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Abstract

Overall, light weighting strategies are mainly analysed in the aim of reducing impact during the use phase of a
vehicle. In this paper environmental and economic assessments are combined to evaluate the sustainability of adopting
an innovative lightweight material for an automotive component. The analysis is carried out according to the Life
Cycle Assessment and Life Cycle Costing methods. A standard solution, based on talc filler-reinforced composite, and
an innovative one made with hollow glass micro-spheres as plastic reinforcement, are compared to be applied to a
vehicle dashboard. The use of hollow glass micro-spheres has expanded during the last years in the automotive sector,
however evaluations of their environmental and economic performances along its whole life cycle have not yet been
discussed extensively. In this study particular attention is given to the following aspects: i) balance between the use
phase benefit and material production phase; ii) End-of-Life scenarios; iii) analysis of additional indicators besides
CO; emissions; iv) data accuracy concerning manufacturing phase. Results show that hollow glass microspheres-
reinforced composite is likely better from an environmental point of view for those impact categories where the use
phase is more involved. The increase of material processing impact does not compromise benefits in terms of GWP
and PED due to weight reduction, nevertheless it affects resource depletion and ecotoxicity indicators negatively.
Overall the End-of-Life phase is not affected significantly. Moreover, despite a higher material cost, the innovative
solution was found economically convenient as demonstrated also by the breakeven point (within the life distance).

Keywords LCA, LCC, automotive, vehicle component, light weighting, composite, hollow glass micro-spheres

Glossary

- OEMs: Original Equipment Manufacturers
- GHG: Greenhouse Gas

- EoL: End-of-Life

- LCA: Life Cycle Assessment

- FU: Functional Unit

- ELVs: End-of-Life-Vehicles

- LCC: Life Cycle Costing

- LCIA: Life Cycle Impact Assessment

- PED: Primary Energy Demand

- HGM: Hollow Glass Microspheres

- PP: polypropylene

- PA: polyamide

- ASR: After Shredding Residues

- GWP: Global Warming Potential

- ADP: Abiotic Depletion Potential

- MAETP: Marine aquatic Ecooxicity Potential
- ODP: Ozone Depletion Potential

- EP: Eutrophication Potential

- AP: Stratospheric Acidification Potential

- HTP: Human Toxicity Potential



- POCP: Photochemical Ozone Creation Potential
- TEP: Terrestrial EcotoxicityPotenital

- FAEP: Fresh-water Aquatic Ecotoxicity Potential
- eLCC: Environmental LCC

1 Introduction

The automotive OEMs (Original Equipment Manufacturers) are currently requested to target some technological
challenges to produce vehicles with a lower environmental impact (Kelly et al., 2015; Schmidt et al., 2004; Subic and
Koopmans, 2010). The main objectives include:
reduce Greenhouse Gas (GHG) emissions;
reduce other emissions and hence improve air quality;
increase efficiency and hence reduce consumption of energy and natural resources;
increase recyclability and recoverability of vehicle parts thus reducing landfilled waste (Subic and
Koopmans, 2010).

All these issues need to be kept in mind during the design phase of a new product. Previous works on this topic
demonstrate that, beside technical feasibility, some important elements need to be considered when the applicability of
innovative materials and design alternatives are evaluated.

The first element to be considered is that the objectives suggested by the current European directives (i.e CO-
reduction during use phase)(EC, 2009, 2000) should be integrated with a life cycle perspective to build a
comprehensive strategy to develop more environment-friendly vehicles and to avoid burden shifting from one phase to
another (Witik et al., 2011). According to recent studies, the use of lightweight materials could lead to fuel saving and
use phase emissions abatement, nevertheless it is often responsible for increase in the production phase impact,
particularly materials processing, thus preventing the expected benefit during use (Kelly et al., 2015; Kim and
Wallington, 2013a). This sensitive balance between use phase benefits and production phase weakness is influenced
by many aspects: powertrain system (i.e. Internal Combustion Engine vs. Electric Vehicles), material substitution
ratio, material pair and vehicle part (Kelly et al., 2015). As a consequence, careful data handling is necessary to obtain
clear and reliable outcomes. In this view, data accuracy and calculation assumptions were found to be among the most
important aspects when developing an LCA study in this field since the final outcomes are strongly dependent on data
quality and methodology assumptions (Kim and Wallington, 2013b; Raugei et al., 2015; Witik et al., 2011).

The second element to be considered is related to the indicators selected for evaluating the environmental
performances. Beside the assessment of CO. emissions, other environmental indicators should be included (Hawkins
et al., 2013; Raugei et al., 2015), particularly for the production and the End-of-Life (EoL) phase analysis. The use of
novel materials could imply environmental burdens for the former, which cannot be depicted by the single Global
Warming Potential (GWP) indicator; thus the addition of indicators for resource depletion and toxicity could be
important (Raugei et al. 2015). Concerning the EoL phase, the outcomes from LCA should be necessarily integrated
with considerations in terms of recyclability and recoverability (Tian and Chen, 2014).

The last element is the need for a wider sustainability approach when environmental evaluations are combined with
economic and social ones to give a deeper insight for selecting the best trade-off among the three dimensions of
sustainability (Pallaro et al., 2015; Schmidt and Taylor; 2008; Zanchi et al., 2016b).

Life Cycle Assessment (LCA) studies are already used by several companies in the transport sector for the Eco-
Design perspective (Chatzinikolaou and Ventikos, 2015; Cichowicz et al., 2015; Del Pero et al., 2015; Spielmann and
Scholz, 2004), and particularly in the automotive field, as demonstrated by the high amount of technical reports by car
manufacturers (Mercedes-Benz, 2013; Renault, 2011; Volkswagen AG, 2012) and scientific publications (Finkbeiner
and Hoffmann, 2006; Hawkins et al., 2013; Koffler, 2013).

