pad alternatives have the same mass.

Both the new and the reference discs are made out of 100%
recycled cast iron. The discs are cast in a sand mould, and the
parts are trimmed in turning processes to reach specified di-
mensions, and balanced. The disc is finally painted with pro-
tective paint. The reference disc is uncoated while the newly
developed disc is coated with a thermal spray powder that is
carbide-based. The discs to be coated are transported from
Dabrowa, Poland, to Szada, Hungary, while the uncoated
discs are transported directly to the car manufacturer in
Germany. Raw materials for the disc coat are extracted and
transported to Goslar, Germany, for powder production. The
finished thermal powders are then transported to Szada,
Hungary; 450 g of powder are used for each disc coating.
The coating process is WC-Co-Cr thermal spraying; the effi-
ciency is about 23%, i.e. 350 g of powder are discarded. The
amount of needed powder and the efficiency does vary, in this
case study, marginal data, i.e. a ‘worst case’ is chosen to in-
vestigate the potential impact of the powder materials. The
coated discs are also distributed to the car manufacturer for
assembly into the car. The finished discs have a mass differ-
ence of 100 g due to the added coating on the new disc. The

mass of the reference disc brake is 7.058 kg, and the mass of
the new disc brake is 7.158 kg, the mass difference is
accounted for in the operation process.

3.2 Use phase

Many processes are identical between the disc brake life cy-
cles. The differences are the material mix in the friction pads,
an additional coating of the new disc and most notably the use
phase aspects. As described in a previous section, the func-
tional unit is set to ‘deceleration of a car during the lifetime of
the car’; this is assumed to be 240,000 km.

To model the use phase the SimaPro process ‘Transport,
passenger car, medium size, diesel, EURO 5 {RER}| trans-
port, passenger car, medium size, diesel, EURO 5 | Alloc
Def, U’ was used and modified. Omitted from the use phase
assessment were the car body, road, maintenance and all other
use phase impacts than non-exhaust emissions due to the disc
brake, fuel production and combustion due to the disc brake.
The omission is possible since this is a comparative study of
two disc brakes, and parts not affected by the disc brake
change can be excluded (Tillman et al. 1994) (see Fig. 1).
The fuel production and consumption are calculated based
on the disc brake mass while the disc brake emissions are
based on the total car mass. Thereby, the issue of the mass
non-scalability of disc brake particulate emissions is avoided.

Fig. 3 New disc brake flowchart and the system boundary represented as an outer square

Fig. 2 Reference disc brake flowchart and the system boundary represented as an outer square
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The amount of production and combustion of petrol is due
to the disc brake mass. The petrol consumption for both brake
systems was determined based on the FRV calculation, with
0.2 and 0.5 per 100 kg and 100 km (Ridge 1998). The petrol
consumption per component was calculated with 240,000 km
of use. Additionally, the CO2 and SO2 emissions during the
combustion of petrol are calculated based on stoichiometric
relations. See calculations in the ESM.

The petrol in the process were modelled through ‘Petrol,
low-sulfur {Europe without Switzerland}| market for | Alloc
Def, U’ and ‘Petrol, low-sulfur {CH}| market for | Alloc Def,
U’, and the disc brake emissions were modelled through
‘Brake wear emissions, passenger car {GLO}| market for |
Alloc Def, U’. The mass of particulates emitted per vehicle
km (vkm) is according to Ntziachristos and Boulder (2016),
i.e. 7.6 mg/vkm. It is noted that there are many studies
reporting a wide variety of mass/km results, this is due to a
lack of common driving cycles for testing and that many var-
iables affect the emissions, e.g. weather (Perricone et al.
2019). The average amount, used in Ecoinvent 3, based on
Ntziachristos and Boulder’s (2016) results seem to be accept-
able, and match the project results.

