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Abstract

A tailored model for the assessment of environmental benefits achievable by light-weighting-design-selutions in the
automotive field is presented. The model is based on the Fuel Reduction Value (FRV) coefficient which expresses the
Fuel Consumption (FC) saving involved by a 100 kg-vehicle mass reduction. The work is composed by two main
sections: simulation and environmental modelling. Simulation modelling performs an in-depth calculation of weight-
induced FC whose outcome is the FRV evaluated for a wide range of Diesel Turbocharged (DT) vehicle case studies.
Environmental modelling converts fuel saving to impact reduction basing on the FRVs obtained by simulations. Results
show that for the considered case studies FRV is within the range 0.115-0.143 and 0.142-0.388 1/100km*100kg
respectively for mass reduction only and powertrain adaptations (secondary effects). The implementation of FRVs
within the environmental modelling represents the added value of the research and makes the model a valuaflexible-and
taHorable tool for application to realany-autometiveBF case studies of automotive lightweight LCAy.

Keywords
Automotive, Fuel consumption, Fuel Reduction Value (FRV), Life Cycle Assessment (LCA), Light-weighting, Vehicle
system dynamics.

1. Introduction

Global society strongly depends on transportation and the development trends forecast a substantial growth in this
sector over the coming decades [1]. Considering the European Union, transportation industry represents the second
largest contributor to anthropogenic gGreenhHouse gGas (GHG) emissions and around 20% of these emissions are
causgenerated by road transports [2]. In this context light-duty vehicles account for approximately 10% of total energy
use and GHG emissions [3], [4]. Considering that the number of cars is expected to increase from roughly 700 million
to 2 billion over the period 2000-2050 [5], a dramatic increase in gasoline and diesel demand with implications on
energy security, climate change and urban air quality appears to be very likely {[6], [7],-F8F9F14H-146F; [832], [922],
[103], [114]f25}f16} 27 18]). Fh-isknown-that-for an Internal Combustion Engine (ICE) car-the use stage is
responsible foref a relevant quota of total Life Cycle (LC) impact (e.g. 85% in terms of Global Warming Potential,
{GWP)); _the latter-and-it is mainly due to Fuel Consumption (FC) which-in-turn strongly depends on vehicle mass
€[129], [1320], [142%], [1522], [1623], L24] [1825] [1926]).

Light-weighting-threugh 0 t tes-is unanimously recognized as one
of the key measures in order to Iower—t-he car_use stage FC and enVIronmentaI burdenpressure ([207], [218], [229],
[2330], [2431]};-although; on the other hand; the adoption of novel materials and innovative technologies oftentherisk
to shifts the impacts to other LC stages (e.g. production and End-of-Life, (EoL) [2532], [2633];{34}{35}[36].)-could
be-very-high-(13A138}139} 14061144} 129}142D. In this regard plastics, composites, aluminum, high-strength steel
and; magnesium-and-sanawich-materials and sandwicharekey materials are expected to play a leadinga-nereasingly
impeortant role in the future. Aluminum, high-strength steel and composites can be used both in structural (i.e. frame or
seat structure) and functional (i.e. steering, transmission) parts where strength is the key requirement; on the other hand
for interior parts plastic will remain the predominant element and it will become also more important in the next future,
due to its favorable cost-weight ratio. On the other hand, despite light-weighting allows lowering use stage impact by
reduction of-use-stage FC, it usually involves negative effects on production and End-of-Life (EoL) stages [2734],
[2835], [2936], [307], [318]. Indeed lightweight materials are usually more energy-intensive and involve higher CO,
emissions prior to operationuse-stage if compared with conventional steel. At the same time, recycling of composites is
still not a well-established practice, contrary to what happens for metals [329], [3348], [3444], [129], [3542]. Therefore,
a balance of benefits and disadvantages involved by light-weighting during the whole vehicle LC is needed; this allows
quantifying the driving distance for which the reduced use stage FC compensates production and EoL emissions thus
involving-an actual-L€ benefits.

Tin-this-regardAt-this-purpesethe Life Cycle Assessment (LCA) methodology iresults the most indicated approach
forte performing the environmental assessment-and-balance-the-ece-profile of lightweight solutions-during-their-whele
LC.- Many LCA studies already exist in the transportation sector ([3643], [3744], [3845], {46}, {47}{48}; [349], [450];
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{511 and the interest is continuously growing, particularly in the automotive field {[3744], [129], [4152], [4253],
[4354], [4455], [4556]{57}-158}1591, [4660]).

