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Abstract

The European Union is currently focused on reducing non-exhaust emissions (NEE), a grow-
ing source of particulate matter (PM) pollution from road transport. This study presents the
Life Cycle Assessment (LCA) of an innovative zero-emission magneto-rheological braking
system specifically designed to meet new brake emission targets. Prototyped for A-segment
passenger cars, the system uses magnetorheological fluids that modify their rheological
properties when subjected to an external magnetic field. The environmental impacts of
this innovative system are compared with those of a conventional disc brake, considering
16 environmental indicators across all life stages: raw material extraction, manufacturing,
use, and end-of-life. In fact, although the system eliminates PM emissions during operation,
it is crucial to assess whether it remains advantageous in terms of overall environmental
impacts when the full life cycle is considered. As a prototype, this study also aims to
inform design improvements that minimize environmental burdens. Results show that the
innovative braking system performs better, particularly during the use and maintenance
phases. Moreover, several eco-design strategies have been identified to reduce impacts
related to materials and production. Overall, the magneto-rheological system demonstrates
strong potential to meet future emission standards while improving the sustainability of
vehicle braking technology.

Keywords: Life Cycle Assessment (LCA); magnetorheological fluid; automotive; brake;
non-exhaust emissions (NEE)

1. Introduction

The European Union is currently focused on reducing non-exhaust emissions (NEE),
which are a growing source of particulate matter (PM) pollution from road transport. These
emissions, which originate mainly from abrasion processes such as tire, brake, and clutch,
as well as from the resuspension of deposited road dust, are becoming a larger proportion
of overall PM emissions as exhaust emissions decrease. While exhaust particles have been
extensively studied and successfully reduced through technological improvements, non-
exhaust emissions remain less understood, with important uncertainties regarding their
physicochemical properties, emission factors, and potential health impacts. Controlling
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these emissions is of paramount importance, particularly because the braking system alone
accounts for a significant portion between 16% and 55% by mass of total PMx emissions
from traffic on urban roads, where braking events are more frequent [1]. The EU is
addressing NEE through revisions to Euro standards, particularly Euro 7, which includes
measures to limit brake dust and tire wear, but achieving this goal will also require further
technological improvements [2].

Recent research has investigated strategies to reduce particulate emissions from brak-
ing systems, with a primary focus on material innovations. The Lowbrasys project [3]
introduced novel brake pad and disc materials. From a life cycle perspective, this new
brake technology achieves a substantial 9% reduction in PM2.5 emissions compared to
conventional disc brakes [4]. Carbon ceramic brakes are a promising solution thanks to
their great properties, particularly the high wear resistance of C/SiC components. A com-
parative Life cycle assessment (LCA) demonstrates that traditional cast iron brakes are the
more sustainable option, but conversely, the high wear resistance of composite components
would result in a significant reduction in NEE PMx [5]. While these approaches significantly
decrease brake wear particles, they do not completely eliminate them, leaving room for
further innovation. In this context, the development of zero-emission braking systems
represents a significant step forward.

To address NEE, particularly the formation of PMx from braking systems, several
technologies have been developed and are already available on the market, representing
the current state of the art. These include hysteresis brakes, eddy-current brakes, magnetic
particle brakes, and magneto-rheological (MR) brakes.

Hysteresis brakes generate braking torque through magnetic hysteresis in ferromag-
netic materials across an air gap rather than through frictional contact. As a result, they are
intrinsically low-wear and avoid tribological particulate generation associated with con-
ventional friction interfaces. Hysteresis-based devices are also known for smooth torque
and low-noise operation; however, their low torque density limits their suitability for
high-torque automotive braking applications [6-8].

Magnetic particle brakes generate braking torque by applying a magnetic field that
structures the powder in the working gap between rotating members. Their torque can
be regulated through the excitation current, but their behavior exhibits hysteresis and
speed dependence. In addition, limited torque-transmission capacity and heat generation
under operating conditions make their implementation in vehicle driveline applications
challenging [9,10].

Eddy-current brakes operate by inducing currents in a conductive disc and converting
kinetic energy into thermal energy without mechanical friction. While this technology
performs well at high speed, its braking torque decreases significantly at low speed and
remains below the level typically required for passenger vehicles, making it more suitable
for applications such as high-speed rail [11-13].

Among these, MR brakes offer a particularly promising solution. This braking tech-
nology is the most suitable for the application, as it can achieve torque comparable to
traditional disc brakes [14]. However, an innovative geometry is needed to optimize torque
and control temperature, ensuring consistent braking performance [15]. By relying on
controllable fluid dynamics rather than direct friction, MR brakes avoid the production of
brake dust, demonstrating in this way promising environmental performance over tradi-
tional brake systems. In the rapidly growing field of electric vehicles (EVs), this system
offers strong integration potential and benefits in reducing non-exhaust emissions (NEE).
Since electric cars are generally heavier than conventional internal combustion vehicles,
traditional braking systems would otherwise generate greater amounts of brake dust.
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In order to better understand the environmental benefits that this new zero-emission
braking system could bring to the EV sector, a detailed analysis using the LCA methodology
is required. In the field of LCA of EVs, the literature has so far mainly focused on other
aspects such as batteries [16], fuel cells [17], electric motors [18,19], permanent magnets [20],
and complete vehicles [21].