The life length of the different parts depends on wear re-
sistance. Additional testing by the car manufacturer shows
that the lifetime of the new disc is at least as long as the
lifetime for the car while the lifetime of the reference disc is
relatively shorter. Over the lifetime of the car, one new disc is
needed while 2.5 reference discs are needed during the same
period. During the lifetime of the car, 14 reference pads are
needed, while during the same time 16 new disc brake pads

are needed. The reference flow for reference and new disc
brake is presented in Table 1. The higher number of new pads
is due to a higher wear rate caused by the hard coating. The
needed numbers of additional parts to be manufactured for
spare parts are presented in Table 2. The spare parts are
modelled as additional full life cycles connected to the life
cycle of the primary disc brake.

3.3 End-of-life phase

The discarded disc brake parts are assumed to be
disassembled, and waste managed separately. The reference
disc is material recycled (90% of mass). The coated new disc
is also recycled (90% of mass). However, the coat materials
are assumed to be lost in the recycled cast iron melt. The
friction materials of the reference brake pads and the new
brake pads are incinerated with energy recovery while the
pad back-plate is recycled. The assumption about the rate of
material recycling of the disc brakes might be considered an
overly optimistic scenario, but in this case, the model is based
on internal project data.

3.4 Transport

The disc brake parts are manufactured at different sites across
the EU. The casting of the discs is in Dabrowa, Poland. The
thermal spraying of the new disc is done in Szada, Hungary,
while the metal powder is produced in Goslar and Laufenburg,
Germany. The pads are manufactured at a site in Bad
Camberg, Germany. All parts are transported to the car

Fig. 5 The flowchart of the new disc brake. In the comparative LCA, the
coloured process boxes framed by the dashed red system boundary
indicate that the processes differ between the disc brakes while the

white process boxes outside indicate processes that are identical
between the disc brakes. Hence, the system boundary includes only the
processes that differ between the disc brake systems

Fig. 4 The flowchart of the reference disc brake. In the comparative
LCA, the coloured process boxes framed by the dashed red system
boundary indicate that the processes differ between the disc brakes

while white the process boxes outside indicate processes that are
identical between the disc brakes. Hence, the system boundary includes
only the processes that differ between the disc brake systems
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manufacturer site in Saarlouis, Germany, to be assembled on a
car. All transports within the EU are assumed to be done by a
large EURO 5 lorry. Additional transports are raw materials
moved from the extraction site to the production site; these
transports are mainly included in the SimaPro materials pro-
cesses. Transport of waste, i.e. production waste and discarded
disc brakes are assumed to be 10 km.

4 Results and interpretation

In this section, the results and interpretation of both LCA
models are presented and compared. First, the petrol con-
sumption connected to the disc brake is calculated through
FRV calculations. The lower petrol amount is used in the
presented LCA results and additional results based on the
higher petrol amount are found in Supplementary materials.

FRV calculations and the results of the full LCA study are
presented. Then, followed by the results of the comparative
LCAwith omitted parts are shown. The results of both models

are compared and analysed. Finally, sensitivity analyses are
presented.

4.1 FRV calculation

The petrol consumption of the car for both brake systems was
determined based on the FRV calculation, with a low factor of
0.2 and a high factor of 0.5 per 100 kg and 100 km (Ridge
1998). The petrol consumption per component was calculated
with 240,000 km of use; please see calculations in the ESM.

There was an insignificant difference between the two disc
brakes since the mass difference was only 100 g. If the lower
factor (0.2) was used, the petrol consumption was 33.88 and
34.36 l for each component, where the higher amount is due to
the slightly higher mass of the new disc brake. If the higher
factor (0.5) was used, the lifetime petrol consumption was
84.70 and 85.90 l respectively. The following results are cal-
culated with factor 0.2, i.e. the lower petrol consumption. For
the results calculated with the higher factor 0.5, i.e. the higher
petrol consumption, please see the ESM.

