
Citation: Sandrini, G.; Gadola, M.;

Chindamo, D.; Candela, A.; Magri, P.

Exploring the Impact of Vehicle

Lightweighting in Terms of Energy

Consumption: Analysis and

Simulation. Energies 2023, 16, 5157.

https://doi.org/10.3390/en16135157

Academic Editor: Anastassios

M. Stamatelos

Received: 25 May 2023

Revised: 19 June 2023

Accepted: 29 June 2023

Published: 4 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Exploring the Impact of Vehicle Lightweighting in Terms of
Energy Consumption: Analysis and Simulation
Giulia Sandrini * , Marco Gadola , Daniel Chindamo , Andrea Candela and Paolo Magri

Department of Mechanical and Industrial Engineering, University of Brescia, I-25123 Brescia, Italy;
marco.gadola@unibs.it (M.G.); daniel.chindamo@unibs.it (D.C.); andrea.candela@unibs.it (A.C.);
p.magri003@unibs.it (P.M.)
* Correspondence: g.sandrini005@unibs.it

Abstract: Nowadays, the topic of reducing vehicles’ energy consumption is very important. In partic-
ular, for electric vehicles, the reduction of energy consumption is necessary to remedy the most critical
problems associated with this type of vehicle: the problem of the limited range of the electric traction,
also associated with the long recharging times of the battery packs. To reduce use-phase impacts and
energy consumptions of vehicles, it is useful to reduce the vehicle mass (lightweighting). The aim
of this work is to analyze the parameters of a vehicle which influence the results of lightweighting,
in order to provide guidelines for the creation of a vehicle model suitable for studying the effects
of lightweighting. This study was carried out through two borderline case models, a compact car
and an N1 vehicle, and simulating these through a consolidated vehicle simulation tool useful for
consumption estimations. This study shows that the parameters that most influence the outcome of
lightweighting are the rolling resistance, the battery pack characteristics, the aerodynamic coefficients,
and the transmission efficiency, while the inertia contributions can be considered negligible. An
analysis was also carried out with the variation of the driving cycle considered.

Keywords: vehicle lightweighting; automotive; energy consumption; consumption analysis; Fuel
Reduction Value (FRV); Energy Reduction Value (ERV)

1. Introduction

Nowadays, the topic of reducing consumption is very important, both for internal
combustion vehicles and for electric vehicles. In fact, fuel saving for internal combustion
vehicles is very important, in particular due to the issue of emissions and the related
stringent laws [1,2]. Meanwhile, for electric vehicles, the reduction of energy consumption
is necessary to remedy the most critical problems associated with this type of vehicle: the
problem of the limited range of the electric traction, also associated with the long recharging
times of the battery packs [3].

The fuel or energy consumption of vehicles is due to two components [4]: the displace-
ment of the mass of the vehicle and the contribution given by various losses (for example,
aerodynamic drag, accessories, engine, and powertrain friction) [5–9].

To reduce the use-phase impacts and fuel or energy consumptions of vehicles [4,10]
the following are useful:

• To have improved powertrains and engine efficiency (high-efficiency internal combus-
tion, electric, and hybrid) [11–15];

• To use more environmentally sustainable sources of energy such as electric or hybrid
traction, alternative fossil fuels, and biofuels [16];

• To improve the aerodynamics of vehicles [17];
• To reduce the vehicle mass (lightweighting) [5,17–20];
• To implement speed control to reduce the fuel or energy consumption and therefore

the impacts during vehicle use [10];
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• To plan more sustainable routes and introduce more connected vehicles [10,21];
• To educate users to have more sustainable driving behaviors [22].

However, it is good to keep in mind that any intervention must be compatible with
other needs, in particular with safety [10,23].

In this paper, we will focus on the lightweighting of electric vehicles as a method for
reducing consumption. The latter issue is very important, considering the low traction
range and long battery recharge times associated with fully electric vehicles. Deepening
the topic of electric vehicles is very important. In fact, the European Parliament voted, on
Wednesday, 8 June 2022, to stop sales of new ICE cars and vans in EU starting from 2035
(ordinary legislative procedure 2021/0197(COD) [24]).

In particular, lightweighting can be achieved in several ways:

• The most common method is material substitution as well as design and construction
changes [4,12,18,25–27] (considering also the role of plastics in lightweighting [28]);

• Adopting solutions with alternative powertrains, for example, a fuel cell/battery pack
hybrid electric system, adding the complexity and weight given by the additional
components of the system, can allow the total weight of the powertrain to be reduced
thanks to the downsizing of the battery pack;

• Implementing suitable regenerative braking logics and range management [29];
• Improving energy dense battery chemistries [29] and, in general, battery weight

optimization;
• Improving the battery efficiency, for example, through different and more efficient

systems of battery cooling, in such a way as to be able to reduce battery size for the
same vehicle range;

• Adopting other, more weight-efficient battery forms and shapes, such as blade batteries
and structural battery packs;

• Secondary mass saving and resizes.

Paper [4] describes 10 lightweighting principles, focused on environmental sustain-
ability, but also considering economic and social aspects. Principle 9 of [4] is about the
evaluation of additional benefits resulting from component and vehicle lightweighting,
such as secondary mass saving and resizes and alternative powertrains [27,30,31]. In fact,
the mass of some vehicle components depends on the mass of others [30,31]. The total mass
reduction in these components is known as secondary mass savings. Mass reduction alters
the vehicle’s performance, so the powertrains can be resized to re-establish the original
vehicle performance. This results in improved fuel efficiency [6,32–34]. Increased fuel
efficiency enables an increase in vehicle range, with the same capacity of the tank or the
same capacity of the battery pack.

Paper [10] investigates the lightweighting strategy of material substitution and mass
reduction, but without ignoring shape optimization, the controls, and the production
processes. In particular, the study discriminates the environmental benefits according to
the size of the vehicle and its power supply (i.e., gasoline, hybrid, and electric). Paper [10]
distinguishes vehicles according to their size but does not specify whether it is the mass
of the vehicle that causes the different results of lightweighting or whether some other
parameter of the vehicle which varies according to the vehicle class. In this paper, therefore,
we ask ourselves why, by reducing the mass of two vehicles of different classes by the same
amount, the variation in consumption is different. In particular, we want to understand if
this aspect is due to the non-linearity of the vehicle consumption–weight curve or if there
are other vehicle parameters that come into play. The answer lies also in this second aspect.
In this paper, the parameters of the vehicle which lead to a different behavior following
lightweighting will therefore be investigated.

Furthermore, the study [10] covers the lightweighting aspects associated with different
components of a vehicle and adds up all its beneficial contributions:
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• Engine compartment, where the improvement concerns the aesthetic cover of the
engine, replacing the traditional one in fiberglass with one made with bio-based fiber
materials [35];

• Frame, in particular the substitution of its main constituting parts;
• Bodywork, considering the material substitution, the production processes, and modi-

fying the geometries;
• Wheels, considering different type of tires, brakes, and suspension arms;
• Passenger compartment;
• Electronics and electrical system, considering the introduction of a speed control

system [36] (reduction of the maximum speed of the vehicle on motorways from 130
to 120 km/h and reduction of consumption by 6% in a medium-sized gasoline car),
and the replacement of traditional copper electrical cables with those in copper-tin
(Cu-Sn) of reduced diameter and mass [37]; although, it should be noted that Cu-Sn
can only be used in low current or signal applications (e.g., measurement signals of
the voltages of the single cells of the battery pack) and not in the power connection
cables due to a resistance increase [38].

However, this last aspect does not concern lightweighting and also makes changes to
the vehicle’s maximum performance.

Ref. [10] says that the greatest advantage obtained thanks to lightweighting is found
in internal combustion vehicles, while there is a lesser advantage on electric vehicles.
Meanwhile, in terms of size, it is small cars that benefit most from weight reduction [10].
Considering that due to the recent stringent laws, thermal combustion vehicles are destined
to disappear, it is important to analyze, in more detail, the benefits that various lightweight-
ing techniques can bring to electric vehicles. In this paper, we will focus precisely on the
latter.