The lightweighting strategies, in particular the substitution of traditional metals with lighter ones and composites is
one of the most studied issues (Dhingra and Das, 2014; Kim and Wallington, 2013b; A. Mayyas et al., 2012; A. T.
Mayyas et al., 2012; Raugei et al., 2015; Tharumarajah and Koltun, 2007). On the contrary, few authors discuss and
compare different composite solutions in detail (Das, 2011; Delogu et al., 2015; Luz et al., 2010) and only a limited
number of authors combine environmental with economic life cycle-based evaluations (Schau et al., 2011; Witik et al.,
2011; Zanchi et al., 2016a).

This paper presents a comparison between two different composite-based solutions for a dashboard panel
manufactured by Magneti Marelli®. The first design uses talc filler-reinforced composite, while the second is based
on the use of hollow glass micro-spheres with a lightweighting purpose.

The study has been developed trying to address the aforementioned aspects with the aim of developing a
comprehensive sustainability assessment, where environmental and economic dimensions are combined. The
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environmental assessment is carried out according to the LCA methodology (1SO 14040, 2006), while the economic
sustainability is evaluated by means of Life Cycle Costing (LCC) method (Hunkeler et al., 2008). Indeed the
economic viability of lightweighting solutions must include and compare the production cost (materials and
manufacturing) with the cost saving during the use phase. The environmental results are presented for a wider set of
indicators with the main purpose of detecting the trade-off between use phase and production, as well as the difference
between alternative End-of-Life scenarios.

The analysis is based on a detailed data collection including primary data directly measured during the industrial
process. Regarding the material production, a particular focus is dedicated to the material employed in the innovative
solution (Hollow Glass Micro-spheres - HGM). HGM are used in a variety of lightweight automotive applications (i.e.
thermoplastics molding composite, structural foam and body fillers, interior parts) (Yalcin and Amos, 2015); in
particular its use as thermoplastic filler (i.e. PP and PA) is suggested to produce lower-density injected molding filled
plastics without compromising physical properties (3M, 2012). They are particularly used in filled polymer systems
such as glass fibre and talc thermoplastics for their strength/weight optimum performance. They present several
advantages: reduction and replacement of a certain amount of high density fillers resulting in weight reduction,
without decreasing original mechanical properties; a faster cooling rate from the melt hence high productivity;
dimensional stability; increased stiffness and heat distortion resistance; reduced thermal conductivity and dielectric
constant (Yalcin and Amos, 2015). However, very little literature exists describing the eco-profile of HGM and its
production process parameters (energy, chemicals) with the exception of patents reference (Kusaka et al., 2001,
Tanaka et al., 2003). Thus present paper might also bridge the gap by providing literature review and also results
discussion concerning this material.

2  Materials and method

This section includes: a description of all the relevant data and key parameters defined for the LCA elaboration,
according to the four phases of the 1ISO 14044 (goal and scope, inventory, impact assessment and interpretation of
results); the illustration of the perspective, assumptions and data used for the LCC evaluation.

2.1 Life Cycle Assessment

2.1.1 Goal and scope definition

The goal of this LCA study is to analyse and compare the environmental performances of two alternative design
solutions — a traditional one and an innovative one — for a dashboard produced by Magneti Marelli ® over its whole
life cycle. From an Eco-design point of view the dashboard is an interesting part due to its mass and certain amount of
plastic materials; this makes it particularly relevant even from an EoL perspective (Andriankaja et al., 2009; De
Medina, 2006) since, according to the European directive 2000/53/EC on End-of-Life-Vehicles (ELVS), it is actually a
component candidate to be removed for recycling.

In this study, the main improvement drivers are weight reduction and the consequent fuel consumption saving for
the whole vehicle. Improvements in the manufacturing phase are even expected, as described in the following
paragraphs.

(@) (b)

Figure 1 Automotive dashboard panel: Finalized component (a); Bottom layer (b); Upper mantle (c)



The component at hand consists of three different polymeric material layers and the two solutions differ only in the
bottom layer (Figure 1) which is made of polypropylene reinforced with 25% talc (PP 65.40 U) and PP reinforced
with 23% Hollow Glass Microspheres (PP 23 HGM) in the standard and innovative design respectively (Table 1).

Standard solution - PP 65.40 U Innovative solution - PP 23 HGM

Total weight [kg] 4,722 3.962 (-16%)

Weight of bottom insert [kg] | 2.49 1.712

Materials of bottom insert PP reinforced with 25% talc PP reinforced with 23% Hollow glass

spheres

Other materials Thermoplastic polyolefin TPO (1.12 kg) | Thermoplastic polyolefin TPO (1.12 kg)

Isocyanate and polyol (1.122 kg) Isocyanate and polyol (1.122 kg)
Table 1. Technical data dashboard design solutions (material quantities are referred to the finalized dashboard
mass)

The technical performances of the two alternative materials are reported in Table 2. One of the most important
properties is the resilience since a proper shock load absorption due to dynamic stress (i.e. airbags opening) needs to
be guaranteed. In this sense the talc is one the most commonly used filler and its mechanical performances are overall
claimed and verified in the literature (Luz et al., 2010). When compared with talc, the PP 23 HGM presents a lower
value of 1zod Impact strength (23 °C) (used as a reference test); nevertheless it proved to be within the limit of
acceptance (Table 2). This also represents a limit for manufacturing scraps reuse as the shredding treatment entails the
loss of the mechanical performance of the material, already at the limit of acceptance.

PP 65.40 U PP 23 HGM
Density (g/cm®) 1.15 0.802
Flexural Modulus(MPa) (23°C) 2500 2100
Tensile Strength, Ultimate (MPa) 20 13.9
Flexural Strength(Mpa) 35 25.2
Izod impact strength (23°C) kJ/m? 7 4.2
Vicat softening point(°C) 62 68.2

Table 2. Mechanical properties of materials

Despite the aforementioned criticalities, the PP 23 HGM can be considered a valuable material to be used for the
component at hand; its low density, 30% below the PP 65.40 U, is one of the main reasons allowing a component
weight reduction around 16%. Moreover, improvements in terms of thermal and sound insulation, and aesthetic
features are expected. The talc substitution with the HGM does not entail changes in manufacturing processes, thus
avoiding investment cost for new equipment.