Considering—use—stage—within the automotive lightweight LCA context, literature provides several examples of
comparative studies based on Fuel Reduction Value (FRV) coefficient {[2], [3845], [4761], [4862], [4963]}). The FRV
adopted by current LCAs is comprised within the range-between 0.02--ard-1.00 fI/100km*100kg}; this estimationsueh-a
range derives from other works (([1421], [5064] {65} 16611671 [5168], [5269], [5370], [5474] 72}, [5573], [5674],
[5775]) that—treat—with—anabytical modelling—of mass-induced FC takby—investigating into accountthe theoretical
background and underlying physical correlations. From the review of this typology of studies, some considerations
emerge. The researches are based on simulation modelling of a very restricted number of specific car models; therefore
the—resulting values of FRVs—ebtainedFRVs are influenced bydepend-on technical features of-the—censidered case
studies without being really representative of-the-entire entire vehicle classes or engine technologiesy-they-belong-te.
Furthermore the eX|st|ng Works determlne the FRV basmg on standardlzed—a—re#erehee drlvmg cycles ([5816] [597—?]
[6078]: , -
American researches generally refer to the Federal Test Procedure drlvmg cycles [617—9] whlle the European ones to the
NEDC [6286]). Consequently the-adepted reference cycles—_changes passing from one study to anthe-other, thus
involving a relevant limitation in terms of comparability for theef FRV value. Additionally-te-this, the adoption of a
single cycle as basis for calculation strongly limits theirvelves-arelevanttmitation-interms-of reliability of results as
no further driving stylepattern is taken into accountevaluated.

The proposed work is an extension of [5064] and it refines an environmental model able to treat with the use stage<«
within the automotive lightweight LCA context in applicationss to Diesel Turbocharged (DT) vehicles; t—he aim is
supportmq LCA practrtroners to evaluate the envrronmental beneflts achlevable by light- Welqhtmq in reaI case studles

ease—stud«teertartmq from the amount of mass reductlon the model estrmates the avorded |mpacts throuqh the FueI
Reduction Value (FRV) coefficient which is determined by a simplified calculation procedure based on vehicle
technical features. Such a procedure derives from an in-depth simulation modelling of car weight-induced FC which
tries to fill the gaps of existing literature: ,

- FRV is estimated for a large number of vehicle case studies belonging to A/B, C and D classes; within each class
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a wide range of car technical features is taken into account;

- vehicle case studies are representative of 2015 European car market;

- FRV is evaluated basing on the most globally widespread driving cycles;

- the analysis is extended to both Primary Mass Reduction only (PMR) and Secondary Effects (SE); in case of SE«
a valid criterion for their application is refined.

2. Materials and method

The construction of the model consistsis—artieulated—inte of three main stages. In tFhe first stage—envisages—the
caletlation—of FC is calculated for various mass-configurations of a certain number of vehicle case studies; c—Fhe
calculation is performed through-a ear-system-dyramies-simulation modelling of car dynamics.-Fhe-output-of-the-stage
is-constituted-exelusively-by-vehiele-FC- The second stage evaluates the mass-induced FC starting from the output of

the first one; basing on values of FC obtained foref the different mass-configurations, mass-induced FC is determined
through the relation between consumption and mass. The third stage consists in the conception of a tailored LCA model
which implements mass-induced FC calculated in stage 2 and provides as an output-the LCIA impacts. Following
paragraphs describeiHustrate in detail the three stages.

2.1. Calculation of use stage FC

The calculation of use stage FC is performed through an AMESim simulation model. Below the modelling is described
in terms of model composition, driving cycles and range of vehicle case studies.extension-of-the-analysis: The model
estimates torque at wheels needed in order to follow the speed profile of-the-censidered driving cycle by simulating all
vehiele-drivetrain-components_of vehicle drivetrain. The automotive network is subdivided into two sections: drive train
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(sub-models: engine, clutch, gearbox and vehicle dynamics) and control logic (sub-models: mission profile and ambient

data, driver and control unit). The complete model is shown in Figure 1. [Codice campo modificato
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Figure 1. Use stage simulation model: drive train section (a) and control logic section (b)