Recent literature shows a growing research interest in magnetorheological braking
systems, particularly in relation to structural configurations, braking performance, heat
dissipation, and fluid durability [22-24]. These studies highlight the technological potential
of MR brakes and the ongoing efforts to improve their functional reliability and perfor-
mance. Nevertheless, to the authors” knowledge, no previous study has conducted an
LCA of a zero-emission MR braking system with the aim of comprehensively evaluating
its environmental impacts and explicitly addressing the trade-offs associated with this
promising technology. Therefore, the novelty of this study lies in the comparative LCA
of an innovative MR zero-emission brake (developed at the Polytechnic of Turin) against
a conventional disc brake, covering multiple environmental impact categories across the
main life cycle stages. Beyond assessing its overall environmental performance, the study
also aims to identify the most critical impact hotspots and trade-offs of the current proto-
type and to provide actionable guidance for future design improvements. This integrated
solution, known as the zero-emission driving system (ZEDS), combines the in-wheel motor
(IWM) and braking functions, representing the evolution of traditional MR brakes while
introducing a novel approach to zero-emission mobility. The work focuses in particular on
the zero-emission braking functionality, evaluating its environmental performance and its
potential for impact reduction compared to a traditional braking system.

2. Materials and Methods

This study follows the LCA methodology in compliance to ISO standards and reference
books [25-28]. The analysis consists of 4 main steps, assessed in the successive sections:
Goal and scope Section 2.2, Life Cycle Inventory Section 2.3, Life Cycle Impact Assessment
Section 2.4 and finally the Results and Interpretation Section 3 part.

To carry out this study, the SimaPro 9.3.0.3 software was used, which allows the
environmental impact across various production and operational processes to be assessed
using the Ecoinvent database.

2.1. Case Study

The case study of this analysis is the ZEDS developed by the Polytechnic of Turin
(PoliTo), which represents an innovative evolution of MR brakes [14,15]. Conceived as a
project that aims to provide an integrated solution for sustainable mobility, ZEDS combines
technological innovation with a broader vision of zero-emission transport. In this context,
the present LCA focuses in particular on the braking functionality, which is based on a
magneto-rheological fluid (MRF) that modifies its viscosity and yield strength under the
effect of a magnetic field, enabling frictionless braking and eliminating PMx emissions [29].
For this reason, we will henceforth refer to the system as the zero-emission brake.

To evaluate the environmental superiority of this innovative zero emission brake,
the disc brake system of a Fiat Panda (169) was selected as the baseline traditional
brake technology.

The zero-emission brake investigated in this study has a substantially higher mass
than the reference conventional brake system, which affects the comparison particularly in
material- and manufacturing-related impact categories. This mass difference is primarily
attributable to the prototype-stage architecture of the system. Unlike a conventional
friction brake, the proposed design incorporates additional electromagnetic and structural
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components (including the rotor, stator, copper coils, and a sealed chamber geometry
designed to contain the MRF) each requiring dedicated sealing elements to prevent leakage
during operation. As the current design represents a first-generation prototype rather
than a production-optimized system, these components were conservatively dimensioned,
resulting in a higher overall mass. The results should therefore be interpreted in light of
the system’s prototype-stage maturity. The current design has not yet been optimized
for mass reduction, material efficiency, manufacturability, or industrial-scale production.
The conservative sizing of structural and electromagnetic components, the high copper
content, and the absence of a production-ready architecture are the primary drivers of the
elevated environmental burdens observed in the raw material extraction and manufacturing
phases. Accordingly, this assessment reflects the characteristics of an early-stage prototype
rather than those of a mature, market-ready braking system.

2.2. Goal and Scope

The goal of the analysis is to evaluate the effectiveness of the innovative zero-emission
brake in reducing emissions. This will be achieved by comparing it with a traditional brake
system selected as a baseline. The innovative system has been shown to be effective in
reducing non-exhaust PMx emissions during its use phase. However, it is necessary to
ascertain whether it remains equally effective when compared to a traditional brake in the
remaining parts of the life cycle.

2.2.1. Functional Unit

In order to facilitate the comparison between the two technologies, the selected Func-
tional Unit is “One zero emission Brake System used along 10 years, corresponding to
100,000 km (approximately 300 h of braking), suitable for a European vehicle of 800 kg”.
This approach was adopted in order to limit the analysis to a Single Front Brake Corner in
the useful life of an average vehicle.

2.2.2. System Boundary

The System Boundary selected for this study is a cradle-to-grave (Raw Material,
Manufacturing, Distribution Phase, and End of life) so it includes all stages of the brake
system as represented in the Figure 1.

As shown in Figure 1, the IWM is excluded from the system boundary, so that form
the analysis. This is because, from the perspective of a Comparative LCA, the architecture
upstream of the brake is assumed to be identical across all systems and therefore irrelevant
for the analysis.

2.3. Life Cycle Inventory

To carry out the Life Cycle Inventory (LCI) phase, the background datasets form
Ecoinvent 3.0 are used. When a process unit was not available in Ecoinvent, to fill the gap,
ex novo datasets were created based on secondary data available in the literature. This is
the case for the dataset related to the production of the MRF, the main component of the
proposed system.

All the required data for the LCI of zero-emission brakes come from PoliTo. These in-
clude the Bill-of-Materials (BoM) and manufacturing processes, as well as the maintenance
during its lifetime. In contrast, the traditional system required input from an expert and a
comprehensive literature review to gather all the necessary data.