The Functional Unit (FU) of the present study is an automotive dashboard panel, supporting and housing all the
instrumentation for the vehicle use, to be mounted on Alfa Romeo Mito 955 diesel engine, with a life-distance of
150000 km for 10 years. It is considered the most important and complicated part of the automotive interior since it
has to cover aesthetic, safety, rigidity and lightweight performances (Tian and Chen 2014). The innovative solution is
expected to provide better performance in terms of acoustic and thermal isolation, however the comparability is
allowed by the same primary function.

The system boundaries
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Figure 2) include the following life cycle phases: materials production, component manufacturing, transport of
materials and of the finalized dashboard to plant for its assembly to the vehicle, use phase and EoL treatments.
Compounding and assembly processes have been neglected since they consist in low energy consumption and manual
operations respectively.

PP production

Tale
production Transport Transport

Component i Component Shredding and
. g i Use E .
manufacturing | |  assembly disposal

Transports Compounding |

r

PP production

HGM
production

*
*
*
*
*
*

Materials Manufacturing Use End-of-life

Figure 2. Product system and system boundaries description. Compounding and assembly stages are excluded
from the system boundaries (dotted line).

2.1.2  Life Cycle Inventory

Data collection to quantify relevant inputs and outputs is described for each product life cycle stage. Manufacturing
processes parameters (materials and energy flows) have been obtained by means of direct measurements on industrial
processes, whereas data on raw materials production have been retrieved mostly from GaBi 6.3 (Thinkstep; 2016) and
ecoinvent 3.1 (Ecoinvent; 2016) database.

2.1.2.1 Material production

The material production phase encompasses raw material extraction and processing, whereas the matrix and fillers
compounding process has been excluded from the analysis since its energy consumption can be considered negligible
if compared with raw materials processing. Table 3 lists materials quantities and database processes for each
dashboard solution, according to the design data (Table 1).

As for HGM, to the best knowledge of the authors, all the studies published so far regard their mechanical
properties and technical feasibility (3M, 2012; Yalcin and Amos, 2015; Yang et al., 2011), whereas evaluations of the
environmental profile of this material along its whole life cycle have not been published yet. As a consequence a
review is presented in order to have more insights about raw materials and production process. The HGM applied to
the component at hand have a particle size between 15 and 65 microns, an average particle density ranging between
0.12 and 0.6 g/cm3 and a glass composition, similar to traditional Pyrex® glassware, consisting essentially of the
following components by mass %: SiO, 70.0-80.0%, B,0s; 2-6%, Na-O 3-8%, CaO 8-15% (3M, 2011).

Several production processes exist to produce HGM, differing on process type (i.e. dry, wet), foaming agent (i.e.
sulfur component, silica gel), micro-spheres physical properties (Arai et al., 1998; Kusaka et al., 2001; Tanaka et al.,
2003). In this study it has been assumed the dry process which comprises a melting phase of raw materials (e.g. SiO,
B,0s) and foaming agents (i.e. Na;SO4) at high temperature, at least 1000°C, to form a glass containing a large
amount of a sulfur component. The glass is then dry-pulverized, dispersed and stayed in flame to foam the glass
powder by using the sulfur component as a foaming agent. Thereby HGM of borosilicate type glass are formed
(Kusaka et al., 2001).

So the HGM production process has been modelled by including the raw materials, according to the specific
composition, and assuming the same energy consumption of the Pyrex process as the most similar among the process
available on the commercial database (Table 3). This means that the borosilicate process, retrieved from ecoinvent,
has been modified by applying the specific raw materials involved in the HGM composition (Table 3).

Dashboard Material Quantity * Unit Process (GaBi; Ecoinvent)
Standard solution - | PP 1.87 kg/FU Polypropylene granulate (GaBi)
PP 65.40 U Talc 0.62 kg/FU Talcum powder (GaBi)
TPO 1.94 kg/FU Polypropylene / Ethylene Propylene Diene
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Elastomer Granulate (PP/EPDM, TPE-O) Mix

(GaBi)
Isocyanate 0.28 kg/FU Toluene diisocyanate (GaBi)
Polyol 0.84 kg/FU Polyether polyol (GaBi)
Innovative solution - | PP 1.46 kg/FU Polypropylene granulate(GaBi)
PP 23 HGM HGM 0.43 kg/FU Silica sand; Boric acid production; Soda

(Na2CO3); Lime (CaO) (GaBi); Glass tube
production, borosilicate (Ecoinvent)

TPO 1,94 kg/FU Polypropylene/EthylenePropylene Diene
Elastomer Granulate Mix (GaBi)

Isocyanate 0,28 kg/FU Toluene diisocyanate (GaBi)

Polyol 0,84 kg/FU Polyether polyol (GaBi)

Table 3. Inventory data for material production phase (*gross value, including the scraps produced during the
manufacturing phase)

2.1.2.2 Manufacturing and assembly

The manufacturing phase encompasses the processes depicted in Figure 3; first the lower insert is produced by
means of injection molding process then the upper part of the dashboard, the external visible layer, is manufactured
via vacuum thermoforming process. The lower insert and the upper mantle are combined during the foaming process
and their final shape is regulated by means of milling process; a final laser processing is then developed.

The manufacturing phase of the two solutions differs only in the shredding of injection molding scraps (Figure 3).
The material used in the traditional solution allows a reuse of the injection molding scraps, after the shredding
treatment; this is not possible for the innovative material whose mechanical properties decrease too much after
shredding. The scraps flows stemmed from the other processes cannot be recycled and are disposed to landfill.