The driving cycles assumed as reference for simulation-medelling are the following: Federal Test Procedure 72 (FTP72)
[6381], Japan 08 (JC08) [6482], New European Driving Cycle (NEDC) [6384] and World Light Test Cycle (WLTC)
[58%6]. The first three cyclesy are the reference for current type approval test-approeval- respectively inef the U.S., Japan
and Europe while WLTC will substitute the NEDC in the coming years. Tir—erder—to—determine—resulis—really
representative-of-the-considered-classes—the modelling is applied to a largeeertain number of DT vehicle case studiess
bmw@%#&earedr&elasse& representative offrem different classes within the 2015 European car market, thus

allowing;-this—aHows-estimating-the-FR\.-byarange—thus-_to considering a certain variability of-vehiele technical
features within each class. The number of case studies (see Table 1) within per vehicleeaeh class depends exclusively
on the availability in literature of data needed for the setting of simulation model.

Table 1. Reference mass-configuration — Variable model parameters: car models chosen as reference

Reference mass-configuration - Variable model parameters - Reference car models

A/B-class C-class D-class
s(t::iley Vehicle model :é:;ey Vehicle model si?::ley Vehicle model
1 A.R. MiTo 1.6 JTDm 120cv 11 A. R. Giulietta 1.6 JTDm 105cv 23 BMW 318d 2.0 150cv
2 CITROEN C3 1.4 HDi 70cv 12 A. R. Giulietta 2.0 JTDm 150cv 24 BMW 320d 2.0 163cv
3 CITROEN C3 1.6 HDi 115¢cv 13 A. R. Giulietta 2.0 JTDm 175cv 25 BMW 320d 2.0 190cv
4 FIAT Cinquecento 1.3 MJT 95cv 14 CITROEN C4 1.6 HDi 90cv 26 BMW 325d 2.0 218cv
5 FIAT Panda 1.3 MJT 75cv 15 CITROEN C4 1.6 HDi 115¢cv 27 CITROEN C5 1.6 HDi 115¢cv
6 FIAT Punto 1.3 MJT 75cv 16 CITROEN C4 2.0 HDi 150cv 28 CITROEN C5 2.0 HDi 140cv
7 FIAT Punto 1.3 MJT 85cv 17 FIAT Bravo 1.6 MJT 90cv 29 CITROEN C5 2.0 HDi 165¢cv
8 FIAT Punto 1.3 MJT 95cv 18 FIAT Bravo 1.6 MJT 120cv 30 FORD Mondeo 1.6 TDCi 115¢cv
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9 FORD Fiesta 1.5 TDCi 75cv 19 FIAT Bravo 1.6 MJT 165cv 31 FORD Mondeo 2.0 TDCi 150cv

10 FORD Fiesta 1.6 TDCi 95cv 20 FORD Focus 1.5 TDCi 95 cv 32 FORD Mondeo 2.0 TDCi 180cv

21 FORD Focus 1.5 TDCi 120cv

22 FORD Focus 2.0 TDCi 150cv

2.2. Evaluation of mass-induced FC reduction

The evaluation of mass-induced FC is performed through the FRV coefficient. The procedure for calculating the FRV is
described below separately between the cases of Primary Mass Reduction (PMR) and Secondary Effects (SE).

Primary Mass Reduction (PMR). MFhe-mass-induced FC is determined as the consumption saving achievable through
car mass reduction only and it is calculated bythreugh the following relation:

FCuse_sav_PMR = FRVPMR * MASSgqy Eq 1

Where FRVpyr = Fuel Reduction Value in case of Primary Mass Reduction [I/200km*100kg]; FCyse_say_pmr = amount of
Fuel Consumption saved during operation thanks to lightweighting in case of Primary Mass Reduction [I/100km];
masss,y, = saved mass thanks to lightweighting [kg].

The FRV coefficient is estimated basing on values of FC obtained in stage 1. For each one of-the-considered vehicle
case studies, consumption is calculated for the following five mass-configurations: reference-mass and-Hightweighting
of 5%, 10%, 15%,-and 20% lightweightrespectively. Starting from values of FC, the FRV is determined as the slope of
regression line of consumption in function of mass. As-in-ease-6f-PMR the target is evaluating the effect of massmass
only, FC of lightweight configurations is estimated through the same simulation model in whichwhere the only
parameterthat changes is vehicle weight, all the others remaining unaltered.