Paper [39] considers different alloy and technologies of components manufacturing
with the aim of lightweighting, considering the transition from an internal combustion
engine to electric vehicles. Ref. [39] says that the goal of a lightweight design is to build
structures with minimal use of materials and an optimized use of material strength.

In the literature, many papers express the results of lightweighting using the Fuel
Reduction Value (FRV), expressed in L/(100 km · 100 kg), where L represents the liter of
gasoline or diesel, saved to travel 100 km, following a vehicle mass reduction of 100 kg.
Typically, in the literature, FRV indices calculated through experimental tests in previous
works are used [34].

Paper [34] estimates fuel consumption during use-phase, associated with a vehicle
lightweighting process, calculating the FRV using a method created ad hoc, based on
the U.S. Environmental Protection Agency (EPA) databases. Paper [6] presents a work
similar to what is reported in [34] but is specific to electric vehicles, thus considering the FRV
expressed in equivalent liters per 100 km and per 100 kg of lightweighting, since the traction
of electric vehicles is guaranteed by the electric energy of the battery pack and not from the
liters of fuel used to feed the internal combustion engine. Both articles ([6,34]) evaluate the
aspect of lightweighting from an LCA (Life Cycle Assessment) perspective [40–42].

Papers [43,44] also evaluate the effects of lightweighting in the automotive sector
from an LCA perspective. Ref. [43] calculates the FRV coefficient for a wide range of
gasoline turbocharged vehicle case studies and [44] for diesel turbocharged vehicles. In
particular, both papers show how the FRV varies according to the vehicle class considered,
distinguishing vehicles in A/B, C, and D classes, but without showing which vehicle
parameters actually lead to this variation. Instead, the research and analysis of the vehicle
parameters that influence the results of lightweighting represent the work proposed in this
paper.

Other scientific articles that deal with the lightweighting topic from an LCA perspec-
tive are [5,45]. Ref. [5] calculates the FRV coefficient by also considering the secondary
lightweight effects. Ref. [45] evaluates the vehicle use stage for both internal combustion en-
gine vehicles (ICEVs) and electric vehicles (EVs): in particular, the classical FRV coefficient
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is used for ICEVs, while the ERV index is used for EVs. In fact, the ERV coefficient is more
suitable when electric vehicles are considered, being expressed in kWh/(100 km · 100 kg).
Indeed, it is possible to have a more immediate representation, considering the energy
consumption savings (expressed in kWh/100 km) associated with 100 kg of mass reduction,
without having to go through the equivalent liters of fuel.

Finally, paper [46] focuses on electric vehicles to evaluate the results of lightweighting,
proposing a methodology for calculating the ERV index. In addition, in the work proposed
in our paper, we focus on electric vehicles and, therefore, it was decided to evaluate the
effects of lightweighting based on the ERV coefficient instead of the FRV, considering the
ERV index, expressed in kWh/(100 km · 100 kg), to be more suitable and more comfortable,
not having to refer to the equivalent liters of petrol or diesel which are not directly involved
in electric traction.

As seen above, the topic of vehicle lightweighting is treated in the literature in various
forms, often referring to or calculating the FRV index (or ERV in the case of electric vehicles).
These indices differ according to the class of the vehicle being studied, but there is no study
in the literature concerning which vehicle parameters lead to this variability. This last
aspect is precisely the subject matter of the study presented in this paper, which, being
focused on full electric vehicles, deals with the lightweighting topic by referring to the
ERV coefficient. The ultimate objective of this work is therefore to evaluate which are the
parameters of the vehicle to be estimated more accurately for the realization of a model
useful for evaluating the effects of lightweighting.

This paper is organized as follows:

• Section 2 shows the methodology adopted, in particular the reference vehicles of this
study, the driving cycle used for the energy consumption estimation, the simulation
tool adopted, the vehicle parameters that are the object of investigation, and a brief
explanation of the simulations carried out;

• Section 3 presents the results of the study and the considerations that derive from it;
• In Section 4, the results obtained in Section 3 are discussed and reorganized, and some

future works are presented;
• In Section 5, some concluding remarks are reported, and the most relevant information

in Section 4 is summarized.

In particular, it has been found that for a correct calculation of the ERV index, it
is important, first, to establish the correct definition of the rolling resistance coefficient,
followed by the aerodynamics, and then the battery pack parameters and the transmission
efficiency. On the other hand, the inertia contribution can be considered negligible.

2. Materials and Methods

The objective of this research is to evaluate which are the parameters of the vehicle
(and its model) that influence the results of lightweighting, all with reference to vehicle
categories M and N1 [47]. For the analysis, various simulations were carried out with the
model described in [48] (with the integrations described in [49,50]), for the estimation of
energy consumption, on standard driving cycles, as the mass of the vehicle varies.

2.1. Reference Vehicles

Two opposite cases were considered, a utility car (compact car, segment B, category
M) and a light commercial vehicle (category N1).

In particular, the N1 category vehicle is the vehicle adopted in [48] for the validation
of the model with a low performance vehicle, but with a total vehicle transmission ratio
equal to 6.22. Despite the modification of the transmission ratio, the vehicle in question
fails to follow the standard driving cycles presented later for high vehicle weights (around
3500 kg). To exclude the variability of the results given by the limitations imposed by the
maximum performance of the electric motor and the battery pack, appropriate measures
have been adopted in order to avoid the occurrence of these limitations: an increase of the
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maximum motor torque and of the maximum current that can be supplied by the battery
pack.

The compact vehicle of VI-CarRealTime (VI-Grade), the “CompactCar”, was con-
sidered as a B-segment vehicle. VI-Grade vehicle models are validated. In fact, as the
VI-CarRealTime documentation explains, all VI system data could either come from ex-
perimental tests performed in a lab or from a virtual test performed within Adams Car.
However, this VI-Grade vehicle is equipped with an internal combustion engine; therefore,
only the characteristics of the vehicle layout have been maintained (wheels, aerodynamics,
etc.), while the driveline has been replaced with that of a compact electric car widely
marketed in Italy and Europe, the “Fiat 500e Hatchback 42 kWh” [51,52], which has an
electric motors power of 87 kW, a single transmission total reduction ratio of 9.6, and a
battery pack of 42 kWh.

For more details on vehicle (compact car and N1 vehicle) parameters, see Table 1.

Table 1. Compact car and N1 vehicle characteristics.

Parameter Compact Car Value N1 Value

Motor power 87 kW >160 kW
Vehicle weight 1548.38 kg 1 3500 kg 2

Motor efficiency 98% 98% 3

Transmission efficiency 1 0.9409
Inverter efficiency in discharge 0.88 0.88

Inverter efficiency in charge 0.8 0.8
Auxiliary power 1500 W 1500 W

Af · Cx 4 1.034 m2 2.1 m2

Vertical aerodynamic coefficient −0.026 m2 0
Rolling friction coefficient 0.01 0.015

Total gear ratio 9.6 6.22
Front wheel radius 0.2987 m 0.35 m
Rear wheel radius 0.3005 m 0.35 m

Moment of inertia of the wheels 0.882 kg m2 1.09 kg m2

Moment of inertia of the motor 0.02 kg m2 0.086 kg m2

Moment of inertia of the transmission 0.0001 kg m2 0.01 kg m2

Battery capacity 42 kWh (105 Ah) 120 Ah
Number of battery cells in series 96 108

Number of battery cells in parallel 2 1
Nominal battery pack voltage 400.0 V 356.1 V

RES 5 0.086 Ω 0.097 Ω
1 Empty weight. 2 Fully loaded weight. 3 The N1 vehicle considered has an efficiency map for the electric
motor [48]. The mean efficiency is approximately around 98%. For simplicity, this constant value was used as
an approximation. 4 Frontal area (Af) multiplied by longitudinal aerodynamic coefficients (drag, Cx). 5 Internal
resistance of the battery pack.