Electricity : Electricity

| |
; <I::|> :' Injection molding ‘ —> Scraps to disposal
b oo oioisooocsosocscssssszesss j @

Electricity
—
| Plasma treatment

Electricity — ‘ Thermoforming |— Scraps to disposal
Compressed air—>

W L

Electricity — ‘ Foaming ‘

Compressed air —>
Electricity — ‘ Milling ‘ —> Scraps to disposal
Electricity —> ‘ Laser treatment ‘

Figure 3. Manufacturing processes flow (*shredding only in the case of standard solution)

Data collection campaign was conducted on site during one eight hours shift; measurements were done every 15
minutes for each manufacturing machine and auxiliary facilities (air treatment, lightning, etc.). Energy and
compressed air consumptions, and the scrap rate values are detailed in Table 4. The electricity country-mix specific of
the countries involved in the processes are used; the compressed air production process was taken from GaBi. As for
the innovative solution, these values have been calculated according to the cycle time, measured during the prototype
production (Table 4). However, due to the large number of prototypes produced within one shift, these values can be
considered representative also of a mass customization process.

The cycle time of the injection molding phase was measured for standard solution and during the testing phase of
innovative solution; the latter was found 10% smaller (Table 4). The major fluidity of the innovative material - PP 23
HGM - compared to the standard one — PP 65.40 U — mostly influences the injection phase; in fact the lower thermal
inertia of the glass microspheres compared to talc allows a faster cooling of the moulded component.




| Unit | Standard solution - PP 65.40 U | Innovative solution - PP 23 HGM

Injection molding

- Electricity kWh/FU 3.2 3.05

- Scraps % 6% (reuse in the process) 9% (to disposal)
Shredding

- Electricity | KWh/FU [ 0.3 | ---
Plasma treatment

- Electricity | kWh/kg [ 0.19 | 0.29
Thermoforming

- Electricity kWh/FU 1.41 1.41

- Compressed air Nm*/FU 0.0798 0.0798
- Scraps % 42% 43%
Foaming

- Electricity kWh/FU 1.32 1.32

- Compressed air Nm*/FU 0.0798 0.0798
Milling

- Electricity kWh/FU 0.19 0.01

- Scraps % 26.6% 26.6%
Laser processing

- Electricity kWh/FU 0.18 0.21
Cycle time sec 72 65

Table 4. Electricity consumption, compressed air consumption, scraps rate and cycle time of manufacturing
processes of the two solutions

2.1.2.3 Use phase

The inventory data for the use phase of the component is calculated by mathematical model that correlates the fuel
consumption of the whole vehicle to the fuel use due to the component. For this study the analytical car consumption
model, based on incremental approach, has been adopted (Koffler and Rohde-Brandenburger, 2009; Ridge, 1997). The
consumption model is based on the following analytical expression:

masscomponent
fuel component — € X x fuelvehicle
P MmasSyenicle
where:
o ¢ = fuel consumption reduction value (non-dimensional); a value of 0,6 is assumed (EUCAR, 1998;

Riberio et al., 2007);

_ fueligo km .
b fuelvehicle - 100 X USeym,

o fueliookm = vehicle fuel consumption for 100 km (Table 5) in the New European Driving Cycle (NEDC)

condition;
e use km = travelled kilometres during vehicle life distance (Table 5).

According to this formulation, the fuel consumption due to dashboard during the given life distance is 13.5 kg and
11.3 kg for the standard and innovative solution respectively (3.9 kg per kg of mass).

For a comparative purpose, the analysis included CO; and SO, use phase emissions, since they are the only ones
proportionally depending on fuel consumption. The emission values attributed to the component are calculated
according to the following equation:

fuelcomponent

eMISSIONS component = €MISSIONSyepicie X Fuel
vehicle

Table 5 shows technical data referring to car model equipped by the dashboard.

Vehicle model Alfa Romeo Mito 1.6, Diesel (1600 cm3, 74 kW)

Vehicle mass [kg] 1355




Emission stage EURO 5
Vehicle fuel consumption (mixed urban-extra) [1/100km] 8.1

CO; emissions [g/km] 125

SO, emissions [kg/km] 1.05E-06
Use life-time [km] 150000

Table 5.Technical data referring to car model equipped by the dashboard

2.1.2.4 Transports

The transport segments included in the analysis are representative of the real supply chain of the traditional and
innovative solutions taking into account suppliers’ sites, manufacturing plant site and assembly plant site (Table 6).
Transports of raw materials have not been calculated as already included in the materials production dataset.

Segment Means of transport Distance (km)
PP from material supplier to material production site Truck (30-40 t gross weight; | 983

HGM from material supplier to material production site 27 t payload capacity)* 1290

PP 65.40U from material supplier to manufacturing plant 982

PP 23 HGM from material production plant to manufacturing plant 420
Dashboard from manufacturing plant to assembly plant 40

Table 6.Transport segments (*GaBi dataset)

2.1.25 End-of-Life phase

Many studies dealing with ELV issues in road transportation exist in the literature (Berzi et al., 2016; Giannouli et
al., 2007; Go et al., 2012; Schmidt et al., 2004). Overall, two important aspects need to be detected in the analysis of
the EoL phase:

e Environmental burdens produced by the EoL processes;
e Recyclability and recoverability of the component.

Indeed, the ELVs directive explicitly states that “‘the requirements for the dismantling, reuse, and recycling of
ELVs and their components should be integrated in the design and production of new vehicles” and sets minimum
targets for the recycling (85%) and recovery rate (95%) by the year 2015. Following such procedure, the landfill
disposal is discouraged and limited to 5% of the total vehicle weight (EC, 2000). The recyclability rate mainly
depends on the possibility to dismantle components and recycle materials. This, in turn, depends on material types and
availability of technologies for materials separation and processing. The recoverability rate instead takes into account
also the benefit due to the energy recovery from waste incineration.