Secondary Effects (SE). MFhe-mass-induced FC is determined as the consumption saving achievable through car mass
reduction with—implementation—ef further interventions_at the vehicle—te—the—vehiele. It is calculated through the
following relation:

FCuse_sav_SE = FRVgg * masssqy Eq. 2

[Formattato: SpazioDopo: 10 pt ]

Where FRVge = Fuel Reduction Value in case of Secondary Effects [1/100km*100kg]; FCyse say se = amount of Fuel”
Consumption saved during operation thanks to lightweighting in case of Secondary Effects [I/100km]; masss,, = saved
mass thanks to lightweighting [kg].

| SEecondary-Effects are applied to lightweight configurations only and they consist in resizing vehicle powertrain in
order that mass reduction is exclusively used for lowering FC while performance and technological levels remain
unaltered. For performance level the chosen criterion is the “80-120 km/h elasticity in the upper gear ratio”. On the
other hand technological level is represented by parameters Maximum Brake Mean Effective Pressure (BMEP ),
Stroke-to-Bore ratio (SBR) and Mean Piston Speed (MPS), whose analytical expression is reported below:

BMEP,,,, = [max*4T Eq.3

SBR = stroke Eq. 4
bore

MPS = stroke xrpm Eq 5

30

Where BMEP,.x = maximum Brake Mean Effective Pressure [bar]; Tnax = maximum engine torque [Nm]; V = engine
displacement [I]; SBR = Stroke-to-Bore ratio [null]; stroke = engine stroke [m]; bore = engine bore [m]; MPS = Mean
Piston Speed [m/s]; rpm = engine speed [rpm].

2.3. Environmental modelling

The third stage consists in the conception of a tailored LCA model able to convert mass reduction to avoided use stage
| environmental impacts. The model takes into account both-the sub-stages that compose-the use_stage: Well-To-Tank -
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WTT (fuel transformation processes upstream to fuel consumption) and Tank-To-Wheel - TTW (FC for car driving). In
order to include both quota, a GaBi6 plan composed by the WTT and TTW processes is conceived. In the construction
of the plan the-TTW process ishas-been completely modelled by an analytical parameterization of inputs/output flows
while the—WTT process ishas—been taken from the GaBi6 process database (section “Energy conversion-Fuel
production-Refinery products”) without any modification. For this reason hereinafterin-the—following the only TTW
process is described in detail in terms of input/output flows and equations that model input/-ard-output flows. Table 2

shows TTW iFhe-inputs/-and-output flows-ef F AW -process-arereported-inTFable—2 and: fereach-flow-a qualitative [c.)dice campo modificato ]
description-and-thereferencefrom-GaBi6-database of themarereported.
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TTW process
Parameters GaBi6 flows

Amount of Fuel Consumption saved during operation thanks to

INPUT i _Refi
lightweighting (FCuss sor Diesel - Refinery products [kg]
Almoun? of Plogenlc CO, emission saved during operation thanks to Carbon dioxide (biotic) ~ Inorganic emissions to air [g]
lightweighting (COzsi0_use_sav)
OUTE Amount of fossil CO, emission saved during operation thanks to Carbon dioxide (fossil) - Inorganic emissions to air [g]

lightweighting (COzros_use sav)

Amount of SO, emission saved during operation thanks to

lightweighting (SO e sor) Sulphur dioxide — Inorganic emissions to air [kg]

The equations that model input/output flows of TTW process are reported in Table 3.



Table 3. Environmental model: basic equations of TTW process

TTW equations
=
=] __ FRV xmassg,, * mileageyse
% FCuse sav FCyse sav = T 10000 " Pruet Eq.6
co = co *mil » Dlusesww £q.7
2BIO_use_sav = 2BI0_veh_km * MLlEAGeyse 7 q.
use_veh
Where:
CO2p10_use_sav CO2510 veh km = CO2 yenkm * Share CO,p0
CO; ven_km = sharemy * CO3_yen_tm_mw + Sharery * CO; yen_km ru + Sharey, * CO; yen_xm ur
_ FCUEh,lUUkm il
FCyse ven = 100 * mileageyse * Pruel
co =co * mil x Dousesar £q. 8
2F0S_use_sav — 2F0S_veh_km mileageyse FC, q.
‘use_veh
. Where:
= CO2r05_use_sav CO2r05s ven km = CO2 ven km * (1 — share CO,p/0)
=
3
CO3_ven_km = sharemy * CO; yen_km mw + Shareyy * COz_yen_km_ru + Sharey, * CO, yen_jom ur
cheh 100km .
FCuseven = 7 *mileageyse * Pruel
- 100
s0 =50 *mil » Duse san £q.9
2_use_sav = OVU2_veh_km * MileAgeyse * ——— — q.
FCuse ven
Where:
Soz,use,sau so — ppmsulphur 2 % FCveh,lookm “p
2-vehkm = 71000000 100 Juel
C. _ FCveh,lookm il
F use_veh — 100 *mileageyse * pfuel
Legenda:

FRV = Fuel Reduction Value [I/100km*100kg];

mass,, = saved mass thanks to lightweighting [kg];

mileage,s. = total mileage during operation [km];

Pre = fuel density [kg/1];

CO3g10_ven_km = per-kilometre biogenic CO, emission of reference vehicle [g/km];

FCuse_ven = amount of Fuel Consumption during operation of reference vehicle [g/km];

CO; yen km = per-kilometre CO, emission of reference vehicle [g/km];

share CO,g0 = share of biogenic C in fuel;

sharey,,, share,, share,, = share of total mileage respectively for motorway, rural and urban route;
CO; veh km_mws CO3_ven_km_rur CO2_ven_km_ur = per-kilometre CO, emission of reference vehicle respectively for motorway, rural
and urban route [g/km];

FCueh_100km = per-100kilometre Fuel Consumption of reference vehicle [I/100km];

CO20s_ven_km = per-kilometre fossil CO, emission of reference vehicle [g/km];

SO, ven km = per-kilometre SO, emission of reference vehicle [kg/km];

PPMsyonur = sulphur content in fuel [ppm];

The environmental model is customiztaterable for the specific case study through the setting of the following
parameters:



- COgy ven km and SOy \en km are taken from the GaBi6 process database (section “Transport-Road-Passenger car”)
depending on emission standard, engine size and technology of the specificeensidered case studyvehiele;

- FRV is an output of stage 2 “Evaluation of mass-induced FC reduction” and it is chosen depending on the
specific case study through the criteria identified in paragraph 3.24-%.;

- Pruel, Mileageyse, PPMsyiphur, Share COyg 0 are taken from the GaBi6 process database depending on fuel type of the
specific case studyeensidered-vehicle;

- FCyeh 100km, MaSSsaveq, Mileageyse, sharen,, share,, share,, depend on the specific case studyapphication.

3. Results, interpretation and discussion

Results, interpretation and discussion are presented subdivided into two main sections: simulation and environmental
modelling.

3.1. Simulation modelling

Fuel Reduction Value: analysis of results. Table 4 reports the FRVs for all-the—censidered case studies. Data are [c.)dice campo modificato

presented for both PMR (FRVpyr) and SE (FRVsg). W-and-within each one of them five values are reported:
- four values calculated with respect to driving cycles assumed as reference for the study (FRVirp72, FRVicos,
FRVNEDC| FRVWLTC) A A
- one value calculated as the arithmetic mean of FRVerpr2, FRV;cos, FRViepe, FRVite (FRVieancyces)-

In summary, for each case study the complete set of results is composed by 10 values for the FRV:

- PMR: FRVErer2_pmr, FRVicos_pvr: FRViEDC_PMR: FRVwLTe_PMR: FRViMeancycles pur;
- SE: FRVerpr2 se, FRVicos ser FRViepc se: FRVwite se FRViveancycles se-



Table 4. Fuel Reduction Value for the considered case studies [1/100km*100kg]

FRV [1/100km*100kg]
PMR SE

i = = = = ) —_ F)
Es |9 |2 |3s |5 | b |98 | g |38 | 58

1 0.173 0.165 0.148 0.146 0.158 0.295 0.284 0.270 0.253 0.276

2 0.153 0.140 0.143 0.115 0.138 0.217 0.212 0.194 0.142 0.191

3 0.174 0.157 0.145 0.148 0.156 0.281 0.275 0.259 0.220 0.259

4 0.149 0.150 0.137 0.117 0.138 0.253 0.245 0.224 0.214 0.234

5 0.145 0.151 0.146 0.122 0.141 0.239 0.237 0.218 0.173 0.217

A/B 6 0.147 0.149 0.136 0.116 0.137 0.235 0.235 0.215 0.202 0.222
7 0.150 0.153 0.130 0.120 0.138 0.246 0.240 0.213 0.225 0.231