In the following sections the main assumptions made during the development of the
LCI models are provided for each life cycle phase.
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2.3.1. Raw Material

The zero-emission brake was in its early design stage, so the BoM and weights of each
component are representative of the first prototype. Furthermore, since it is impossible
to ascertain a precise supply chain of each material for both technologies, global average
data from Ecoinvent was used as a proxy for the production and transportation from the
supplier location to the manufacturing plant.

All selected materials for both products under study can be simulated using existing
Ecoinvent datasets. Only two new datasets were created from scratch: the MRF for the
ZEDS and the Brake Pad for the traditional brake.

The MREF is a biphasic fluid of low-viscosity silicone oil and carbonyl iron powder [30].
Table 1 reports the BoM for the MRF employed in the zero-emission brake, including
the constituent materials and their quantitative proportions [31]. It was broken down
into a biphasic mixture of Polydimethylsiloxane (PDMS), which represents the commonly
employed carrier fluid [32], and an iron pellet selected as a proxy to represent carbonyl iron,
as it is a fine spherical powder consisting essentially of high-purity elemental iron [30].

Table 1. MRF BoM and dataset.

Volume [mL] Composition %wt Material
300 80% Carbonyl Iron Iron Pellet

20% Silicone Oil PDMS
MRF Density 3g/cm? [31]

Brake pads are commonly made of a composite material accurately selected to achieve
the required friction properties [33]. Since the exact composition of the reference brake pad
could not be obtained from the manufacturer, a custom composition was developed from
scratch following the recipe in Table 2, based on common compositions reported in the
literature [33,34]. This assumption introduces uncertainty into the assessment, since brake
pad composition can significantly influence particulate wear emissions and toxicity-related
impact categories [35,36]. Therefore, the results for impact categories that are particularly
sensitive to pad formulation should be interpreted with caution.

Table 2. Brake pad recipe.

Material Content (%wt)
Phenolic Resin 20%
Calcium Carbonate 40%
Graphite 10%
Glass Fiber 20%
Alumina 10%

2.3.2. Manufacturing and Distribution

The majority of the mechanical processes involved in the production of both brake
systems are already covered by the Ecoinvent database. However, a key manufacturing
process involved in the realization of several components of the traditional system is the
casting process, which is unfortunately not included in the database for cast iron and
steel. As a result, it was necessary to create a ex-novo dataset. This dataset was developed
using relevant information already present in the Ecoinvent database, supplemented by a
literature review on sand casting [37-41], which was selected as a representative method
for this manufacturing stage.
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The distribution of both manufactured and assembled products on the market was
modeled statistically. To evaluate these transports, a weighted average distance was
calculated between Turin (PoliTo was assumed as OEM) and the 10 European countries
with the highest vehicle production in 2023, with the weights corresponding to the number
of vehicles produced in each country [42].

2.3.3. Use Phase

In accordance with the FU selected in the Section 2.2.1, the Use Phase of both products
was evaluated in relation to the life time of 100,000 km [24].

As the zero-emission brake is a frictionless system, no NEE emissions occur. Therefore,
the only assumptions in this life phase concern standard maintenance work, consisting of
the following:

*  Replacing the MRF once over the entire service life;
e Replacing the seals once over the entire service life.

Furthermore, the electrical energy required to power the coils during operation was
excluded from the present LCA. A preliminary estimate is currently available, indicating
an average braking power of approximately 1 kW over an average braking time of 5 s.
Nevertheless, this value refers to the current prototype stage and remains currently non-
representative of the actual use-phase energy demand, as both the brake architecture and
the control strategy are still under development. Since the final operational consumption
will depend on future design and control refinements, the available estimate was considered
too preliminary to be reliably included in the inventory model and was therefore excluded
from the current analysis to avoid introducing a highly uncertain parameter that could lead
to misleading comparative results. This methodological choice is in line with the literature
on LCA of emerging technologies, which highlights that early-stage operational parameters
are often too uncertain and non-representative to be robustly included in the inventory
model before the system reaches a more stable design configuration [43—46].

In contrast, disc brakes emit PMx as NEE. It has been estimated that the average
emission factor of PMx is 7-18.5 mg/km for PM10 and 2.3-3 mg/km for PM2.5 per ve-
hicle [1]. This must be replicated in the SimaPro software by creating a specific model.
The worst-case scenario is used.

Maintenance of the traditional system is included. Relative assumptions are based on
the vehicle maintenance plan [47]:

¢  The disc brake pads should be replaced every 25,000 km;
*  The discs should be replaced every 50,000 km;
¢  The brake oil must be changed every 60,000 km.

2.3.4. End of Life

To model the EoL phase of both the zero-emission brake and the conventional disc
brake, a common treatment chain was assumed, followed by material-specific recycling
routes. Collection and recycling efficiencies were introduced for each material where
possible, while the remaining non-recycled fraction was assumed to be treated through
municipal solid waste.