4.2 Results of the full LCA

The differences in impacts of the two disc brakes were distrib-
uted over 17 impact categories (see Table 3). The contribution
analysis showed that there were some significant differences,
e.g. there was a significantly higher impact by the new disc
brake in the impact categories of ‘ionizing radiation’ and

Table 2 Spare parts needed during the functional unit time

Spare parts Reference disc brake New disc brake

Pads 12 14

Discs 1.5 0

Table 3 The impacts caused by the disc brakes presented in seventeen impact categories

Impact category Unit Reference disc Brake New disc brake Difference Diff. %

Global warming kg CO2 eq 90 120 30 33%

Stratospheric ozone depletion kg CFC11 eq 0.000069 0.000071 0.000002 3%

Ionizing radiation kBq Co-60 eq 19.0 30.2 11.2 59%

Ozone formation, human health kg NOx eq 0.2 0.3 0.04 21%

Fine particulate matter formation kg PM2.5 eq 0.9 0.8 − 0.1 − 9%

Ozone formation, terrestrial ecosystems kg NOx eq 0.2 0.3 0.04 20%

Terrestrial acidification kg SO2 eq 0.6 0.7 0.1 14%

Freshwater eutrophication kg P eq 0.1 0.1 0.02 30%

Terrestrial ecotoxicity kg 1.4-DCB e 41.8 35.1 − 6.7 − 16%

Freshwater ecotoxicity kg 1.4-DCB e 14.9 13.4 − 1.6 − 10%

Marine ecotoxicity kg 1.4-DBC e 88.9 75.9 − 12.9 − 15%

Human carcinogenic toxicity kg 1.4-DBC e 46.0 29.9 − 16.2 − 35%

Human non-carcinogenic toxicity kg 1.4-DBC e 36532 32294 − 4238 − 12%

Land use m2a crop eq 2.84 2.80 − 0.04 − 1%

Mineral resource scarcity kg Cu eq 1.53 5.30 3.77 246%

Fossil resource scarcity kg oil eq 47.85 60.90 13.06 27%

Water consumption m3 214.86 207.09 − 7.77 − 4%

Impact categories in bold indicate a significantly higher impact, and the italics indicate a significantly lower impact caused by the new disc brake
compared to the reference disc brake. The last columns display the difference of the impact of the new disc brake compared to the reference disc brake
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‘mineral resource scarcity’. Eight of the 17 impact categories
displayed a decrease of impact and for one category ‘human
carcinogenic toxicity’ the impact decrease was significant.

Process contributions in the ‘ionizing radiation’ catego-
ry for the new disc brake were linked to the coating of the
disc. The primary impacts were connected to the thermal
spraying of the new disc, i.e. Hungarian electricity mix and
liquid oxygen. The Hungarian electricity mix was the en-
ergy used for the thermal spraying, and impacts from the
liquid oxygen were connected to the energy (average
European electricity mix) required to produce the oxygen.
Half of the Hungarian electricity mix is imported fossil
fuel, and the other half is domestic produced energy mainly
through nuclear power and fossil fuel (IEA 2016). In gen-
eral, the impacts caused by both discs originated from the
cast iron and manufacturing of the discs. These specific
disc impacts were higher for the reference disc brake due
to the need for 1.5 discs more compared to the new disc
brake. However, due to the favourable effects of cast iron
recycling the impact connected to the new coating were
higher than the impact connected to the disc.

In the ‘mineral resource scarcity’ impact category, the tung-
sten carbide used in the new disc coating gave a notable im-
pact by about 50% (2.83 kg Cu eq.) of the total life cycle
impact. Similarly, the impact of the additional reference disc
spare part did have a notable impact due to manufacturing and
use of cast iron but was decreased due to cast iron recycling.
Additionally, it was observed that the pad manufacturing and
materials had a significant contribution to this category.

The four categories ‘fine PM formation’, ‘terrestrial
ecotoxicity’, ‘marine ecotoxicity’ and ‘human non-
carcinogenic toxicity’ were primarily only linked to the brake
wear emissions. The impact caused by the new disc brake is
slightly lower due to the reduced amount of PM formation.

The ‘human carcinogenic toxicity’ was linked to the ma-
terials and manufacturing of the cast iron disc. Hence, due
to the more substantial amount of reference discs, the im-
pact was higher. The recycling of cast iron lowered the high
impact, but the manufacturing of the disc had a significant
impact.