Initially, both vehicles (compact car and N1 vehicle) were considered equipped with a
classic benchmark regenerative braking logic, with a trend as a function of time typically
found in the literature [48,49]. In particular, the maximum possible regenerative torque is
equal to 50 Nm for both vehicles, and the regenerative recovery begins when the accelerator
pedal is released or, in any case, when the driver presses the brake pedal (and the accelerator
pedal is not pressed), with a linear increment equal to 22.5 Nm/s. The simulations with
vehicles equipped with a regenerative braking logic led to considerations (which we will
see later) which meant that the analysis of the results of lightweighting was then carried
out on the same vehicles, but without regenerative recovery under braking.

2.2. Driving Cycle

The effects of lightweighting on the two vehicles were evaluated on the following
standard driving cycles:



Energies 2023, 16, 5157 6 of 31

• WLTC (Worldwide Harmonized Light-Duty Vehicles Test Cycle), class 3b, driving cycle
described in the WLTP (Worldwide Harmonized Light-Duty Vehicles Test Procedure)
procedure [53];

• SFTP-US06, described in the “EPA Supplemental Federal Test Procedure” (SFTP) [54];
• FTP75 (EPA Federal Test Procedure) [55];
• HWFET (EPA Highway Fuel Economy Cycle);
• Japanese JC08 Emission Test Cycle [56];
• Artemis, Urban, Rural Road, and Motorway (130) Cycle [57].

2.3. Simulation Tool

For the simulation, the TEST (Target-speed EV Simulation Tool) model [48] was used,
a vehicle longitudinal dynamics simulation tool that allows the simulation of both the
mechanical and the electrical parts of full electric or hybrid electric vehicles.

The model is described in [48] (for more details, see also [58,59]), with the integration
shown in [49,50,60].

However, further improvements have been made to the tool, aimed at facilitating the
setting up of the simulations (and the vehicle model parameters) and their iterations, as the
mass of the vehicle varies:

• The possibility to save and use vehicle databases;
• The automation of iterations according to three logics.

First, thanks to an additional panel of the graphical user interface, using an on/off
switch, it is possible to choose whether to use a pre-set database or to manually enter
the parameters of the vehicle being simulated. Through a list-by-list procedure, it is
possible to choose one of the possible databases. Meanwhile, through a button, it is
possible to create a new database or modify existing databases, regarding the constant
parameters. Furthermore, the panel also has several other buttons for modifying the
vectorial parameters of the vehicle model related to the chosen database. Instead, through
another button, it is possible to charge the constant vehicle model parameters related to the
database chosen and use them for the TEST model simulations.

The TEST model has also been integrated with the addition of the possibility of
simulation iterations, through the following three logics:

• Defining the number of simulations to be performed, where the initial SOC of the next
simulation is equal to the final SOC of the previous simulation;

• By defining a minimum SOC, the initial SOC of the next simulation is equal to the
final SOC of the previous simulation; the iterations continue until the final SOC falls
below the minimum SOC set;

• Iterations by varying the weight of the vehicle, in particular, an iteration is performed
with the empty weight of the vehicle, defined in the model variables. A settable
number of iterations are also performed, with a constant weight increase to be defined
for each simulation with respect to the previous one. The same procedure is conducted
for weight reduction, starting from the unladen weight of the vehicle set as the default
value.

The main features of this tool are the short computation times and the execution of
closed-loop simulations that are more efficient than other tools reported in the literature [58].
This instrument is reliable, robust, and numerically stable. It is also intuitive and easy to
use for people without specific training. Finally, the graphical user interface is simple and
straightforward.

However, due to various approximations adopted (for example, the absence of the
Pacejka for the tires, the approximation of the condition of perfect rolling of the tires
without slip, and the fact of not considering the variation of the wheel radius during the
simulations), the TEST model results are less accurate than other simulation tools, such as
the one presented in [58], widely used by our research group. This is not a problem for
the project proposed here. Since the TEST model simulates low performance road vehicles
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very well, it has limitations only for vehicles with very high performance (e.g., the hypercar
considered in the validation phase of the model [48]), for which a calibration of the model
is required.

2.4. Parameters of the Vehicle (and of Its Model) Which Can Affect the Lightweighting Results

Analyzing the parameters and the structure of the TEST model [48], the following pa-
rameters were identified, which can influence the variability of the results of lightweighting
according to the type of vehicle and its characteristics.

• Driving cycle considered: different phases of acceleration and deceleration, different
intensities of the latter, different powers involved, and variation of the possibility of
regenerative recovery.

• Rolling resistance coefficient: in fact, the latter appears in the mathematical formula of
the rolling resistance together with the mass of the vehicle.

• Coefficients of aerodynamic resistance: these realize the aerodynamic resistance force
acting on the vehicle. In the mathematical formula of the latter, the mass does not
appear, but, for the same driving cycle, this force modifies the proportion between
phases in which the electric motor is delivering torque (both in acceleration and
deceleration) and those (in deceleration) in which the electric motor does not deliver
torque or, alternatively, which acts as a generator recharging the battery pack. In fact,
during deceleration, it is possible to have a lower deceleration than that which would
occur in the event of an electric motor not delivering torque. Deceleration therefore is
due solely to resisting forces, inertia, etc. Therefore, in the event of lower deceleration,
the electric motor will still have to deliver torque. The result will therefore not be
actual braking but a partial release of the accelerator pedal. Furthermore, aerodynamic
resistance is a function of speed, and at different speeds of the driving cycle, it is
possible to have different acceleration values, with which the contribution of the
vehicle mass is correlated, due to the resulting inertia. The acceleration contribution
can therefore have a different influence at different points in the driving cycle, as can
the mass contribution but not in a corresponding way.

• Other parameters that may be useful to investigate are listed below:
• Inertias of the electric motor and of the rotating parts of the driveline. The contribution

of the inertias appears in the equation of the resisting force, which is a function of the
angular acceleration of the considered rotating component.

• Gear ratios and wheel radius: these parameters modify the rotation speed of the
various components of the driveline, at the same vehicle speed.

• Type of battery pack, in particular the internal resistance of the cells of the pack itself.
• Efficiencies of the transmission and the rest of the driveline (e.g., efficiency of the

motor and inverter in charging and discharging).

The effect of the variation of all the parameters mentioned above is investigated below
with regard to the modification to the results of a vehicle lightweighting action.

2.5. Set of Simulations

Simulations were initially carried out, using the TEST model, on the WLTC (class 3b)
and US06 driving cycles, for the N1 category vehicle model and for the compact car model.
These simulations were repeated, for both vehicles, setting all the inertia contributions
to zero.

Further sets of simulations were also carried out, on the WLTC (class 3b) and US06
driving cycles, for the compact vehicle, in which one or more parameters of the vehicle
under examination (the “CompactCar”) were replaced by the corresponding values relating
to the N1 category vehicle. In fact, the contribution provided by lightweighting is often
differentiated in the literature according to the vehicle class. In this study, we therefore
wanted to analyze how the different parameters of the vehicle model affect the results of
lightweighting in such a way as to disengage from the vehicle class and monitor which
parameters lead to this differentiation.
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The parameters initially chosen for comparison are the following:

• Battery pack parameters (nominal voltage, capacity, and internal resistance);
• Aerodynamics (Af · Cx, where Af is the frontal area of the vehicle, and Cx is the

longitudinal aerodynamic coefficient);
• Efficiency of the transmission;
• Rolling resistance (in particular, in the reference models, this resistance is a function

of a rolling friction coefficient. The analysis therefore focuses on the value of this
coefficient).

The investigation on the WLTC and US06 cycles was further deepened thanks to
simulation sets with the following vehicle models:

• Compact car with the moments of inertia of the N1 vehicle;
• Compact car with all previously listed parameters and moments of inertia of the N1

vehicle;
• Compact car with the total traction ratio and wheel radii of the N1 vehicle;
• Compact car with all previously listed parameters, moments of inertia, traction ratio,

and wheel radii of the N1 vehicle.