First, both systems were assumed to undergo manual dismantling, in order to represent
the removal of the brake assembly and the preliminary separation of its main components,
followed by a shredding process for size reduction and the generation of recyclable metallic
fractions. These stages were modeled using existing datasets available in the ecoinvent
database, adopted as suitable proxies for component removal, shredding, and separation
of the material fractions.

https://doi.org/10.3390 /wevj17040220
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The subsequent pre-treatment stage, including sorting and pressing, as well as the re-
cycling processes of steel and copper, were also modeled using existing ecoinvent datasets.
For steel, the EoL modeling was based on a collection rate of 0.926 and a recycling rate
of 0.88, assuming recycling via electric arc furnace, resulting in an overall process rate of
0.81 [48,49]. For copper, recovered mainly from the coils of the zero-emission brake, recy-
cling was modeled using a collection rate of 0.67 and a recycling rate of 0.63, corresponding
to an overall process rate of 0.40 [48,50].

Since no suitable EoL dataset for MRFs was available in the Ecoinvent database, the
treatment of the spent MRF was modeled through a newly defined process combining solid
recovery and fluid re-refining. The proposed scenario consisted of two stages: (i) magnetic
separation for the recovery of the iron-based particulate phase, and (ii) oil regeneration by
re-refining, represented through solvent extraction and/or vacuum distillation.

(i) Carbonyl iron particles (CIP) are reported to be readily recyclable [51], and more
recent studies have shown that recovered CIP can retain high magnetic responsiveness and
can be effectively re-dispersed and stabilized in magnetorheological slurries, supporting
their technical suitability for magnetic separation [52]. However, no study was identified
reporting a specific EoL recovery rate for CIP from spent MRFs. Therefore, the 95% recovery
rate adopted in this work should be regarded as a modeling assumption rather than an
experimentally established value. (ii) By contrast, the recovery of the liquid phase was
based on the re-refining literature for used lubricating oils, where yields of approximately
78% for solvent extraction and 84% for vacuum distillation have been reported. Accordingly,
a representative base-oil recovery efficiency of 80% was assumed [53].

The energy demand associated with MRF recycling was estimated by considering the
two recovery stages separately. For the re-refining stage, an LCA study on the treatment of
used lubricating oils by extraction and distillation reported a cumulative energy demand
of 6.144 MJ kg~! of treated oil, with distillation identified as the main energy hotspot
because of its thermal requirements [54]. For the magnetic separation stage, direct data
specifically referring to spent MRFs were not available. As an order-of-magnitude proxy,
a National Renewable Energy Laboratory fact sheet on magnetic separation technology
for ferrous minerals reported an energy intensity of 4.2 GWh per million tonnes of treated
material, equivalent to approximately 0.015 MJ kg ! [55]. Although this value does not
refer specifically to MRF recycling, it was considered a reasonable approximation for the
magnetic separation step in the absence of more specific data.

On this basis, the total recycling energy demand per kilogram of spent MRF was
approximated as follows:

Erecycling MRE = Yoil - 6.144 + Xip - 0.015 1)

where x4 and x.j, denote the mass fractions of the liquid phase and the carbonyl iron
particulate phase, respectively. According to Equation (1), the re-refining of the oil phase
constitutes the dominant energy contribution, whereas magnetic separation represents a
comparatively minor term.

2.4. Life Cycle Impact Assessment

Once all the data required to model both products has been collected, the next phase is
the Life Cycle Impact Assessment (LCIA). This is the calculation phase in which all the data
gathered during the LCl is used to assess the environmental impact of each system under
analysis. To achieve this, the Environmental Footprint (EF) 3.0 method is used. The impact
categories it comprises are summarised in the Table 3.

https://doi.org/10.3390 /wevj17040220
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Table 3. Impact categories and their units.

Impact Category Unit
Climate change kg CO; eq
Ozone depletion kg CFC11 eq
Ionising radiation kBq U-235 eq
Photochemical ozone formation kg NMVOC eq
Particulate matter disease inc.
Human toxicity, non-cancer CTUh
Human toxicity, cancer CTUh
Acidification mol H eq
Eutrophication, freshwater kg Peq
Eutrophication, marine kg N eq
Eutrophication, terrestrial mol N eq
Ecotoxicity, freshwater CTUe
Land use Pt
Water use m? depriv.
Resource use, fossils MJ
Resource use, minerals and metals kg Sb eq

To identify the most relevant impact categories, normalization and weighting have
been applied in accordance with the Product Environmental Footprint (PEF) method
developed by the European Commission [56].

3. Results

Figure 2 shows the comparison of the environmental impacts of the two systems
considering the four most relevant impact categories. In addition, the categories of “ozone
depletion” and “particulate matter” were added to allow for a more comprehensive under-
standing of the results obtained. The bar graph shows the contribution of the use phase
only, comprised of the maintenance contribution for both the zero-emission brake (orange
bars) and the traditional brake (purple bars), as well as the NEE contribution of PM2.5
(green bar) and PM10 (yellow bar) for the traditional brake.

According to Figure 2, the zero-emission brake exhibits lower environmental impacts
in almost all impact categories analyzed, with an average reduction of 94% in the environ-
mental impact of the use phase. The major reduction is in the “particulate matter” category,
where the zero-emission brake shows a 99% impact reduction compared to a traditional
system whose main contributors are NEEs of PM2.5 for 38% and PM10 for 35%. Contrarily
to the general trend, in the “ozone layer depletion” category, the innovative zero-emission
brake outperforms the traditional brake with an impact increase of approximately 70%.
This is attributable to the methane and ethane emissions associated with the production
processes of silicone-based spare parts (seals and MRF), since methane and ethane are the
emissions with the highest CFC-11 eq characterization factor, based on the Environmental
Footprint method documentation, which reports the CFs adopted in the EF framework and
makes them available in the associated database and Excel package [56,57].