8 0.150 0.148 0.129 0.117 0.136 0.250 0.241 0.221 0.223 0.234

9 0.149 0.143 0.137 0.129 0.140 0.227 0.226 0.207 0.166 0.207

10 0.149 0.150 0.137 0.117 0.138 0.253 0.245 0.224 0.214 0.234

11 0.168 0.159 0.148 0.141 0.154 0.262 0.253 0.235 0.214 0.241

12 0.180 0.167 0.154 0.152 0.163 0.294 0.282 0.266 0.240 0.271

13 0.171 0.161 0.149 0.143 0.156 0.291 0.280 0.270 0.243 0.271

14 0.154 0.146 0.142 0.137 0.145 0.245 0.247 0.233 0.206 0.233

15 0.166 0.157 0.149 0.138 0.153 0.261 0.252 0.231 0.206 0.238

16 0.174 0.160 0.156 0.144 0.159 0.281 0.266 0.252 0.214 0.253

¢ 17 0.165 0.153 0.140 0.138 0.149 0.289 0.269 0.246 0.233 0.259
18 0.167 0.159 0.149 0.136 0.153 0.273 0.259 0.245 0.220 0.249

19 0.179 0.170 0.154 0.150 0.163 0.294 0.283 0.269 0.239 0.271

20 0.160 0.154 0.141 0.133 0.147 0.273 0.258 0.240 0.216 0.247

21 0.166 0.157 0.153 0.137 0.153 0.259 0.246 0.234 0.196 0.234

22 0.179 0.162 0.163 0.147 0.163 0.286 0.268 0.249 0.216 0.255

23 0.187 0.168 0.158 0.150 0.166 0.297 0.273 0.259 0.224 0.263

24 0.220 0.189 0.170 0.175 0.189 0.340 0.298 0.278 0.253 0.292

25 0.226 0.188 0.172 0.168 0.189 0.346 0.305 0.287 0.249 0.297

26 0.243 0.182 0.168 0.173 0.192 0.388 0.320 0.300 0.292 0.325

27 0.156 0.149 0.143 0.131 0.145 0.243 0.246 0.232 0.197 0.230

° 28 0.169 0.161 0.153 0.149 0.158 0.257 0.259 0.244 0.212 0.243
29 0.184 0.170 0.158 0.156 0.167 0.294 0.277 0.261 0.232 0.266

30 0.166 0.159 0.151 0.141 0.154 0.266 0.260 0.244 0.207 0.244

31 0.197 0.170 0.160 0.148 0.169 0.291 0.264 0.243 0.208 0.252

32 0.212 0.184 0.171 0.169 0.184 0.323 0.294 0.271 0.237 0.281

Figure 2Figure-2 reports the arithmetic mean of FRV within the class per driving cycle: the black bars identify the

maximum range of variation around the mean.
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Arithmetic mean of FRV over case studies per driving cycle [I/100km*100kg]
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Figure 2. Arithmetic mean of FRV over case studies per driving cycle [I/100km*100kg]

Dependence of FRV on vehicle technical features. This sub-paragraph is aimed to establish if any correlation
between the values of FRV and the main vehicle technical features exists. The—investigated parameters taken into
account are maximum Brake Mean Effective Pressure (BMEP,4), vehicle mass (mye), maximum Power (Pp,,) and
Power-to-Mass Ratio (P/M). The existence of any correlation is investigated through the analysis of regression lines of
FRV eancyeles_pvr ANd FRViyeancyeies se—Fespeetively in function of BMEPyax, Myen, Pmax @and P/M-w;_Figure 3 reportsith
regression lines and corresponding coefficient of determination—Rg-(FigHFe%)—. for FRVveancyces:
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FRVMean cyctes in function of main vehicle technical features: regression lines

0.30

0.25

0.20

0.15

FRVppeancyetes [1/100km*100kg]

0.10

0.35

0.30

0.25

0.20

0.15

FRVeancycies [1/100km*100kg]

0.10

0.25

0.20

0.15

FRVyeancyctes [1/100km*100kg]

0.10

0.35

0.15

FRVyteancycies [1/100km*100kg]

0.10

FRVtean cycles - Brake Mean Effective Pressure max

y=0.0077x+0.0851
R?=0.73

y =0.0039x + 0.0711
R?=0.57

* *

BMEP,,,, [bar]