Thanks to all the previous simulations mentioned, it was possible to define how, for a
better analysis, it is more sensible to analyze the results of lightweighting for vehicle models
without regenerative braking. In fact, the regenerative braking defined in Section 2.1 leads
to a different entity for the regenerative recoveries according to the different transmission
ratios. This aspect will be better explained in Section 3.1. All the previously presented sim-
ulations were therefore also repeated for the same vehicle models but without regenerative
braking.

All previous simulations were performed for a vehicle weight of 700 to 3500 kg for the
N1 vehicle and 700 to 2500 kg for the compact car. This is in order to be able to analyze the
behavior over the widest possible weight range, thus also analyzing 700 kg as an extreme
case with regard to the compact car. In this way, any lightening considered is certainly
included in the range analyzed in this paper. A study was also carried out for the N1
vehicle assuming lightening up to a vehicle weight of 700 kg, so as to be able to make a
comparison with the results obtained for the compact car.

Finally, additional sets of simulations were carried out for the N1 vehicle and the
compact car model under the conditions of an absence of regenerative recovery, on further
regulated driving cycles: FTP75; HWFET; JC08; and the Artemis Urban, Rural Road, and
Motorway (130) Cycle [57].

For the compact car, and for the simulations on the further driving cycles, a weight
range from 700 to 2500 kg was considered. For the N1 category vehicle, however, it was
considered sufficient to restrict the weight range to 1100 kg to 3500 kg.

3. Results

This section shows the results of the simulations carried out, obtaining the appropriate
considerations.

3.1. Benchmark Regenerative Braking Logic

For the WLTC cycle, a set of simulations was carried out for the N1 category vehicle
and with the same vehicle, but setting all the inertia contributions equal to zero, to see
if the inertia is negligible for the consumption analysis and, in particular, for a study on
lightweighting. The same process was conducted with regards to the compact car model.

Figure 1 shows the results of the simulation sets described above, in particular, in
terms of average energy consumption over the WLTC cycle, class 3b, as a function of vehicle
weight.
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Figure 1. Average energy consumption of the WLTC cycle (class 3b), as a function of vehicle weight
for the N1 category vehicle model (“N1”) and for the same model, but with zero inertia contributions
(“N1—NO inertias”); for the compact vehicle model (“CompactCar”) and for the same model, but
with zero inertia contributions (“CompactCar—NO inertias”).

From Figure 1, it can be seen how the inertia can be considered negligible for the study
in question.

In particular, in the TEST model [48], the inertia contributions given by the wheels, by
the electric motor and by the rotating parts in input and in output to the motor reducer,
have been implemented. The resistive force, due to the inertia of each wheel, is calculated
by multiplying the moment of inertia of the wheel by the angular velocity variation of the
wheel and finally dividing this by the wheel radius. Similarly, the resistant torques, due to
the inertia of the motor and of the other rotating parts, are calculated by multiplying the
relative moment of inertia by the relative variation of angular speed.

During several projects undertaken by our research team, including the validation
phase of the TEST model [48], it was observed that these inertia contributions are generally
negligible. Therefore, even by varying the transmission ratio of the vehicle, which modifies
the angular speeds, these contributions tend to remain negligible.

Other sets of simulations were also carried out for the compact car, in which the
parameters of only one aspect among those mentioned in Section 2.5 “Sets of simulations”
were varied, setting the relative parameters equal to those of the N1 category vehicle.
These values, relating to the N1 category vehicle, have also all been set simultaneously in
the “CompactCar” model to obtain a further set of simulations. The results of all these
simulations, in terms of the average energy consumption of the WLTC (class 3b) cycle, as a
function of the weight of the vehicle, are shown in Figure 2, together with the results of the
simulations carried out for the N1 category vehicle, so as to be able to make a comparison.
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Figure 2. Average energy consumption of the WLTC cycle (class 3b), as a function of vehicle weight,
for the following vehicle models: vehicle of N1 category (“N1”), compact car (“CompactCar”);
compact car with the N1 battery pack on board (“CompactCar—N1 battery pack”); compact car
with the aerodynamic coefficients of the N1 vehicle (“CompactCar—N1 aerodynamics”); compact
car with transmission efficiency equal to that of the N1 vehicle (“CompactCar—N1 transmission
efficiency”); compact car with rolling resistance coefficient of N1 vehicle (“CompactCar—N1 rolling
resistance”); and, finally, compact car with all the parameters previously mentioned equal to those of
the N1 vehicle (“CompactCar—N1 values”).

From Figure 2, the aspect that least affects consumption is the battery pack, followed
by the efficiency of the transmission. The parameter that has the greatest influence is
aerodynamics, followed by the rolling resistance coefficient.

In particular, the contribution given by aerodynamics significantly affects the increase
in vehicle consumption, but, as we will see better below, it does not involve a particular
variation of the slope of the original curve given by the results of the simulations on
the “CompactCar” model. The other three components (rolling resistance, transmission
efficiency, and battery pack) instead involve, in addition to an increase in consumption,
also a variation in the slope of the curve relating to the original compact car model.

If the four aspects considered were actually the only ones to substantially act on
the effects of lightweighting, one should expect a curve relating to the set of simulations
with the compact car model, but with all the parameters mentioned above equal to those
of the N1 category vehicle superimposed on the curve obtained by means of the set of
simulations with the N1 vehicle model itself. What has been obtained (see Figure 2) does
not perfectly reflect what has just been described. In particular, the two curves overlap well
for a vehicle weight range between approximately 700 and 1000 kg. Above 1000 kg, the
values of the two curves begin to diverge more and more as the mass increases. The two
curves therefore have two different slopes. Therefore, a further aspect or parameter that
justifies this behavior must be sought.

With the sets of simulations presented in Figure 1, it can be seen that the inertias
are negligible with regard to the variation in consumption; however, it is worthwhile to
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investigate whether the latter can instead have an influence by modifying the slope of the
consumption curve according to the vehicle weight (Figure 3). Furthermore, it may also be
useful to investigate the influence of the transmission ratios and wheel radii on the results
since the wheel radii also act as a transmission ratio to discharge the forces to the ground
(Figure 3).
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Figure 3. Average energy consumption of the WLTC cycle (class 3b), as a function of vehicle weight,
for the following vehicle models: vehicle of N1 category (“N1”), compact car (“CompactCar”); com-
pact car with the battery pack, with the aerodynamic coefficients, the efficiency of the transmission,
and with the rolling resistance coefficient of the N1 vehicle (“CompactCar—N1 values); compact
car with the same moments of inertia as vehicle N1 (“CompactCar—N1 inertias”); compact car with
the battery pack, aerodynamics, transmission efficiency, rolling resistance, and moments of inertia
of vehicle N1 (“CompactCar—N1 values (also inertia)”); compact car with the transmission ratios
and wheel radii of the N1 vehicle (“CompactCar—N1 traction ratios”); and, finally, compact car with
all the parameters related to the previously mentioned aspects equal to those of the N1 vehicle, i.e.,
the parameters relating to the battery pack, aerodynamics, transmission efficiency, rolling resistance,
moments of inertia, transmission ratios, and wheel radii (“CompactCar—N1 values (all)”).

From Figure 3, it can be seen that the contribution given by the moments of inertia
alone is negligible as regards the average energy consumption of the WLTC cycle. The
modification of the transmission ratios and of the wheel radii, equal to the values of
the N1 class vehicle, instead causes a variation of the slope of the consumption curve,
with a consequently more marked difference in consumption for higher vehicle weight
values between the original compact car and with values of the N1 vehicle. Therefore,
the transmission ratios (and the wheel radii, which also act as a transmission ratio) are
also important parameters for monitoring the effects of a hypothetical lightweighting of
the starting base vehicle. This can also be seen from the very good overlap of the curve
of values relating to the light commercial vehicle (N1) compared to the curve relating to
the compact car with the battery pack, aerodynamics, motor efficiency, rolling resistance,
moments of inertia, gear ratios, and wheel radii of the N1 vehicle. All the latter aspects
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must therefore be taken into consideration in evaluating the benefits of lightweighting.
Among all these aspects, the inertias are, in any case, the least influential and, therefore, the
aspect that could possibly be neglected, as can also be seen from the graph in Figure 1.