These results show that the zero-emission brake has promising environmental perfor-
mance compared to a traditional system. This is due to lower maintenance requirements
and a lower number of spare parts throughout the life cycle.

Figure 3 shows the cradle-to-grave environmental impact of the zero-emission brake,
considering the four most relevant impact categories, to which the categories of “ozone
depletion” and “particulate matter” were added, similarly to Figure 2. The bar charts
highlight the contribution of the cradle-to-use (which includes raw material, manufac-

https://doi.org/10.3390 /wevj17040220


https://doi.org/10.3390/wevj17040220

World Electr. Veh. ]. 2026, 17, 220

10 of 23

turing, distribution and use phases), represented by the purple bars, and the EoL phase,
represented by the light blue bars.
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Figure 2. Comparative LCA—Use phase environmental impact comparison between the zero-
emission brake and the traditional brake.

According to Figure 3, the cradle-to-use phase is the dominant contributor across
all the impact categories considered. This trend is particularly evident in the categories
of “climate change” and “particulate matter”, where the cradle-to-use stage accounts for
more than 80% of the total impact, while the end-of-life phase plays a positive but clearly
secondary role.

A different pattern can be observed for “resource use, minerals and metals”, “eutroph-
ication, freshwater”, and "ecotoxicity, freshwater”. In these categories, the environmental
burden is primarily generated during the cradle-to-use phase, whereas the end-of-life stage
provides a negative contribution that offsets around 20% of the total burden generated
upstream. This indicates that end-of-life management provides environmental credits that
partially compensate for the impacts associated with the earlier life-cycle stages.

The most distinctive behavior is observed for the “ozone depletion” category. In
this case, the credits of the end-of-life phase almost completely offset the positive impact
associated with the cradle-to-use stage, leading to an overall result that is close to full
compensation. This suggests that, for this specific category, the benefits related to end-of-
life management are particularly significant.

Figure 4 shows a detailed cradle-to-use breakdown of the environmental impacts of
the zero-emission brake. Similarly to Figure 2, the analysis considers the four most relevant
impact categories, with the addition of “ozone depletion” and “particulate matter”. The bar
graph highlights the contribution of each life-cycle phase within the cradle-to-use system
boundary: the orange bars represent the use phase, the blue bars represent raw material
acquisition, and the green and red bars represent the manufacturing and distribution
phases, respectively.

According to Figure 4, the raw material acquisition and production phases have a
significant impact on the product life cycle, as opposed to the use and distribution phases,
which are negligible. The raw material phase has the greatest impact in the categories
“Eutrophication, fresh water”, “Ecotoxicity, fresh water” and particularly in the category
“Resource use, minerals and metals", where its contribution reaches 95% of the total. In the
categories “climate change” and “particulate matter”, the manufacturing phase has the
greatest impact, contributing 60% and 58% respectively. In the category “ozone depletion”,
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the use phase has a significant impact together with raw material acquisition, having the
same contribution of about 49%.
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Figure 3. Zero-emission brake LCA: cradle-to-grave breakdown of the contributions of the cradle-
to-use and end-of-life phases to the six environmental impact categories considered in this study.
FU: One zero-emission brake system used for 10 years, corresponding to 100,000 km (approximately
300 h of braking), suitable for a European vehicle of 800 kg.

Table 4 shows the relative contribution of individual components of the braking system
(namely rotor, stator, coils, seals, MRF, and others) to the six key environmental impact
categories identified in this study. Absolute values for each impact category are provided
in the bottom row. Coils dominate the impact in resource use and eutrophication, while the
stator and rotor are more influential in climate change and particulate matter formation.
Notably, seals and MRF contribute significantly to ozone depletion despite their minor role
in other categories.

A more detailed analysis of the component-level contribution highlights the different
roles played by the main elements of the zero-emission brake across the selected impact
categories. In the case of copper coils, this significant impact is due to the process of mine
extraction and refining, which are energy-intensive processes and require the use of large
amounts of water, impacting the habitat and biodiversity of the area. Furthermore, the use
of chemicals in the finishing and pre-processing stages can generate hazardous waste and
air and water pollution. Added to this is the scarcity of copper on the planet, with few and
small mines scattered around the world.

In the case of rotor and stator, this great impact on climate change is due to the
energy required for the chipping process involved in the manufacturing process of these
components, causing approximately 141 kg COz¢q per FU.
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Figure 4. Zero-emission brake LCA—cradle-to-use breakdown of the life cycle phases contribution to
the six key environmental impact categories identified in this study. Contributions of less than 1%

are hidden.

Table 4. Zero-emission brake LCA—relative contribution of individual components of the braking
system to the six key environmental impact categories identified in this study. FU: One zero-emission
brake system used for 10 years, corresponding to 100,000 km (approximately 300 h of braking),
suitable for a European vehicle of 800 kg.
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Rotor 0.71% 31.79% 10.42% 15.01% 29.66% 0.37%
Stator 0.83% 37.09% 12.16% 17.51% 34.60% 0.43%
Coils 98.18% 15.40% 76.29% 63.21% 30.45% 0.19%
Seals 0.09% 10.36% 0.23% 0.15% 0.42% 61.13%
MRF 0.06% 2.39% 0.46% 3.65% 2.29% 37.77%
others 0.13% 2.97% 0.43% 0.47% 2.58% 0.10%
Total 7.13 x 102 239.90 0.300 3.66 x 10* 213 x107° 1.03 x 1073

Table 5 reports a breakdown at the component-level, highlighting the relative contri-
bution of the raw material and manufacturing stages within the impact categories in which
each component is most critical.