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

F RVMennC cles ~ Mass

RV Meancycles
| ]
y = 1E-04x + 0.1257 . e -
R2=0.37 u - []
[ | u
] | |
[ ] LR N
g et
¢ & — & y = 7E-05x + 0.0685 ¢
R2=0.53 M,y [kgl

950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650

FRV eancycles - POWer max

y =0.0009x +0.1721 ™
R?=0.78
y =0.0005x +0.1091
R*=0.83 P [KW]
45 55 65 75 85 95 105 115 125 135 145 155 165
FRV\teancycies POWer-to-Mass Ratio
y =0.0015x +0.1459 -

R?=0.74

®
* y = 0.0008 + 0.0987
R?=0.66 P/M [W/kg]
40 50 60 70 80 90 100 110 120
¢PMR BSE

Figure 3. FRVveancycies Of all case studies in function of maximum Brake Mean Effective Pressure (BMEPy,,), vehicle mass (Myen),

maximum Power (Ppa) and Power-to-Mass Ratio (P/M) with regression lines and corresponding coefficient of determination R?
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Table 5 quantifies the effectiveness of-the correlation between FRV and vehicle parameters by reporting R? of
regreSSiOn lines for FRVFrp7z, FRVJCOB, FRVNED(;, FRVWLTC and FRVMeanCyCIes-

Table 5. Coefficient of determination R? of regression lines of FRV in function of vehicle technical features

Coefficient of determination R

FR VFTP71 F R ‘/lCDE F R VNEDC FR vWLTC FR VMznnCyclzs

PMR SE PMR SE PMR SE PMR SE PMR SE
Maximum Brake Mean Effective Pressure (BMEP ) 0.55 0.68 0.61 0.71 0.40 0.69 0.57 0.67 0.57 0.73
Vehicle mass (m.n) 0.45 0.36 0.46 0.41 0.53 0.43 0.59 0.21 0.53 0.37
Maximum Power (P ) 0.79 0.78 0.78 0.80 0.74 0.82 0.78 0.55 0.83 0.78
Power-to-Mass Ratio (PMR) 0.65 0.72 0.66 0.73 0.56 0.75 0.58 0.57 0.66 0.74

The values of R? -in Table 5 showevidence that for both PMR and SE a significant correlation between FRV and
vehicle technical features exists. The-valies-of-R? variesy depending on driving cycle:

- the highest correlation is for Ppy. R? is about 0.8 for all cycles (except FRVy1c_se for which it is 0.55) with
a value of 0.83 and 0.78 respectivel¥ for FRVeancycles pmr @Nd FRVivieancycles se;

- the lowest correlation is for mye, (R” ranges between a minimum of 0.21 for FRVy,rc_se and a maximum of
0.59 for FRVWLTC PMR)

- intermediate values of R? refer to PMR and BMEP.

3.2. Environmental modelling

The environmental modelling converts mass saving to impact reduction through the implementation of the FRV
coefficient within the basic equations of TTW process; the added value is represented by the fact that parameters which
characterize TTW process (see paragraph 2.3.) are customizable foren the specific application. In particular, the
possibility to set the FRV allows performing the quantification of impact reduction taking into account-as-much-as
possible technical features of the specific case study; t—hereforeSe—that impacts saving—achievable—through
lightweighting isis determined more accurately with respect to comparative studles that assumee&refereaee a value for
theef FRV f|xed a priori. ,

obtalned for the various case studles a crlterlon able to deduce a vaIueef—FR# customizedtaered for any genericany
generie application-starting-from the-entirety-of- FRV s-referring-to-the-various-case-studies-is definneeded; therefore-By
se-deing simulation and environmental modelling are merged and the output of the first one represents the input foref
the second one. The chosen approach struggles to take into account the varlablllty of FRV with respect to the main
vehicle technical features. v o y
Eﬁeeave—ﬁressure—éBMEPmHehtele—mass—émm)—ma*mum—Pewe#éP

i ination-R% Basing on values of R? reported in
Table 5 %has—been—ehewn—that it can be stated that for both PMR and SE the correlatlon between FRV and the chosen
technical features is notable and it is maximum for parameter P In the light of these considerations, the refined
approach for quantifying the FRV for any generic application is the same for both PMR and SE:

- PMR: the FRV is obtained from the regression line of FRV\eancycles pvr in function of Py, through the

maximum power of the generic application (see Figure 3). [Codice campo modificato
- SE: the FRV is obtained from the regression line of FRVyeancyces se in function of Ppg, through the
maximum power of the generic application (see Figure 3). [Codice campo modificato
Table 6 summarizes the chosen approach in order to quantify the FRV for-application-te any generic vehicle case study. < { Formattato: Interlinea singola
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Table 6. Input for environmental modelling: criterion for quantifying the FRV of any generic vehicle case study

FRV [1/100km*100kg]
PMR SE
FRVpyg = 0.0005 = P"‘“O"logl FRVgg = 0.0009 * Py
+ 01091 RV oy +0.1721FRY,
= 0.0009+ P e
+01728, Coanar

Notes: Ppgy in [kW]

With respect to basic equations of TTW process (see Table 3) the following observations are made:

- the amount of FC saved during operation (FCys s) has a leading role in the economy of the overall plan. On
one hand FCys sy fixes the amount of fuel whose avoided production is assessed by WTT process;-ea-the-basis
of such-an-ameunt-the-savingin-WiT-impaetis-caleulated. On the other hand FCyg. 55y determines the amount of
TTW air emissions saved during operation-en-the-basis-efwhich-the-saving-in TP -impactis-caleulated (see Eq.
7,8,9);

- FCyse_sav Scales linearly with the saved mass on the basis of the FRV coefficient;

- the amount of air emissions saved during operation (CO2gig_use_sav: COZFOS use._saws SOZuse sav) scales linearly- with
the amount of FC saved during operatlon (FCuse sav);aSFCuse_sav ;

- considering the typology of air emissions, only CO, and SO, are taken into account. Such a choice appears to be
reasonable because FC saving involved by mass reduction influences only CO, and SO, emissions while it has
no effect on the so-called “limited emissions” (i.e. NOx, HC, etc). Indeed, CO, and SO, emissions scale linearly
with the amount of FC basing on fuel C and S content while the limited emissions depend exclusively on the
number of travelled kilometers as they are treated by exhaust gas treatment system.

3.3. Application to real case study
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- Lightweight solution: polypropylene composite reinforced with 35% of glass fibre, PPGF35 (scenario n°5
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modelling of use stage, a specific compact car ishas-been selected: Table 7 shows its main technical data.
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assumed to take into account only the case of PMR; FRV is determined through the criterion defined in paragraph 3.2.
(equation for FRVpyg in Table 6) and it amounts to 0.144 1/100km*100kg.

Figure 4 reports total LC impact of lightweight solution expressed as percentage of the one of reference solution.
Results show that lightweight solution involves a notable reduction of the AIM LC-petential-envirenmental impacts.
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Figure 4, L CA results for polypropylene composite AIM expressed as percentage of polyamide composite AIM
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4. Conclusions

The work refines a tool for the assessment of environmental benefits achievable by lightweight design solutions in the
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The FRV is determined through a simulation modelling of entire vehicle drivetrain; this allows taking into account all
car energy expenditures and evaluating the effect that each drivetrain component has on FC and, consequently, on FRV.
As input for the modelling, data of 32 DT vehicle case studiesvehicle-medels taken from 2015 European car market
arehave-been gathered and elaborated; thed-—Fhe-characterization-of FRVfora wide range of-vehicle case studies
enables examining as much as possible in detail each specific application, thus obtaining more accurate results with
respect to current FRV based anproachesemﬂnq—stedwsFR—\#based—appFeaeh—h{eFawe The calculation is based
four standardized driving cycles, allowing both
comparlson W|th eXIstlng studles and evaluatlon of use stage basing on various driving stylesseenarios—ofroute-and
driving-behavier. For the estimation of-enrvironmental impacts reduction-achievable-by-Hightweighting, a model based
on the FRV and customlztalerFable for any generic application is refined;_this is done—'Fhe—pe{enHah%y—te—leweFFG
by taking into account the value of FRV
closest to the specific application in terms of vehicle class, size and technical features. Theis remarkable modularity of
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the model allowspermi g

perspective;a balancin Jeisetween the opp05|te effects thattheeaeleptterm Ilght Welght Jeestg%elettens |nvolves on
compenent LC stages (higher energy-intensity/emissions during production and reduced FC during operation)—is
pessible; in this regard-—Furthermere; the possibility to set LC mileage within the environmental modelling allows to
determineidentifying the break-even mileage for the effective environmental convenience of innovative—tghtweight

solutlons Wlth respect t04he reference ones. WWM%M&%%%%@M
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