The transmission ratios, by modifying the angular speeds of the wheels and of the
various rotating parts of the transmission, cause the contribution made by the various mo-
ments of inertia to be modified. In fact, the resistant torques, due to inertia, are proportional
to the moment of inertia and to the rate of change of the angular velocity of the affected
component. It may be useful to investigate whether the only effect brought about by gear
ratios is associated with inertias. A new set of simulations is therefore carried out, for the
compact car, with all moments of inertia null and with the transmission ratios and wheel
radii of the N1 vehicle, to obtain the graph shown in Figure 4.
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Figure 4. Average energy consumption of the WLTC cycle (class 3b), according to vehicle weight, for
the following vehicle models: compact car with zero inertia (“CompactCar—NO inertias”); compact
car with zero inertia and transmission ratios (and wheel radii) equal to those of the N1 vehicle
(“CompactCar—NO inertias—N1 traction ratios”).

The two curves reported in Figure 4 do not overlap. In particular, they diverge
more and more as the weight of the vehicle increases. Therefore, the transmission ratios
necessarily involve a further effect on consumption, in addition to that associated with
inertia. It is therefore necessary to identify the reason for this further effect. To do this, the
individual simulations with a vehicle weight of 2500 kg were analyzed, for the compact
car without inertia and for the compact car without inertia and with the total transmission
ratio (and wheel radii) of the N1 vehicle (Figure 5).

From Figure 5, it can be seen how, for the two simulations, the traction powers
(or rather the discharge powers of the battery pack) are superimposed on the graph.
What varies is the charging power. This aspect is due to the different contributions that
regenerative braking makes according to the transmission ratios. In fact, by varying the
transmission ratio, covering the same driving cycle, the angular speeds involved vary,
including the angular speed of the electric motor, as can be seen from Figure 6a. In each
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operating point of the driving cycle under examination, thus varying the transmission ratio
and in particular the angular speed of the motor, with the same power required, the motor
torque varies, as can be seen from the positive values (traction motor torque) of the graph
in Figure 6b. Conversely, for the braking phases, as the regenerative braking logic is set, the
motor reaches a maximum value (in module) of regenerative torque with a certain ramp as
a function of time. However, depending on the angular speed of the wheels (and motor),
this latter torque will translate into a different power sent to the battery pack (Figure 5).
Therefore, in the case of the regenerative braking logic defined as a function of time and of
the maximum motor torque, with the same constant parameters of the logic (maximum
torque and slope of the time–torque straight line before the plateau value), the transmission
ratio will have an affect by modifying the energy recovery contribution brought about by
the regenerative braking logic.
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Figure 5. Output (positive) and input (charging, negative) power to the battery pack as a function of
the simulation time, for simulations on the WLTC cycle, class 3b, of the compact car model with zero
inertia (“NO inertias”) and the compact car model with zero inertia and the transmission ratios and
wheel radii of the N1 vehicle (“NO inertias and N1 traction ratios”)—both models have a vehicle
weight of 2500 kg.

In practice, when a regenerative braking logic of the type presented in Section 2.1
is implemented in the vehicle control unit, the logic must be calibrated according to
the vehicle parameters, in particular, according to the performance of the battery pack
(maximum recharge power), and therefore also according to the transmission ratios. For
this reason, it does not make much sense to consider two different vehicles but equipped
with a regenerative braking logic characterized by the same parameters.

What has been shown in this section was also repeated for the US06 driving cycle, for
which similar results and considerations were obtained.
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Figure 6. (a) Motor angular speed and (b) motor torque, as a function of simulation time, for
simulations on the WLTC cycle, class 3b, of the compact car with zero inertia (“NO inertias”) and the
compact car with zero inertia and the transmission ratios and wheel radii of the N1 vehicle (“NO
inertias and N1 traction ratios”)—both models have a vehicle weight of 2500 kg.

3.2. Compact Car and N1 Vehicle in Absence of Regenerative Braking Recovery

Therefore, by varying the transmission ratios, the hypothesis according to which the
vehicles are equipped with the same regenerative braking is no longer valid. The logic is in
fact the same, as are the constant parameters of the logic itself, but the energy recovery is
different. For this reason, to avoid dependence on this aspect, the previously presented
simulations are repeated, but with the relative vehicles without regenerative braking.

3.2.1. Consumption Analysis

Figure 7 shows the results of the simulation sets described above, in particular, in
terms of average energy consumption over the WLTC cycle, class 3b, as a function of vehicle
weight, for vehicle N1 and for the compact car without the regenerative braking logic, with
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and without inertia contributions. From Figure 7, it can be seen that the inertia can be
considered negligible for the study in question.
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Figure 7. Average energy consumption of the WLTC cycle (class 3b), as a function of vehicle weight,
with vehicles without regenerative braking for the N1 category vehicle model (“N1”) and for the
same model, but with zero inertia contributions (“N1—NO inertias”); for the compact car model
(“CompactCar”) and for the same model, but with zero inertia contributions (“CompactCar—NO
inertias”).

Figure 8 shows the results in terms of energy consumption on the WLTC cycle (class
3b) as a function of the vehicle weight, for the different sets of simulations, in which, for
the compact car, the parameters relating to each of the aspects are considered significant,
and the parameters of all aspects simultaneously are imposed, equal to the respective value
of the N1 vehicle. The graph in Figure 8 also shows the results relating to the simulations
carried out with the original compact car and with the N1 category vehicle.

Thanks to the analysis of the graphs shown in Figure 8, it is possible to draw the same
considerations made for vehicles equipped with the regenerative braking logic (Figure 2),
as regards the dependence of the four aspects considered (battery pack, aerodynamics,
transmission efficiency, and rolling resistance). In the absence of regenerative braking,
it is also possible to see that the correct setting of the parameters relating to the four
aspects mentioned above is sufficient to correctly define the vehicle model and the related
consumption in the function of the vehicle mass on the WLTC cycle (class 3b). In fact,
in the graph of Figure 8, the curve relating to the compact car with the battery pack,
aerodynamics, transmission efficiency, and rolling resistance parameters equal to those of
the N1 vehicle matches well with the curve relating to the N1 class vehicle (both vehicles
without regenerative braking). In fact, the inertia, as already defined, is negligible, and
the transmission ratios (and the wheel radii) do not modify the contribution made by the
regenerative braking logic, which is absent. The transmission ratios, in this case, affect only
the contribution made by the inertia (see Figures 9 and 10).
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Figure 8. Average energy consumption of the WLTC cycle (class 3b), as a function of vehicle weight,
for the following vehicle models without regenerative braking: vehicle of N1 category (“N1”),
compact car (“CompactCar”); compact car with the N1 battery pack on board (“CompactCar—N1
battery pack”); compact car with the aerodynamic coefficients of the N1 vehicle (“CompactCar—
N1 aerodynamics”); compact car with the transmission efficiency equal to that of the N1 vehicle
(“CompactCar—N1 transmission efficiency”); compact car with the rolling resistance coefficient equal
to that of the N1 vehicle (“CompactCar—N1 rolling resistance”); and, finally, compact car with all the
parameters previously mentioned equal to those of vehicle N1 (“CompactCar—N1 values”).
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Figure 9. Average energy consumption of the WLTC cycle (class 3b), according to the vehicle
weight, for the following vehicle models without regenerative braking: compact car without inertia
(“CompactCar—NO inertias”); compact car with transmission ratios (and wheel radii) equal to those
of the N1 vehicle and without inertia (“CompactCar—NO inertias—N1 traction ratios”).
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Figure 10. Average energy consumption of the WLTC cycle (class 3b), as a function of vehicle
weight, for the following vehicle models without regenerative braking: vehicle of category N1 (“N1”),
compact car (“CompactCar”); compact car with the battery pack of the N1 vehicle on board, with the
aerodynamic coefficients, the efficiency of the transmission, and with the rolling resistance coefficient
of the N1 vehicle (“CompactCar—N1 values); compact car with the same moments of inertia as vehicle
N1 (“CompactCar—N1 inertias”); compact car with the battery pack, aerodynamics, transmission
efficiency, rolling resistance, and moments of inertia of the N1 vehicle (“CompactCar—N1 values (also
inertia)”); compact car with the transmission ratios and wheel radii of the N1 vehicle (“CompactCar—
N1 traction ratios”); and, finally, compact car with all the previously mentioned parameters equal to
those of the N1 vehicle, i.e., the parameters relating to the battery pack, aerodynamics, transmission
efficiency, rolling resistance, moments of inertia, transmission ratios, and wheel radii (“CompactCar—
N1 values (all)”).