According to Table 5 in the case of “climate change”, the impacts associated with the
rotor and stator are largely driven by manufacturing, which indicates that the environ-
mental burden of these two structural components is mainly associated with the energy
demand of the mechanical manufacturing processes rather than with steel production
itself. In those categories of “resource use, minerals and metals”, “ecotoxicity, freshwater”,
and “eutrophication, freshwater”, the contribution of the coils is almost entirely associated
with copper raw material production. This confirms that these categories are influenced
mainly by copper extraction and refining, rather than by downstream manufacturing oper-
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ations. For “ozone depletion”, the contribution of seals and MREF is entirely associated with
the raw material phase, namely the production of the silicone-based materials from which
these components are derived. Finally, the impact on “particulate matter” is shared mainly
among three components, namely rotor, stator, and coils. For the coils, the contribution is
primarily linked to copper raw material production, while the contribution of rotor and
stator is mainly driven by manufacturing.

Table 5. Zero-emission brake LCA—relative contribution of raw material and manufacturing phases
for the main component-level hotspots in the most critical impact categories.

Impact Category Main Component(s) Raw Material Manufacturing
Climate change (kg CO; eq) Rotor, Stator 14.5% 85.5%
Resource use, minerals and metals (kg Sb eq) Coils 96.5% 3.5%
Ecotoxicity, freshwater (CTUe) Coils 95.8% 4.2%
Eutrophication, freshwater (kg P eq) Coils 95.8% 4.2%
Ozone depletion (kg CFC11 eq) Seals, MRF 100% 0%
Particulate matter (disease inc.) Coils 94.3% 5.7%
Particulate matter (disease inc.) Rotor, Stator 13.2% 86.8%

Figure 5 compares the environmental impacts of the two braking systems across the
four most relevant impact categories, with the additional inclusion of “ozone depletion”
and “particulate matter”, consistently with Figures 2-4. The results are presented in
two radar charts: panel A refers to the cradle-to-grave system boundary, whereas panel
B refers to the cradle-to-use perspective. In both diagrams, the zero-emission brake is
represented by green lines with square markers, while the traditional brake is represented
by red lines with circular markers.

According to Figure 5A, from a cradle-to-grave perspective, the zero-emission brake
shows a more favorable environmental performance only in the “ozone layer depletion”
category, where the zero-emission brake shows a markedly lower impact than the tra-
ditional brake. In contrast, the zero-emission brake exhibits higher impacts in all the
remaining categories.

According to Figure 5B, from a cradle-to-use perspective, the zero-emission brake
performs better in the target categories of “climate change” and “particulate matter”,
with reductions of 25% and 70%, respectively. Conversely, it shows higher impacts in the
other categories.

This behavior can be mainly attributed to the different contributions of the life-cycle
stages under the cradle-to-use and cradle-to-grave perspectives. Under the cradle-to-use
perspective, the higher impacts of the zero-emission brake in most categories are mainly
related to its greater weight and its current prototype configuration. Indeed, the zero-
emission brake weighs approximately 17 kg, almost twice as much as the traditional
braking system (9 kg), and this directly affects the environmental burdens associated
with material demand. In addition, as a prototype, it has not yet been fully optimized in
terms of bill of materials and production processes. Consequently, as shown in Figure 4,
raw material extraction and manufacturing represent the most burdensome stages in its
life cycle.

Under the cradle-to-grave perspective, these burdens are further amplified by the end-
of-life stage. As shown in Figure 3, the end-of-life treatment of the zero-emission brake
has a significant influence on all the impact categories considered. This is mainly due to the
greater complexity of the system, which requires additional processing steps, the treatment
and recycling of a larger amount of materials, and further energy consumption during
end-of-life operations. As a result, the end-of-life stage contributes to increasing the overall
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environmental burden of the zero-emission brake relative to the traditional brake, thereby
helping to explain the less favorable results observed from the cradle-to-grave perspective
in Figure 5A.

‘—-— Zero-emission brake —e— Traditional brake‘

Climate change A

Resource use,

Ozone depletion minerals and metals

P
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Eutrophication,
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Figure 5. Comparative LCA—Life cycle environmental comparison between the zero-emission brake
and the traditional brake from a (A) cradle-to-grave and (B) cradle-to-use approaches.

3.1. Sensitivity Analysis

To evaluate potential improvements of the prototype, a sensitivity assessment has
been carried out based on relevant hotspots, namely the use of virgin copper and the
assumed manufacturing stages. The results of the sensitivity analysis are presented from a
cradle-to-use perspective to better understand variations in environmental impact and the
sensitivity of the model.

Table 6 compares the environmental impacts of three scenarios: the traditional brake,
the zero-emission brake prototype, and an optimized version incorporating secondary
(recycled) copper. The first row lists the six evaluated impact categories. The second row
presents the traditional brake results, while the third row shows the results for the zero-
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emission brake with recycled copper, along with the percentage reduction in environmental
impact relative to the initial prototype.