It became clear that the new disc brake had limited ad-
vantages. The new disc brake alternative used more re-
sources during the manufacture of one disc compared to
the reference disc brake. The shorter life length of the refer-
ence disc resulted in a higher demand on the number of spare
part discs to fulfil the same functional unit, but this impact
was reduced due to material recycling. The primary contrib-
uting impacts of reference disc brake materials and processes
were linked to the cast iron, the manufacturing of the discs,
manufacture of pads and materials in the pads friction mix,
such as copper and brass. The contributing impacts of the
new disc brake were connected primarily to the coating and
secondly to the pad manufacture and materials.

4.3 Results of the comparative LCA with omitted parts

A study of the two disc brakes was also conducted using the
comparative LCAwith omitted parts. Therefore, all materials,
processes and life cycle parts that were identical between the
two disc brakes were eliminated and not assessed in this study.
The results, presented in the same way as for the full LCA, are
shown in Table 4. There was a significantly higher environ-
mental impact by the new disc brake in the two impact cate-
gories of ‘ionizing radiation’ and ‘mineral resource scarcity’.
Eight of the 17 impact categories displayed a decrease of
impact and for one category ‘human carcinogenic toxicity’
the impact decrease was significant.

According to the comparative results, the impacts in the
‘ionizing radiation’ category for the new disc brake were
linked to the coating process, i.e. the thermal spraying of the
new disc in this case due to a Hungarian electricity mix and
impacts due to the production of liquid oxygen.

The primary material processes impacting the ‘mineral re-
source scarcity’ category were tungsten carbide and cobalt. The
tungsten carbide gave a significant impact by 52% (2.83 kg Cu
eq.). The significant contributors for the reference alternative
were connected to the pad materials and manufacture, but these
impacts were significantly lower than the coating material
impacts.

The four categories ‘fine PM formation’, ‘terrestrial
ecotoxicity’, ‘marine ecotoxicity’ and ‘human non-
carcinogenic toxicity’ were primarily only linked to the brake
wear emissions. The impact caused by the new disc brake is
slightly lower due to the reduced amount of PM formation.

The ‘human carcinogenic toxicity’ impact category were
linked to the materials and manufacturing of the cast iron disc.
Hence, due to the more substantial amount of reference discs,
the impact was higher than for the new alternative.

The comparative assessment shows that the new disc brake
had significant impacts on many of the 17 impact categories.
The new disc brake used, e.g. fossil energy for the disc coating
and energy demanding liquid oxygen production. The refer-
ence disc and spare part discs did have a significant impact,
with the cast iron contributing to over 54% of the impact in the
‘human carcinogenic toxicity’ category. The impact was how-
ever compensated with the recycling of the iron.

4.4 Comparing the results

When comparing the results of the two LCA models, differ-
ences were expected in the aggregated environmental impact
for each disc brake. The difference was due to the omitted
parts in the comparing LCA, i.e. the impacts of the disc brakes
in the simplified LCA were lower. However, it was not the
individual impacts that were of interest but the comparison of
differences in impact between the disc brakes, in this study.
Comparing the results revealed that the same impact
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categories were identified as having increased impact due to
the new disc brake. In addition, the impact categories with a
noteworthy decrease in impact were also the same. There was
no difference between the full LCA results and in the compar-
ative results, i.e. the ‘difference’ column in Tables 3 and 4.
However, the percentile difference was different due to the
total being different. The same significant impact categories
and processes could be identified regardless of the LCA
model.

4.5 Sensitivity analysis

The relatively high lifetime assumption for the car carrying the
disc brake was analysed—the life length of the car influence
the number of spare parts used, i.e. shorter time—less spare
parts and longer time—more spare parts. The previously often
used assumption of 150,000 km based on educated guess rep-
resents an underestimated value and should be increased
(Weymar and Finkbeiner 2016). In this study, the lifetime
was varied between 150,000 km (Hawkins et al. 2012),
240,000 km (the current case study) and 330,000 km (margin-
al case). The number of spare parts was adjusted with the
changed lifetime (see Table 5).