What has been shown in this section was also repeated for the US06 driving cycle, for
which similar results and considerations were obtained.

3.2.2. Polynomial Interpolation and ERV Index

In this section, we will look at the polynomial functions that best represent the curves
shown previously, in Section 3.2.1. In particular, the polynomial functions of first, second,
and third degree were analyzed which approximate the chosen curve, whose parameters
were obtained by means of the “polyfit” function of MATLAB®.

Below, in Equation (1), the function used for polynomial interpolation is shown.

y = c3·x3 + c2·x2 + c1·x + c0 (1)

where y is the energy consumption expressed in kWh/100 km, relating to the curve chosen
for the analysis, x corresponds to the vehicle weight (in 100 kg), and c3, c2, c1, and c0
are the coefficients of the polynomial, identified by the “polyfit” MATLAB function. In
particular, for the first-degree polynomial, c3 and c2 are equal to the null value; for the
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second-degree polynomial, in general, only c3 is equal to the null value; and for the third-
degree polynomial, they are, in general, different, from zero to all four coefficients.

Figure 11 shows the curves, relating, respectively, to the N1 vehicle and the compact
car, both without regenerative braking, obtained by means of the polynomial functions.
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Figure 11. Average energy consumption on WLTC cycle (class 3b), as a function of the vehicle weight,
for vehicles without regenerative braking. Curves relating to the results were obtained by means of
simulations (“Results”), and curves were obtained thanks to the polynomial approximation of the
first (“n = 1”), second (“n = 2”), and third degree (“n = 3”) for (a) the N1 vehicle; (b) the compact car.

As can be seen from Figure 11, the third-degree and second-degree curves are those
that more precisely approximate the curve of the results of the simulations carried out with
the TEST model; however, even the first-degree polynomial can be useful for an analysis
more approximate. The same result was also found for all the other simulations carried out
in the absence of regenerative recovery (with changed parameters).

Table 2 shows the values of the coefficients of the polynomials which approximate
the consumption–weight curves of the vehicle, with the coefficients obtained thanks to
the “polyfit” MATLAB function. Only the coefficients relating to the first- and second-
degree polynomials have been reported, since the third-degree polynomials have the
negligible c3 coefficient, which is several orders of magnitude lower than the other three
coefficients, thus reducing almost to a second-degree polynomial. In fact, as can be seen
from Figure 11, the second- and third-degree polynomial coincide quite well, and the curve
under examination can therefore be approximated with sufficient precision simply by the
second-degree polynomial. The same situation is found for the polynomials relating to the
curves of all the simulations previously carried out, with vehicles without regenerative
braking.

As already mentioned, in the literature, reference is often made, when calculating the
energy savings associated with vehicle lightweighting, to the FRV index. Considering elec-
tric vehicles, it is better to calculate an equivalent index, the ERV index, which corresponds
to the c1 coefficient of the first-degree polynomial, shown in Table 2 for each vehicle model
simulated.
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Table 2. Coefficients of the polynomial functions that approximate the consumption curves, as
a function of the vehicle weight obtained by means of simulations on the various vehicle models
without regenerative braking. The items under the label “VEHICLE MODEL” refer to the polynomials
that approximate the curves shown in Figures 7, 8 and 10 (in this table, the name associated with
each vehicle model is the same shown in the legend of the graphs of these figures, with the addition
of “CompactCar—N1 inertias and traction ratios”, which refers to the compact car with the inertia
values, transmission ratios, and wheel radii of the N1 vehicle).

Vehicle Model Polynomial Degree
c2[

kWh
100 km·(100 kg)2

] c1[
kWh

100 km·100 kg

] c0[
kWh

100 km

]
N1

1st degree 0 0.852 25.995

2nd degree 0.0024 0.750 26.903

N1—
NO inertias

1st degree 0 0.848 25.819

2nd degree 0.0024 0.746 26.732

CompactCar
1st degree 0 0.654 13.488

2nd degree 0.0018 0.596 13.900

CompactCar—
NO inertias

1st degree 0 0.651 13.304

2nd degree 0.0020 0.586 13.766

CompactCar—
N1 battery pack

1st degree 0 0.673 13.514

2nd degree 0.0022 0.602 14.024

CompactCar—
N1 aerodynamics

1st degree 0 0.606 24.564

2nd degree 0.0011 0.570 24.817

CompactCar—
N1 transmission efficiency

1st degree 0 0.696 14.105

2nd degree 0.0019 0.634 14.547

CompactCar—
N1 rolling resistance

1st degree 0 0.778 13.597

2nd degree 0.0018 0.721 14.003

CompactCar—
N1 values

1st degree 0 0.826 26.357

2nd degree 0.0019 0.766 26.779

CompactCar—
N1 inertias

1st degree 0 0.658 13.772

2nd degree 0.0015 0.610 14.117

CompactCar—
N1 values (also inertia)

1st degree 0 0.830 26.607

2nd degree 0.0018 0.772 27.019

CompactCar—
N1 traction ratios

1st degree 0 0.653 13.411

2nd degree 0.0019 0.592 13.841

CompactCar—
N1 inertias and traction ratios

1st degree 0 0.654 13.508

2nd degree 0.0018 0.598 13.912

CompactCar—
N1 values (all)

1st degree 0 0.825 26.380

2nd degree 0.0018 0.769 26.781

Figure 12 shows the ERV index, for the WLTC cycle, calculated as in Equation (2), as a
function of the vehicle weight, for vehicles without regenerative braking.

ERVi =
ECi − ECi−1

∆M
·100 (2)

where ERVi, expressed in kWh/100 km·100 kg, is the ERV index associated with the vehicle
weight of the i-th simulation; ECi is the energy consumption on the WLTC cycle (class 3b),
expressed in kWh/100 km, of the i-th simulation; ECi−1 is the average energy consumption of
the WLTC cycle (class 3b), expressed in kWh/100 km, of the simulation with a vehicle weight
immediately lower than that of the i-th simulation; and ∆M (in kg) is the mass variation
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of the vehicle between the i-th simulation mass and the immediately lower mass being
simulated.
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Figure 12. ERV index, calculated for the WLTC cycle (class 3b) and calculated between a simulation
performed at a given vehicle weight and the simulation with the vehicle weight immediately lower
than that under examination (considering the set of simulations performed), as a function of the
vehicle weight, for the following vehicle models without regenerative braking: N1 category vehicle
(“N1”); N1 vehicle with zero inertia (“N1—NO Inertias”); compact car (“CompactCar”); compact
car with the N1 battery pack on board (“CompactCar—N1 battery pack”); compact car with the
aerodynamic coefficients of the N1 vehicle (“CompactCar—N1 aerodynamics”); compact car with
transmission efficiency equal to that of the N1 vehicle (“CompactCar—N1 transmission efficiency”);
compact car with the N1 vehicle rolling resistance coefficient (“CompactCar—N1 rolling resistance”);
and, finally, compact car with moments of inertia equal to those of the N1 vehicle (“CompactCar—N1
inertia”).

Also from Figure 12, it can be seen that the inertias have little influence as regards
the variation of consumption and, consequently, are negligible as regards the study under
examination, i.e., the evaluation of the results of the lightweighting of a vehicle. Fur-
thermore, as could already be seen from the slight concavity of the curves presented in
Figures 7, 8 and 10, the ERV index of the tangent line to the consumption curve increases
as weight increases. This means that for greater vehicle weights, we can benefit more
from lightweighting for the same weight reduction. In addition, it can be observed which
parameters (if equal to those of a higher-class vehicle, class N1 for the case in question)
have an effect by raising the ERV index and which by decreasing it.