This sensitivity assessment is based on an optimization of the use of recycled copper
by increasing the quantity of secondary material from scratch. This is performed by using
a different dataset which considers a high recycled copper content (95%) aligned with
European Union recycling directives (ELV Directive, minimum 85%) [58]. As shown in
Table 6, this optimization leads to an extraordinary improvement of the zero-emission brake,
reducing impacts in all categories. The most significant reductions are observed in the
impact categories where virgin copper had the highest influence, as highlighted in Table 4.
This substantial decrease is primarily attributed to the reduced use of virgin copper and
the predominant reliance on secondary (recycled) copper. As a side effect, the sensitivity
analysis also reveals improvements in the zero-emission brake’s performance in both
target impact categories of “climate change” and “particulate matter”, further increasing
its environmental advantage over the traditional brake. Furthermore, the table shows
an incredible improvement of the prototype, which is now also comparable in terms of
environmental impact in the remaining analyzed impact categories.

Table 6. Cradle-to-use comparison among the traditional brake, the prototype, and the optimized
version of the zero-emission brake as a result of the sensitivity analysis based on the use of recy-

cled copper.
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brake—recycled copper
YRS
% variation—recycled —97.17% ~13.71% —76.29% —62.62% —26.08% —0.17%

copper vs. prototype

Figure 6 shows the LCA comparison between the optimized zero-emission brake
using recycled copper and the traditional brake. The assessment comprises the four most
relevant impact categories, to which “ozone depletion” and “particulate matter” were
added consistent with the approach adopted in Figure 5. In the radar chart, the results
for the zero-emission brake with recycled copper are shown in black, while those for the
traditional system are shown in red.

Complementing the tabular data, Figure 5 provides a visual representation of these
improvements. According to the radar diagram, the zero-emission brake with recycled
copper achieves markedly better environmental performance in three impact categories
compared to the traditional brake. Reductions are particularly notable in resource use,
ecotoxicity, and eutrophication, which, as illustrated in Figure 4, were previously heavily
penalized by the exclusive reliance on virgin copper in the prototype version. Remarkably,
these improvements have been achieved despite the system still having a considerably
higher mass, demonstrating that the integration of recycled copper can substantially reduce
the environmental impact of this innovative zero-emission brake.
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Figure 6. Comparative LCA—cradle-to-use life cycle environmental comparison between the zero-
emission brake with recycled copper and the traditional brake.

Table 7 presents a comparison of the life cycle environmental impacts of the reference
model, the zero-emission brake prototype, and a potential optimized model assuming
an improvement of manufacturing processes. The first row lists the six evaluated impact
categories. The second row presents the traditional brake results, while the third row shows
the results for the zero-emission brake with recycled copper, along with the percentage
reduction in environmental impact relative to the initial prototype.

This sensitivity assessment is based on the optimization of the manufacturing process,
assuming large-scale production. The processes were standardized to those of the reference
system, where sand casting is the predominant production method. As shown in Table 7,
this optimization leads to an improvement of the zero-emission brake, reducing impacts in
all categories compared to the prototype, except for “ozone reduction”. This exception is
due to the fact that the optimization only applies to the rotor and stator production, while
the coils and silicon-based components, which heavily influence ozone depletion, remain
unchanged.

In this sensitive scenario, the zero-emission brake proves to be even more advanta-
geous in the target categories of “climate change” and “particulate matter”. Although it
performs better in other categories, it still remains less favorable compared to the traditional
brake overall. Since both systems share the same production process and most of the basic
materials, the key difference lies in their size and weight.
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Table 7. Cradle-to-use comparison among the traditional brake, the prototype, and the optimized
version of the zero-emission brake as a result of the sensitivity analysis based on an optimization of

manufacturing processes.
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prototype

Figure 7 presents the LCA comparison between the zero-emission brake with opti-
mized manufacturing and the traditional brake. The assessment comprises the four most
relevant impact categories, to which ozone depletion and particulate matter were added
consistent with the approach adopted in Figure 4. In the radar chart, the results for the
zero-emission brake with optimized manufacturing are shown in blue, while those for the

conventional system are shown in red.
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Figure 7. Comparative LCA—cradle-to-use life cycle environmental comparison between the zero-

emission brake with optimized manufacturing and the traditional brake.
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Complementing the tabular analysis, the radar diagram in Figure 7 visually illustrates
these improvements. The optimized zero-emission brake demonstrates a marked reduction
in impacts for the target categories of particulate matter and climate change, by 45%
and 78%, respectively, compared to the traditional system. For the remaining categories,
although the table indicates some decrease in emissions relative to the prototype, no
significant variation is readily apparent.

3.2. Monte Carlo Analysis

In order to evaluate the reliability and variability of the LCA conducted in this study,
a Monte Carlo analysis has been carried out to assess the effects of data and process uncer-
tainty on the impact assessment results. The analysis is based on 10,000 iterations, a value
consistent with common practice in the LCA literature, although no universally valid num-
ber of runs has been established and the appropriate choice remains case-dependent [59,60].
To interpret the uncertainty of the simulated results, different statistical indicators were
considered: the standard deviation (SD) was used to describe the absolute spread outcomes
around the mean, whereas the coefficient of variation (CV) was used as a dimensionless
measure of relative variability, thus allowing comparison across impact categories with
different magnitudes and units [61,62]. Moreover, the standard error of the mean (SEM)
was used as an indicator of the numerical precision with which the Monte Carlo mean
was estimated, and not as a direct measure of the variability of the simulation outcomes
themselves [63].