In this context, the ISO standard 22628:2002 (Road Vehicle — Recyclability and recoverability — Calculation
method) provides the calculation method for designer to evaluate the recyclability and recoverability of a whole
vehicle. According to the 1SO, accessibility, fastening technology and proven dismantling technologies are the aspects
mainly influencing the dismantling of components. The analysis of the potential dismantling of a component is
approached by some authors in order to develop design-for-recycling specification sheets (Froelich et al., 2007; Justel
Lozano et al., 2010); those studies demonstrate that enhancing the disassembly phase is one of the key aspect for
achieving the recyclability target (Justel Lozano et al., 2010). This is particularly important when the lightweighting
design goes in the direction of composites and multi-materials application (Justel Lozano et al., 2010; Go et al., 2012).
Anyway, on-field investigations demonstrate that only few parts are commonly separated during the dismantling,
while the rest is sent to shredding treatments (Berzi et al., 2013), thus a considerable contrast between
guidelines/norms and real processes is suggested.

All the technologies involved in the EoL phase are responsible for impacts, mainly due to energy consumption and
processes efficiency, which necessary need to be calculated and compared with the expected benefit from the material
recycling and energy recovery; for this reason, beside recyclability and recoverability analysis, it is important to
evaluate the EoL impacts according to the environmental indicators proposed in the LCA framework (GHK, Bio
Intelligence Service, 2006; Ciacci et al., 2010).

Overall the dashboard is one of the components specifically mentioned to be separated according to the ELVs
directive; as a matter of fact, its dismantling is currently impeded by three main aspects: i) it is difficult to remove; ii)
its dismantling is a labor intensive activity; iii) it is unlikely recyclable, since different incompatible polymeric
families are generally involved, thus limiting the use of current mechanical methods for the material separation
(Ragosta et al., 2001; Tharumarajah and Koltun, 2010; Tian and Chen, 2014).




Lower insert

Figure 4.Dashboard section

In this sense, the use of the lighter material — PP 23 HGM — does not seem to provide relevant variations for the
EoL phase: the three layers are not physically separable in both cases (Figure 4), and there are no current second uses
for mixed granulate after mechanical treatments (Tian and Chen, 2014). As a consequence significant changes
(advantages or disadvantages) could not be expected by the lightweight solution, with the exception of a lower
landfilled waste amount due to a lower quantity of involved materials. However this aspect is supposed to play a
negligible role.

For the above reasons the EoL phase of the dashboard includes the shredding treatment, assuming an electricity
consumption of 95 kWh/ton (Tian and Chen, 2014), followed by two alternative treatments: After Shredding Residues
(ASR) landfilling and incineration with energy recovery.

2.1.3 Life Cycle Impact Assessment

The Life Cycle Impact Assessment (LCIA) is developed according to the eleven impact categories of the CML
2001 method (Guinée et al., 2002): Global Warming Potential (GWP), Abiotic Depletion Potential (ADP), Marine
aquatic Ecotoxicity Potential (MAETP), Ozone Depletion Potential (ODP), Eutrophication Potential (EP),
Stratospheric Acidification Potential (AP), Human Toxicity Potential (HTTP), Photochemical Ozone Creation
Potential (POCP), Terrestrial Ecotoxicity Potenital( TEP) and Fresh-water Aquatic Ecotoxicity Potential (FAEP). The
Primary Energy Demand (PED) is also included.Life Cycle Interpretation

The results after characterization are first presented for each environmental indicator and the two EoL scenarios
(landfill and incineration). Then a sensitivity analysis regarding the materials production phase is performed, in
particular the sensitivity has been detected by changing the data used for HGM production process modelling.

2.2 Environmental Life Cycle Costing

The Life Cycle Costing (LCC) has been suggested as a consistent framework for combining LCA and economic
assessments (Schau et al., 2011). According to the SETAC guidelines (Hunkeler et al., 2008; Swarr et al., 2011) three
types of LCC exist - conventional, environmental and societal. The Environmental LCC (eLCC) expands the
Conventional LCC, usually focused on the individual companies cost, in order to be consistent with the system
boundaries and assumptions of the LCA (Hunkeler et al., 2008).

The goal and scope of this eLCC study is to carry out an economic analysis of the two design solutions, described
in more detail in Section 2.1.1, to give insights about economic trade-off between the production cost increase and the
use phase expenditure reduction.

In the lightweighting design context the decision of implementing an innovative solution or not does make sense
only if the production cost is compared with the benefits that this solution will produce in the use phase (in favour of
the consumer). In this sense the user perspective is the most appropriate one; however in this study a ‘hybrid
perspective’® is applied since costs directly supported by the manufacturer (production and transport) are summed to
the cost for the user without any added value?. In such a way the producer can evaluate the benefit for the consumer
achieved by its higher expenditure and thus decide the proper price for the innovative solution.

The FU in this analysis is the same of the LCA (an automotive dashboard panel with a life-distance of 150000 km
for 10 years). The system boundaries include only those cost categories changing between the two solutions: materials
for the bottom insert, manufacturing, transport and use. Materials of upper layer and foam, and EoL treatments are not
included since are expected to be equal in both solutions; moreover EoL costs were generally found very small and not
affecting the comparison between different material solutions (Witik et al., 2011). From the manufacturing point of
view, the two scenarios differ for the cycle time value (Figure 3), which influences the energy consumption, and the
shredding process, which is present only in the case of standard solution (Figure 3).

! The *hybrid perspective’ concept is proposed in this study and represents a ‘user perspective’ where the
production cost is assumed in place of the acquisition cost.
2 Value added is defined as the “difference between the value of the outputs minus the value of the inputs
purchased from others” (Heijungs et al., 2013).
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The manufacturing cost is modelled by considering the electricity and compressed air expenditures, whereas
equipment cost and labour cost are not included since they are considered to be constant because the innovative
solution does not require either new machines or additional employees.