Now, we carry out an energy saving analysis following a hypothetical lightweighting
of a specific vehicle. The results of lightweighting are analyzed considering the ERV index,
obtained as is typically performed in the literature [46], therefore as the coefficient c1 of
the first-degree polynomial (see Table 2). Furthermore, the energy consumption of the real
vehicle under examination, on a reference driving cycle, for example the WLTC (class 3b),
is assumed. The objective is to ascertain how an incorrect setting of the model (following
the implementation of incorrect parameters) can influence the evaluation of the results of
lightweighting. A considerable reduction of 300 kg is therefore considered. The compact
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car is considered as a “real” vehicle, assuming that its vehicle model perfectly represents a
corresponding real vehicle. Finally, the ERV indices obtained by means of the c1 coefficients
of the first-degree polynomials, shown in Table 2, for the various vehicle models simulated,
are considered.

Figure 13 shows the results of the 300 kg reduction, in terms of average energy
consumption of the WLTC cycle (class 3b), calculated as defined above, starting from
different vehicle weights.
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Figure 13. Average energy consumption of the WLTC cycle, as a function of vehicle weight, for the
CompactCar without regenerative braking, obtained through simulations with the TEST model (“Real
consumption”) and considering the ERV obtained for the following vehicle models without recovery
regenerative braking: CompactCar (“Calculated consumption”); CompactCar with the vehicle battery
pack N1 on board (“Calculated consumption (ERV with N1 battery pack)”); CompactCar with the
aerodynamic coefficients of vehicle N1 (“Calculated consumption (ERV with the N1 aerodynam-
ics)”); CompactCar with the transmission efficiency equal to that of the N1 vehicle (“Calculated
consumption (ERV with N1 efficiencies)”); CompactCar with the vehicle rolling resistance coefficient
N1 (“Calculated consumption (ERV with N1 rolling resistance)”); and, finally, CompactCar with
moments of inertia of vehicle N1 (“Calculated consumption (ERV with N1 inertias)”).

From Figure 13, it is possible to see how the incorrect definition of the model does
not cause excessive damage as regards the evaluation of the results of a lightweighting of
300 kg, provided, however, that the real consumption of the vehicle on the cycle in question
is known. Furthermore, the aspects that lead to fewer errors are inertia, the battery pack,
and the efficiency of the transmission. The characteristics of the vehicle and its model that
most alter the results, if the study is carried out by adopting the approach described above,
are instead the aerodynamics and, above all, the rolling resistance. Therefore, adopting this
approach reveals a contrasting situation with respect to evaluating lightweighting consid-
ering the consumption curve obtained by means of simulations with the vehicle model. In
the latter case, as observed in Figure 8, the incorrect evaluation of the rolling resistance
coefficient leads to only a marginal error in the evaluation of consumption compared to an
incorrect definition of aerodynamics. In fact, the increase in the aerodynamic resistance
coefficient, as can be seen from Figure 8, raises the consumption curve; however, it varies
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the slope less than the contribution provided by the modified value of the rolling resistance
coefficient.

Therefore, if we have the consumption available for the reference cycle on which
we want to evaluate the results of a hypothetical lightweighting, it is convenient to use
the constant ERV index approach to draw considerations close to reality. However, as an
alternative, it is also possible to use the known consumptions to calibrate the vehicle model
and thus obtain, through simulations, a realistic consumption curve as a function of the
weight of the vehicle.

The work relating to polynomial interpolation and ERV index was also repeated for
the US06 driving cycle; this led to results and considerations similar to those obtained for
the WLTC cycle.

3.2.3. Comparison between Different Driving Cycles

In this section, the lightweighting results evaluated on different standardized driv-
ing cycles will be compared [61], for the N1 vehicles and for the compact car, without
regenerative braking.

Figure 14 shows the average energy consumption obtained for different sets of sim-
ulations on different regulated cycles. In particular, the average energy consumption,
represented by each point of the graph, corresponds to the average consumption on the
cycle analyzed, obtained by carrying out a simulation with the TEST model on the cycle in
question, with a pre-set weight (equal to that indicated by the abscissa axis of the graph).

From Figure 14, it is possible to observe how, as the driving cycle considered varies,
the average consumption varies, as does the slope of the curves obtained and, therefore, the
ERV index and the results of lightweighting. It can also be observed that one driving cycle
is not more energy intensive than another in absolute terms but depends on the weight of
the vehicle; in fact, for example, for the compact car, the US06 cycle is more intensive than
the Artemis Motorway Cycle, for a vehicle mass greater than about 1750 kg, while it is less
intensive below this weight.

From Figure 14a, it can be seen that the N1 vehicle without regenerative braking has
a very similar energy consumption as the weight varies for the FTP75 and JC08 driving
cycles; while for the compact car (see Figure 14b), the difference in consumption for the
two cycles becomes more marked. Therefore, in addition to being dependent on the cycle
considered, the difference between one cycle and another also depends on the vehicle in
question.

Using the “polyfit” function of MATLAB, the polynomials of the first-, second-, and
third-degree, which approximate the curves presented in Figure 14, were found. Moreover,
this time, the functions which best approximate the curves are the polynomials of second
and third degree, which are almost equivalent since the coefficient c3 of the third-degree
polynomial is approximately zero, while the straight line can still be significant for evaluat-
ing the results of lightweighting, in particular through its coefficient c1 which represents
the ERV index commonly used in the literature.

Tables 3 and 4 show the coefficients of the first- and second-degree polynomials,
obtained on the various standardized driving cycles, respectively, for the N1 category
vehicle and for the compact car of M category (“CompactCar”).
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Figure 14. Average energy consumption, for (a) the N1 category vehicle and (b) compact car, without
regenerative braking, on the following standard driving cycles: WLTC (class 3b); US06; FTP75;
HWFET; JC08; Artemis, Urban Cycles; Artemis, Rural Road Cycle; Artemis, Motorway Cycle (130).
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Table 3. Coefficients of the polynomial functions (first and second degree) which approximate the
consumption curves as a function of the vehicle weight obtained by means of simulations on the
N1 category vehicle model, without regenerative braking, on the following standard driving cycles:
WLTC (class 3b); US06; FTP75; HWFET; JC08; Artemis, Urban Cycles; Artemis, Rural Road Cycle;
Artemis, Motorway Cycle (130).

Driving Cycle Polynomial Degree
c2[

kWh
100 km·(100 kg)2

] c1[
kWh

100 km·100 kg

] c0[
kWh

100 km

]
WLTC—Class 3b

1st degree 0 0.852 25.995
2nd degree 0.0024 0.750 26.903

US06
1st degree 0 1.077 34.562
2nd degree 0.0061 0.819 36.855

FTP75
1st degree 0 0.946 15.229
2nd degree 0.0016 0.874 15.972

HWFET
1st degree 0 0.630 24.647
2nd degree 0.0012 0.577 25.198

JC08
1st degree 0 0.944 15.362
2nd degree 0.0010 0.897 15.847

Artemis—Urban Cycle
1st degree 0 1.426 13.082
2nd degree 0.0014 1.361 13.759

Artemis—
Rural Road Cycle

1st degree 0 0.929 18.344
2nd degree 0.0030 0.793 19.760

Artemis—
Motorway Cycle (130)

1st degree 0 0.835 44.654
2nd degree 0.0040 0.651 46.568

Table 4. Coefficients of the polynomial functions (first and second degree) which approximate the
consumption curves as a function of the vehicle weight obtained by means of simulations on the
compact car model, without regenerative braking, on the following standard driving cycles: WLTC
(class 3b); US06; FTP75; HWFET; JC08; Artemis, Urban Cycles; Artemis, Rural Road Cycle; Artemis,
Motorway Cycle (130).