Table 8 reports the Monte Carlo uncertainty analysis of the zero-emission brake on the
cradle-to-grave perspective. The results include the mean and median values, followed by
statistical indicators of SD, CV, and SEM.

According to Table 8, the Monte Carlo uncertainty analysis shows clear differences
among the impact categories in terms of dispersion, relative variability, and stability of
the estimated mean. The categories of “climate change” and “resource use, minerals and
metals” categories the standard deviation shows the most stable and robust patterns, both
categories with low SD and CV, indicating a relatively compact distribution of simulated
outcomes, as well as low SEM values, suggesting that mean values are estimated with high
numerical precision.

The categories of “particulate matter” and “ecotoxicity, freshwater" are characterised
by higher SD and CV values than before, indicating a broader spread of Monte Carlo
outcomes and a moderate degree of relative uncertainty, while their low SEM values
confirmed a stable estimation of the mean. “eutrophication, freshwater” shows the highest
SD and CV relative to its mean among the categories with positive mean values, indicating
very high dispersion and limited robustness, despite a low SEM that only reflects the
numerical precision of the estimated mean. Particular attention should be given to the
“ozone depletion” category. In this case, the Monte Carlo distribution is centred close to zero,
and its 95% Monte Carlo uncertainty interval spans both negative and positive values. This
indicates that the sigh and magnitude of the result are not robust under uncertainty, and no
clear tendency toward either a positive or a negative impact can be established. The final
result therefore appears to reflect a delicate balance between opposing contributions rather
than a clearly dominant impact pattern. Under these conditions, the standard deviation is
large relative to the mean, while the coefficient of variation loses practical interpretability
because it is strongly affected by the near-zero mean. Therefore, the ozone depletion result
should be interpreted with particular caution, and no strong conclusion should be drawn
for this impact category.
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Table 8. Monte Carlo uncertainty results for the six key environmental impact categories identified.
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Figure 8 shows the cradle-to-grave LCA results of environmental impacts of the
two analyzed systems across the six key environmental impact categories identified in
this study. The bar chart reports the environmental impact of the zero-emission brake
with orange bars and the contribution of the traditional brake with purple bars. The
impacts were normalized to the highest score in each category. The vertical error bars
indicate the uncertainty associated with each result and represent an approximate 95%
uncertainty range.

As illustrated in Figure 8 and supported by the Monte Carlo results, the zero-emission
brake consistently showed a lower impact than the conventional brake in the ozone deple-
tion category, with this outcome occurring in 100% of the simulations. By contrast, in all the
remaining impact categories, the zero-emission brake consistently exhibited higher impacts
than the traditional brake across 100% of the Monte Carlo runs.
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Figure 8. Comparative LCA—cradle-to-grave life cycle environmental comparison between the
zero-emission brake and the traditional brake with 95% uncertainty range (calculated as +2 x SD).

4. Conclusions
The objective of this study is to evaluate the environmental performance of an inno-
vative zero-emission brake through a Life Cycle analysis, comparing it with a traditional
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braking system to determine whether the proposed solution offers advantages throughout
its entire life cycle.

The results revealed that the zero-emission brake offers significant benefits during
the use phase, mainly due to the elimination of particulate emissions as a result of the
frictionless nature of the system, and a reduction in maintenance by more than 50%,
resulting in a lower environmental impact from the production of spare parts.

However, the system shows clear disadvantages in the raw material and manufactur-
ing phases, mainly due to the use of copper and to the substantially higher mass of the
current prototype (approximately 17 kg versus 9 kg for the conventional system). This mass
difference is one of the main factors driving the higher environmental burdens outside the
use phase. A sensitivity analysis, incorporating more efficient mass-production techniques
such as sand casting, confirmed that while some improvements can be made, the elevated
weight remains the principal factor contributing to the system’s overall environmental
burden. The uncertainty analysis using the Monte Carlo method confirmed that the study’s
results are stable and reliable across almost all impact categories, with particular attention
for ozone depletion, whose result remains sensitive to uncertainty and should therefore be
interpreted with caution. Furthermore, the uncertainty analysis confirmed that the study’s
comparative results are robust across all impact categories.

Despite these limitations, the study demonstrated the strong potential of the
zero-emission brake in delivering effective braking performance and eliminating par-
ticulate emissions during use. Moreover, the LCA model developed in this work serves
not as a definitive assessment but as a solid foundation for future iterations, allowing for
continued refinement of both the environmental model and the brake system itself.

Future developments of the proposed braking system should address the optimization
of the current prototype in terms of layout, mass, and geometry, with the objective of
achieving a more compact and lightweight design in the next stages of development. In this
context, the present study provides a valuable basis for supporting these future iterations,
as it identifies the main environmental hotspots and the components that should be pri-
oritized in the eco-design process. From a performance standpoint, although numerical
simulations have shown that the braking concept is functional, experimental validation
through vehicle-level application remains necessary in order to assess its actual behavior
under real operating conditions.

Moreover, a further priority for future development of the LCA model will be the
inclusion of the brake’s operational electricity consumption in the LCA model, once the
system has been validated under real vehicle operating conditions and its functioning has
been optimized. This will make it possible to represent the use-phase energy demand more
realistically and to further improve the robustness of the environmental assessment.
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