The life cycle costs have been calculated using a steady-state model (Hunkeler et al., 2008); thus the use phase
value is assumed as constant on time (a discount rate of 0). However, the breakeven point has been calculated also
assuming a different discount rate in order to detect its influence.

Life cycle phase Flow Unit cost Source
Material PP 65.40 U 1.45 €/kg Pr!mary data
PP 23 HGM 3.3-3.9€/kg Primary data
Production Electricity 0.12 €/kWh (average European price) Eurostat, 2015
Compressed air 0.04 €/Nm® Primary data
Transports Transports 1.1 €/km Primary data
Use Diesel 1.26 €/litre (average European price) Eurostat, 2015

Table 7.LCC inventory

The unit costs are given in Table 7; then they are combined with the electricity and compressed air consumption
used for the environmental evaluation (Table 4). The use phase cost is calculated by multiplying the diesel unit cost
and the fuel consumption from the use phase modelling (Section 2.1.2.3).

Moreover a cost sensitivity analysis has been done to investigate the parameters mostly influencing the total life
cycle component cost: the material, energy and diesel costs have been varied according to a realistic fluctuation.

3 Results and discussion

3.1 Environmental assessment results

Environmental figures are shown according to the following life cycle phases: raw materials, including their
extraction and processing; manufacturing, including energy and scrap flows due to production technologies;
transports, including transportation of materials to manufacturing plant and dashboard to assembly plant; EoL,
including shredding and disposal of waste.

Overall an impact decrease ranging between 2% and 16% was found for the innovative solution (PP 23 HGM) thus
suggesting it as the likely design. On the other side, the different reinforcement material (HGM) is responsible for
higher impacts in four categories (ADP elements, FAEP, MAETP and ODP) (Figure 5 and “Supplementary material”
section). This is mainly due to the raw materials involved in the HGM production phase, silica in particular, which
produce a resource depletion (ADP elements) twofold larger than the talc processing. In the fiberglass industry this
material is considered particularly sensitive but very strict specifications generally limit the use of alternatives (van
Oers et al., 2002).

Different assumptions and goal and scope setting do not allow a humerical comparison between results from recent
studies and the present one, nevertheless similar trends and considerations can be discussed. Indeed the contribution
analysis shows that raw materials and use phase have the major impacts in overall dashboard life cycle (Figure 5) thus
confirming the outcomes from recent studies concerning the same component (Andriankaja et al., 2009; Tharumarajah
and Koltun, 2010). Moreover, a trade-off between use phase and material production step is found, as generally
stressed in the previous analysis about lightweighting (Raugei et al., 2015). In this study, the use phase contribution
reduction, associated with an increase of raw material impact, is found particularly in terms of resource depletion (-
16% use phase, +90% raw materials) and ecotoxicity effects, while a slight trade-off is seen for the GWP (-16% use
phase, +1% raw materials).
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Figure 5 Environmental impact comparison between the standard (PP 65.40 U) and the innovative (PP 23
HGM) solutions (characterization results), for landfill (L) and incineration (I) scenarios
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This demonstrates the importance of extending the environmental assessment to a diverse set of impact categories.
It is evident that some impact indicators are mostly affected by the use phase (i.e. AP, GWP, POCP), whereas others
are mainly influenced by the raw materials production (i.e. ADP elements, ODP). Therefore it can be suggested that to
avoid burden shifting it is necessary to take into account all of them, though the interpretation of results could be more
complex. Overall these results show that a comprehensive discussion of lightweighting benefits could be achieved
only if the resource depletion and toxicity impacts are even included. Indeed, the use of the innovative material HGM
allows to achieve the lightweighting purpose, in that a 16% mass decrease is reached thus leading to the use phase
reduction around 16% along the whole environmental indicators. However this benefit is particularly evident in terms
of GWP and PED, whose overall contraction is 8% and 5% respectively (“Supplementary material” section).

The accuracy of data collection, especially regarding the manufacturing phase, supports the idea that such phase
(energy consumption) represents a low contribution if compared to the material and use phase ones (Das, 2011,
Raugei et al., 2015); nevertheless this should not discourage investigation on this phase in detail since non negligible
effects can be observed especially when composite processes are involved (Witik et al., 2011). The manufacturing
process influences energy consumption but also other significant aspects, as scrap rate and the final EoL recyclability
(Raugei et al., 2014). In this specific case study, the innovative material enables around 3% energy saving, due to the
low cycle time, and a 23% decrease in manufacturing phase contribution.

The EoL phase was found to be negligible when the landfill scenario is assumed, while the energy recovery from
the final incineration makes this phase relevant in those categories sensitive to the energy process (Figure 5). Overall,
when the incineration scenario is assumed both solutions reach a lower impact in all the categories (due to the avoided
burdens from energy recovery), therefore the landfill disposal is to be discouraged in any case with the exception of
the GWP. However the different EoL scenarios — landfill or incineration - do not affect the comparison between the
two solutions in a considerable way, and the innovative solution is likely to be considered better than the standard one.

The comparison between the two different EoL scenarios should be also done following the 1SO 22682 statements,
indeed the component design consequently influences the recyclability/recoverability of the vehicle. Previous studies
did not provide insights in this matter; beside some papers addressing the component disassembly with recycling
purpose (Froelich et al., 2007; Justel Lozano et al., 2010) no previous works discussed the evaluation of the
component disassembly within the ISO standard and ELV directive frameworks.

Since the 1SO standard only provides the guideline for the recyclability/recoverability of the whole vehicle, it can
be argued that the manufacturer of component could only rely on internal and specific guidelines without a direct
correlation to benefits in terms of ELV directive targets.