The negative number (− 0.4) of new discs in the
150,000 km lifetime was due to the long lifetime of the disc.
To cover 150,000 km of life only 0.6 discs were needed.

The longer lifetime had no environmental enhancement
effect, concerning the new disc brake, on the eight impact
categories ‘global warming’, ‘ionizing radiation’, ‘ozone

formation, human health’, ‘ozone formation, terrestrial eco-
systems’, ‘terrestrial acidification’, ‘fossil resource scarcity’,
‘freshwater eutrophication’ and ‘mineral resource scarcity’.
This means that the higher impact of the new disc brake did
not diminish compared to the reference disc brake. The rela-
tion was similar to the ‘ionizing radiation’ impacts illustrated
in Fig. 6.

The impacts in the ‘fine particulate matter formation’, ‘ter-
restrial ecotoxicity’, ‘freshwater ecotoxicity’, ‘marine
ecotoxicity’, ‘human carcinogenic toxicity’ and ‘human non-
carcinogenic toxicity’ categories developed similarly. The im-
pacts in the six categories, the relative impact between the disc
brake impacts, were not changed with a longer lifetime. The
relation is illustrated by ‘human carcinogenic toxicity’ in Fig.
7. The reference disc brake impacts, in these categories, were
higher than for the new alternative, regardless of distance.

For the impact categories ‘stratospheric ozone depletion’,
‘land use’,and ‘water consumption’, the impacts were lower
for the new disc brake for the shorter distances. But for distances
over 330,000 km, the new disc brake impact surpassed the ref

Table 4 The results of the comparative LCAwith omitted parts

Impact category Unit Reference disc brake New disc brake Difference Diff. %

Global warming kg CO2 eq 78 108 30 38%

Stratospheric ozone depletion kg CFC11 eq 0.000063 0.000066 0.000002 4%

Ionizing radiation kBq Co-60 eq 14.3 25.5 11.2 79%

Ozone formation, human health kg NOx eq 0.2 0.2 0.04 23%

Fine particulate matter formation kg PM2.5 eq 0.9 0.8 − 0.1 − 9%

Ozone formation, terrestrial ecosystems kg NOx eq 0.2 0.2 0.04 22%

Terrestrial acidification kg SO2 eq 0.5 0.6 0.1 15%

Freshwater eutrophication kg P eq 0.1 0.1 0.02 33%

Terrestrial ecotoxicity kg 1.4-DCB e 41.7 35.1 − 6.7 − 16%

Freshwater ecotoxicity kg 1.4-DCB e 13.1 11.5 − 1.6 − 12%

Marine ecotoxicity kg 1.4-DBC e 86.3 73.4 − 12.9 − 15%

Human carcinogenic toxicity kg 1.4-DBC e 31.7 15.5 −16.2 − 51%

Human non-carcinogenic toxicity kg 1.4-DBC e 35310 31072 −4238 − 12%

Land use m2a crop eq 2.22 2.18 − 0.04 − 2%

Mineral resource scarcity kg Cu eq 1.67 5.44 3.77 225%

Fossil resource scarcity kg oil eq 45.29 58.34 13.06 29%

Water consumption m3 156.27 148.50 − 7.77 − 5%

Impact categories in bold indicate a significantly higher impact, and the italics indicate a significantly lower impact caused by the new disc brake
compared to the reference disc brake. The last columns display the difference of the impact of the new disc brake compared to the reference disc brake

Table 5 Lifetime adjusted spare part number for the disc brake
alternatives

Lifetime (km) Reference pad Reference disc New pad New disc

150,000 7.5 0.9 8.8 − 0.4

240,000 12 1.5 14 0

330,000 16.5 2.1 19.3 0.4
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disc brake impact. Hence, a longer lifetimewould not benefit the
impact categories for the new disc brake. The longer lifetime
seemed to have a ‘break even’ lifetime over 240,000 km where
the impact of the reference disc brake gained a lower impact
than the new disc brake, similarly as illustrated for ‘water con-
sumption’ category in Fig. 8.

The sensitivity analysis of the lifetime showed that longer
use time, over 240,000 km, was not favourable for the new
disc brake, inmost impact categories. The reference disc brake
had a better eco-profile than the new disc brake in most cate-
gories, regardless of if the use time was shorter or longer.

5 Discussion

The differences in impacts between the two disc brake alterna-
tives were divided into the 17 impact categories. While nine
categories showed an increased impact, eight impact categories
displayed an impact reduction for the new disc brake,

regardless of the LCA model. The most significant impacts
were connected to material and manufacturing phases for both
disc brakes. A significantly higher impact by the new disc
brake was observed in the two impact categories of ‘ionizing
radiation’ and ‘mineral resource scarcity’. The sensitivity anal-
ysis showed that the difference in these impact categories, be-
tween the two disc brakes, would increase with a longer life-
time. One impact category, ‘human carcinogenic toxicity’,
displayed a significant decrease in impact. In this category, a
longer use time would not change the relative lower impact of
the new disc brake, compared to the reference disc brake. The
primary contributing impacts, depending on impact category,
of the reference disc brake, were linked to the cast iron, the
manufacturing of the discs, manufacture of pads, and copper
and brass used in the pads friction mix.

The new disc brake contributing impacts were connected
primarily to the tungsten carbide (WC) coating. A study of
the Chinese WC production by Ma et al. (2017)
calculated an energy requirement for the production of

Fig. 6 The ‘ionizing radiation’
impact difference increased with a
longer lifetime

Fig. 7 The ‘human carcinogenic
toxicity’ impact difference was
not changed by a longer lifetime
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1 kg tungsten carbide powder to 170 MJ-eq. In a recently
presented article (Furberg et al. 2019), a non-Chinese pro-
duction of 1 kg tungsten carbide powder was assessed to be
58 MJ-eq. These two studies used the ReCiPe 2008 method.
This variability of tungsten carbide data implies that the
impacts of the disc coating could be underestimated and
could potentially overshadow any benefits. Caution should
be taken during the interpretation of the results. It is not
objective how the impacts of tungsten carbide processes
can be compared to the benefits of more extended lifetime
usage.

Excluding a significant impact such as the car body and all
other use phase impacts than disc brake and exhaust emissions
can seem to give misguiding results. It is noted that the com-
plete car use environmental impacts are more significant than
the disc brake emissions, by magnitudes. In this study, we
aimed to focus on the emission due to braking, by excluding
other use phase emissions, to highlight and investigate the disc
brake emissions.

One of the concerns in omitting LCA parts was that there
might be significant environmental impacts overlooked, espe-
cially in cases with no or few previous studies of a particular
product. Analysis of the impact category magnitudes showed
that between 0.1 and 48% of impacts were omitted through
simplification. This means that although the differences be-
tween the impacts of the two discs were the same independent
of the model the impact was harder to evaluate as significant
or insignificant since the full impact was reduced. Contrary to
this case, the reduction is usually an unknown amount. An
analysis of both models and results showed that since the
impact of, e.g. the cast iron disc of the new disc brake was
omitted the impacts were naturally also missing. This lack is a

severe issue if significant improvement parameters are
overlooked or if an effort is put in ineffective actions.

According to the ILCD Handbook (European Commission
2010), all cut-off’s of the inventory is entirely acceptable and
has no consequences on the validity of the LCA, as the extent
of the incompleteness is set in line with the goal and scope of
the study. Hence, if it is possible to fulfil the purpose of the
study, the similarity to the target is adequate. In this case study,
the two disc brakes were assessed through two LCA models.
Comparison of the results showed that the differences in im-
pact between the products were identical regardless of the
model. The same impact categories could be identified as
being of interest when comparing the new disc brake to the
reference disc brake. It was, however, more challenging to
determine if an impact was significant or insignificant.

Note that the omitted parts, in this case, were minor.
Therefore, the gains in minimising inventory data require-
ments by using the omission of identical parts method were
minimal owing to the need to model the spare parts complete-
ly as full LCA models.