The present study tries to tackle this gap considering that only when the incineration scenario is assumed the mass
of the dashboard could contribute to the recoverability index of the whole vehicle, whereas if the landfill scenario is
applied its mass will not provide any benefit in terms of the ELV targets. This is generally in contrast with the
1S022628 statements in which the dashboard is specifically mentioned to be dismantled thus contributing to the
recyclability rate of the vehicle. However a detailed analysis of the component shows that some technical features still
impede its effective dismantling; therefore, from recyclability/reusability perspectives, two important design aspects
need to be further developed in more detail: the assembly/joining techniques to join the mono-material parts and to fix
the dashboard to the vehicle body-in-white; the materials selection according their compatibility in the same
component. The use of few and simple assembling strategies could contribute to make the dismantling a less labor
intensive activity thus enhancing the component reuse or its treatment in a dedicated line. The second aspect concerns
the selection of compatible materials thus limiting materials heterogeneity and enabling materials treatment/separation
by means of the current mechanical methods.

3.2 Economic assessment results

Economic assessment results are described according to the following cost categories: materials, manufacturing,
transports and use. The perspective used in the analysis could mainly give information to the producer wanting to
evaluate the development of the innovative solution by comparing the benefit for the consumer and the higher
expenditure necessary for its implementation.

The eLCC results in a total cost for the bottom insert (item) of 18€ and 16.6€ for the standard solution and the
innovative solution respectively (Table 8). The cost breakdown, reported in Table 8, shows that material phase and use
phase are the most relevant; in the standard solution their contributions correspond to 18% and 79% respectively,
whereas they contribute 37% and 60% in the innovative one. An increase in the material cost is a general trend pointed
out in other studies (Witik et al., 2011) and it is confirmed also in this specific case study. The trade-off between
production phase and use phase expenditures is in favour of the lightweight solution, where the consistent cost saving
during use phase (-30%) manage to counterbalance the material cost increase of the hollow glass spheres composite
thus leading to a total cost reduction of 8%. A smaller but not negligible role is played by the lower cycle time which
leads to 13% manufacturing cost reduction, thus confirming the relevance of this parameter even from an economic
life-cycle perspective (Witik et al., 2011). The transport cost does not significantly influence the total cost.
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PP 65.40 U PP 23 HGM*
Material phase (€/item) 3.20 6.19
Manufacturing phases (€/item) 0.49 0.43
Injection Molding (€/item) | 0.39 0.37
Shredding (€/item) | 0.04
Plasma Treatment (€/item) | 0.02 0.03
Milling (€/item) | 0.02 0.001
Laser Treatment (€/item) | 0.02 0.03
Transports (€/item) 0.14 0.11
Use phase (€/item) 14.3 9.94
TOTAL (€/item) 18.17 16.67

Table 8. Economic assessment results of standard and innovative solutions (*considering material average cost)

According to the assumed perspective, the innovative solution was found to be a feasible design for two main
reasons: it produces significant cost reduction for the consumer while requiring a reasonable cost increase for the
producer. This finding is also confirmed by the expected cost per mass saved, whose value was found between 3 and
4.3 €/Kg savea and so in full accordance with the value generally accepted by the OEMs (3 — 10 €/Kg saved) (Heuss eta al.,
2012).

3.3 Combination of results

In order to evaluate the viability and the effective benefit expected by the innovative solution, the economic results
were combined with the GWP, as one of the best known and applied indicator in the automotive sector. A systematic
and recognized way to integrate LCA and LCC results is still missing and many authors approach different methods
(Bierer et al., 2015). Moreover in previous studies concerning the automotive sector this is seldom discussed thus
hindering comprehensive comparison and discussion of results (Schau et al., 2011; Witik et al., 2011). In the present
study, an attempt was done by calculating the breakeven analysis and the CO, abatement cost® for the two design
solutions.

The abatement costs stemmed from the PP 23 HGM solution was found between 0.5 and 0.8 €/kg CO; saved; this
appears still high if compared with reference from literature thus stressing the importance of material cost reduction to
make the lightweighting a sustainable strategy from an economic point of view (Burgin et al., 2010).

The breakeven analysis is used to evaluate the convenience of a solution by identifying at which vehicle’s life
distance the lightweight solution could give environmental and economic benefit if compared to the standard one;
GWP is normally used for the environmental part since it is particularly influenced by the use phase (Witik et al.,
2011). As for the GWP, the innovative solution results in environmental convenience at 41500 km (Figure 6); this
value is much lower than the total vehicle life span (150000 km) thus suggesting the new material provides relevant
environmental advantages, as also derived from LCA results. Concerning the economic convenience, the analysis was
done both considering constant cost of the use phase and a discounting rate of 4% (Witik et al., 2011). When the diesel
cost is assumed constant, the innovative solution crosses the standard one in the middle of the vehicle’s life span
(99160 km) (Figure 6); nevertheless when the discounting rate is applied the breakeven is delayed at around 148000
km. Overall, these findings stress that the environmental benefit are achieved earlier in the vehicle’s life span; thus the
innovative solution can be considered preferable mostly from an environmental point of view.

® The CO, abatement cost correlates the production costs and the avoided CO, emissions during the operating
phase of a given technology (Wesselink and Deng 2009).
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Figure 6 Breakeven analysis for the environmental convenience (a) and the economic convenience (b)

3.4 Sensitivity analysis

The sensitivity analysis was carried out to examine the key data mainly influencing environmental and economic
profiles. Due to the importance of HGM for the innovative solution, sensitivity analysis was done by changing the
data used for its modelling. The environmental results are compared with outcomes from two alternative production
process modelling: in the first — Figure 7(b) — the HGM process is modelled by considering only the specific raw
materials; in the second alternative — Figure 7(c) — the borosilicate glass process is used without any modification.
Results are presented only concerning four categories since similar considerations were drawn for all the other
indicators.

It was found that the energy values are not significant: when they are excluded (alternative b) results are not
significantly affected. The amount and types of raw materials seems to be more important, especially regarding ADP
and MAETP, in fact a large fluctuation is seen between alternative a and alternative c.
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Figure 7.Environmental sensitivity analysis about HGM production process (PP 23 HGM (a): specific raw
materials and energy consumption from borosilicate glass process; PP 23 HGM (b): only specific raw materials; PP
23 HGM (c): borosilicate glass process)

The cost sensitivity analysis has involved the following parameters: material, energy and diesel. Each parameter
was varied according to its expected fluctuation, in particular +15% for the material cost (according to OEM
estimates), +37% for the energy cost (according to European countries scenarios) and £50% according to literature
(Witik et al., 2011).