In a previous disc brake study, i.e. the conference paper
(Gradin and Hedlund-Åström 2018), the omission of parts
turned out not to be valid. This error was due to the different
life length of the disc brake parts. Therefore, the spare parts
need to be modelled fully not to risk false results. The exclud-
ed parts contributed to the most severe underestimation of the
compared impacts mainly in the case of the cast iron disc. The
result of the conference paper indicated quite correctly that the
new disc brake demands more energy and resources during
the material and manufacturing phases. However, since the
spare part impacts were missing the comparison did not give
a valid result. Even though the conference paper failed to

Fig. 8 The ‘water consumption’
impact category difference
increases, and the impact of the
reference disc brake gained a
lower impact than the new disc
brake, for a lifetime of over
240,000 km
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present valid results, there were lessons to be learned. There is
no expressed terminology for this simplification method; it is
hard to find relevant published cases and the development of
the methodology might be weakened. Therefore, it is benefi-
cial to define a term for the method. This paper suggests nam-
ing the simplification method as comparative LCA with an
omission of identical parts.

There is a lack of knowledge regarding non-exhaust disc
brake emissions in LCA. Other published disc brake LCA
studies, to compare this study to, cannot be found. This study
attempted to highlight the non-exhaust emissions of the disc
brake. These emissions will become more significant as low
emission fuels and drivetrains are developed. The possibility
to include not only exhaust emissions but also non-exhaust
emissions connected to the operations phase was central in
this study.

Future work is encouraged, in both the area of the environ-
mental impact of disc brakes but also regarding simplification
of comparative LCA through omission of identical parts.
Additionally, there are needs to refine the modelling of PM
emissions in LCA. Primarily connected to the unaddressed
toxicity (Oberdörster et al. 2005), but also concerning the
issue of how to model material specific PM emissions. It is
of interest to expand the studies toward endpoint assessments,
i.e. the life cycle impacts of disc brakes involving, e.g. human
health issues and benefits. Through the study of the metric
disability-adjusted life years (DALY), unit in years, the net
positive, negative and neutral DALY can be determined for
the disc brakes (Arvidsson et al. 2016). However, due to the
unaddressed PM toxicity, the endpoint result might be
underestimated.

6 Conclusions

The objective of the two LCA studies was to identify and
analyse the difference in environmental impacts between
two disc brakes: a new disc brake and a reference disc brake.
Through a material change in the friction pad and coating of
the disc, the amount of particulate emissions caused by the
new disc brake could be diminished during the use phase.
However, the raw material extraction and manufacturing
phase upstream from the use phase were affected due to re-
source and energy needs of the new disc brake.

Additionally, the validity of a simplification method called
‘comparative LCA with an omission of identical parts’ was
investigated. There is a lack of published research on compar-
ative LCA and discussions around the methodology of sim-
plifications. The validity of the LCA model was investigated
by comparing results between the simplified and the full LCA
of the disc brakes. The impact differences were identical in-
dependent of the LCAmodel. Hence, the purpose of the study
could be fulfilled, and the simplified model results were valid.

It was, however, more challenging to determine if an impact
was significant or insignificant.

Both LCA models, of the new disc brake and the reference
disc brake, revealed that the new disc brake had limited ad-
vantages. The new disc brake alternative used more resources
during the manufacture of one disc compared to the reference
disc brake. The shorter life length of the reference disc resulted
in a higher demand on the number of spare part discs to fulfil
the same functional unit, but this impact was reduced due to
material recycling. The sensitivity analysis of the lifetime
showed that longer use time, over 240,000 km, was not
favourable for the new disc brake, in most impact categories.

Caution must be observed during the interpretation of the
results concerning the potentially underestimated impacts of
the tungsten carbide used in the new disc coating. The under-
estimation could potentially undo any benefit of the new disc
brake.

This study can unfortunately not be compared with other
studies since other published LCA studies of disc brakes are
not available. Hopefully, this study can support future LCA
studies on disc brakes.
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