Figure 8 shows the cost sensitivity analysis for the two dashboard solutions. The material cost and electricity price
stressed a negligible influence, whereas diesel cost presents the largest influence, ranging between 30% and 40%,
which could affect the difference between the total costs of the two solutions also abolishing the economic
convenience of the new one (Figure 8). Indeed it can be argued that particular attention should be given also to the use
phase modeling accuracy for the fuel consumption calculation.
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Figure 8. Cost sensitivity analysis for the two design solutions. The change in component cost is presented for
key parameters cost variation (materials, energy and diesel).

4  Conclusions

This study evaluates the economic and environmental impacts in adopting an innovative lightweight material for an
automotive component. In particular, the analysis deals with the comparison of a standard solution for a dashboard,
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based on talc filler-reinforced composite, and an innovative solution made with hollow glass micro-spheres as plastic
reinforcement.

This study represents one of the first work including environmental and economic evaluations of the HGM
application in the automotive sector. After a specific literature review regarding this material, it was found that the
borosilicate glass process can be considered a good assumption for environmental evaluations. However, further
efforts are needed in order to collect more specific data and model the HGM production phase in a more accurate way,
especially regarding the raw materials.

Comparison of environmental performances reveals that this material is likely to be better than the talc filler-
reinforced composite, in that it allows reaching significant weight reduction thus compelling with the most relevant
challenges of the sector. In particular it gives benefits for those impact categories where the use phase is more
involved (i.e. GWP, PED, AP), whereas indicators mostly affected by the material phase were found to become worse
(resource depletion and ecotoxicity). Overall, the technical performances and the accurate data collection in the
manufacturing phase suggest that the innovative solution is suitable for a mass customization. The innovative solution
was found to be preferable also from an economic point of view since beside a higher material cost, it enables a total
cost reduction. However, the breakeven analysis shows that the innovative solution is preferable from an
environmental point of view more than from the economic one as a break-even point is reached earlier in the vehicle’s
life span.

From the comparison between the alternative design solutions two evidences arise: the delicate balance between
use phase and production phase; the discrepancy between the assessment methods to evaluate the potential impacts
during the EoL. A slight trade-off between use phase benefit and raw material phase was found concerning the GWP
but it reveals more consistent regarding other environmental indicators. This demonstrates the importance of enlarging
the environmental assessment to a diverse set of impact categories, in addition to the CO, emissions, to detect the
effective advantages of a lightweight solution. In particular the resource depletion was found a challenging issue and
this point could have significant implications for future policy planning regarding the automotive sector.

Concerning the second aspect, this study shows that evaluating the EoL phase according to the LCA impact
categories could not provide all the necessary information during an early design phase of a component. The EoL
phase was found to be negligible if compared with other life cycle phases; moreover the effective consequences of
adopting a different material are not always evident. This point confirms the importance of integrating the EoL
discussion with elements from the 1ISO 22682 statements and EL Vs targets besides the LCA. Nevertheless, the generic
indications of the ISO 22628 could lead to a lack of sensitiveness for two main reasons: the
recyclability/recoverability assessments using 1SO 22628 do not take into account the loss/efficiency of the
recycling/recovery of materials; a clear and systematic way to approach evaluations on the potential disassembly of a
component is still missing.

In the present study this gap was faced by taking into account the peculiarity of the available component. However,
in the dilemma of achieving the lightweight and the vehicle recyclability target, further research could regard methods
for better calculating the direct correlation between a given design solution of a component and the recyclability of the
whole vehicle.
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Landfill scenario

Incineration scenario

PP 23 |Variation PP 23| Variation
PP 65.40 U HGM PP 65.40 U HGM

ADP elements | [kg Sb-Equiv.] 3,45E-05 6,48E-05 |87,77% | 3,06E-05 6,15E-05 |101,25%
ADP fossil [MJ] 1,05E+03 1,01E+03|-3,98% |9,91E+02 9,59E+02 | -3,22%
AP [kg SO2-Equiv.] 8,99E-02 8,21E-02 |-8,61% |5,75E-02 5,50E-02 |-4,20%
EP [kg Phosphate-Equiv.] | 2,00E-02 1,94E-02 |-3,16% 1,82E-02 1,79E-02 |-1,89%
FAEP [kg DCB-Equiv.] 4,21E-01 5,93E-01 [40,74% |4,05E-01 5,79E-01 |43,04%
GWP [kg CO2-Equiv.] 5,21E+01 4,78E+01|-8,21% |5,47E+01 5,00E+01 |-8,61%
HTP [kg DCB-Equiv.] 3,20E+00 3,15E+00|-1,67% |2,47E+00 2,54E+00 | 2,72%
MAETP [kg DCB-Equiv.] 1,48E+03 1,96E+03 | 32,69% |-2,79E+03 -1,61E+03 | -42,47%
ODP [kg R11-Equiv.] 2,07E-08 4,45E-08 |115,21% |-4,75E-07 -3,70E-07 |-22,16%
POCP [kg Ethene-Equiv.] 2,10E-02 1,88E-02 |-10,41% |1,93E-02 1,74E-02 |-9,86%
TEP [kg DCB-Equiv.] 3,76E-01 3,18E-01 |-15,47% |3,66E-01 3,09E-01 |-15,45%
PED [MJ gross cal. value] |1,22E+03 1,17E+03 | -4,43% 1,13E+03 1,09E+03 |-3,45%

Environmental impacts comparison between the standard (PP 65.40 U) and the innovative (PP 23 HGM)
solutions (characterization results), for landfill and incineration scenarios
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