Driving Cycle Polynomial Degree
c2[

kWh
100 km·(100 kg)2

] c1[
kWh

100 km·100 kg

] c0[
kWh

100 km

]
WLTC—Class 3b

1st degree 0 0.654 13.488
2nd degree 0.0018 0.596 13.900

US06
1st degree 0 0.809 16.549
2nd degree 0.0031 0.711 17.247

FTP75
1st degree 0 0.746 9.742
2nd degree 0.0008 0.721 9.917

HWFET
1st degree 0 0.426 12.370
2nd degree 0.0008 0.400 12.557

JC08
1st degree 0 0.754 10.114
2nd degree 0.0008 0.729 10.292

Artemis—Urban Cycle
1st degree 0 1.203 11.528
2nd degree 0.0004 1.189 11.628

Artemis—
Rural Road Cycle

1st degree 0 0.723 9.709
2nd degree 0.0022 0.651 10.219

Artemis—
Motorway Cycle (130)

1st degree 0 0.577 20.577
2nd degree 0.0030 0.482 21.253

4. Discussion

In this paper the effects of vehicle lightweighting were analyzed, in particular by
monitoring which parameters of the vehicle model have the greatest influence on the
results and, therefore, which must be estimated more precisely for a correct study.
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In particular, the inertia contribution can be considered negligible. Furthermore, con-
sidering the consumption curve (average energy consumption vs. vehicle mass), obtained
by means of simulations with a consolidated model in the literature (TEST model [48]), it
was found that the aspect that least affects consumption is the battery pack, followed by
the efficiency of the transmission, while the parameter that has the greatest influence is
aerodynamics, followed by the rolling resistance coefficient. The contribution given by the
increase in aerodynamics significantly affects the increase in vehicle consumption, but it
does not involve a particular variation of the slope of the consumption curve. Moreover, by
increasing all previously mentioned contributions, i.e., placing them at a value closer to
that of a vehicle of a higher class, obviously, consumption increases.

Finally, for the realization of a fairly precise consumption curve, the correct setting
of the battery pack parameters, aerodynamic coefficients, transmission efficiency, and
rolling resistance coefficient is sufficient to correctly define the vehicle model useful for a
lightweighting study and the related energy consumption in function of the vehicle mass.
In fact, the inertia contribution is negligible and, in absence of the regenerative braking
logic (or with an implementation of a regenerative recovery which does not depend on the
transmission ratio), the transmission ratios affect only the negligible inertia contribution.

Then, the polynomials that best approximate the consumption curves identified
through simulations were investigated. The third-degree and second-degree curves are
those that more precisely approximate the curve of the results of the simulations carried
out with the TEST model; however, even the first-degree polynomial can be useful for a
more approximate analysis. In particular, for an accurate approximation, it is sufficient
to consider the second-degree polynomial. In fact, the third-degree polynomials have the
negligible c3 coefficient (coefficient that multiplies the cube of the mass), several orders of
magnitude lower than the other three coefficients.

In the literature, reference is often made to the FRV index, expressed in L/(100 km
· 100 kg), when calculating the energy savings associated with vehicle lightweighting.
Considering electric vehicles, it is better to calculate an equivalent index, the ERV index,
expressed in kWh/(100 km · 100 kg), which approximately corresponds to the c1 coefficient
(coefficient that multiplies the mass) of the first-degree polynomial.

The real ERV increases as vehicle weight increases for the same vehicle model. This
means that for greater vehicle weights, we can benefit more from lightweighting for the
same weight reduction.

The inertia contribution can also be considered negligible for the calculation of the ERV
index. Furthermore, considering the ERV index for evaluating the results of a hypothetical
vehicle lightweighting, knowing the real consumption of the baseline vehicle, the aspects
that lead to fewer errors are the incorrect definition of the battery pack parameters and the
efficiency of the transmission. The characteristics of the vehicle and its model that most
alter the results, if the study is carried out by adopting the ERV approach, are instead the
aerodynamics and, above all, the rolling resistance. Therefore, adopting this approach
reveals a contrasting situation with respect to evaluating the lightweighting considering
the consumption curve. In the latter case, the incorrect evaluation of the rolling resistance
coefficient leads to only a marginal error in the evaluation of consumption compared to
an incorrect definition of aerodynamics. In fact, increasing the aerodynamic resistance
coefficient raises the consumption curve, but changes its slope to less than the contribution
provided by the modified value of the rolling resistance coefficient. However, assuming
that the real consumption of the baseline vehicle is known, it is possible to calibrate the
coefficients of the model, and in particular the aerodynamic coefficients, in such a way as
to obtain a more realistic consumption curve.

Therefore, having the vehicle consumption available on the reference cycle on which
we want to evaluate the results of a hypothetical weight reduction, if we want to avoid
calibrating the aerodynamic coefficients of the vehicle model, we should use the constant
ERV index approach to draw considerations close to reality.
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Figure 15 summarizes the above, presenting the ERV indices obtained on the WLTC
(class 3b) driving cycle, for the different vehicle models.
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Figure 15. ERV index, obtained from the “polyfit” MATLAB function, on the WLTC (class 3b)
driving cycle, for the N1 vehicle, for the compact car, and for the compact car with the following
parameters, aspects, and components of the N1 vehicle: aerodynamics; moments of inertia; battery
pack; transmission efficiency; and rolling resistance.

Finally, an initial study was also carried out on the variability of the results of the
vehicle lightweighting according to the driving cycle adopted as a reference to evaluate
this result. This study will eventually be further explored in a future paper.

Figure 16 summarizes the study on the different driving cycles, presenting the ERV
indices obtained for the different cycles, for the N1 category vehicle and for the compact car.

As the driving cycle considered varies, average consumption varies, but also the slope
of the curves obtained and, therefore, the ERV index and the results of lightweighting. It
has also been observed that one driving cycle is not more energy intensive than another
in absolute terms but depends on the weight of the vehicle; in fact, for example, for the
compact car, the object of this study (without regenerative braking), the US06 cycle is more
intensive than the Artemis Motorway Cycle for a vehicle mass greater than about 1750 kg,
while it is less intensive below this weight. Furthermore, the N1 vehicle considered, without
regenerative braking, has a very similar energy consumption as the weight varies for the
FTP75 and JC08 driving cycles, while for the compact car, the difference in consumption
for the two cycles becomes more marked. Therefore, in addition to being dependent on the
cycle considered, the difference between one cycle and another also depends on the vehicle
in question.

By means of the information obtained in the work presented in this paper, it is possible
to obtain guidelines for the preparation of an effective vehicle model for the evaluation of
lightweighting.

In future work, what is presented in this paper will be taken into account, and in
particular, the influence on the results of lightweighting of the different parameters of the
vehicle model, to build a database of models of electric vehicles of different classes, will
be used it to calculate the relative ERV indices. The material obtained with this last work
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will then be used for the evaluation of the lightweighting obtained by means of various
technologies, currently in the research phase at the University of Brescia.
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5. Conclusions

In the literature, reference is often made to the FRV index, expressed in L/(100 km
· 100 kg), when calculating the energy savings associated with vehicle lightweighting.
Considering electric vehicles, it is better to calculate an equivalent index, the ERV index,
expressed in kWh/(100 km · 100 kg). The real ERV, for the same vehicle model, increases as
vehicle weight increases. This means that for greater vehicle weights, we can benefit more
from lightweighting, for the same weight reduction. However, considering a constant ERV
as the mass varies is, in any case, a good approximation for the same vehicle model.

In this work, it has been found that, for a correct calculation of the ERV index, it is
important to establish the correct definition of the rolling resistance coefficient, followed by
the aerodynamics, and then the battery pack parameters and the transmission efficiency.
On the other hand, the inertia contribution can be considered negligible.

In general, for the realization of a fairly precise consumption curve, the correct setting
of the battery pack parameters, aerodynamic coefficients, transmission efficiency, and
rolling resistance coefficient are sufficient to correctly define the vehicle model useful for a
lightweighting study and the related energy consumption in the function of the vehicle
mass.

This work does not contribute to the creation of the databases of two vehicles but in
the identification of the parameters that most influence the results of lightening, by means
of an analytical method.

So, this work allows us to lay the foundations and guidelines for the identification of a
vehicle model that reflects reality, as regards the evaluation of the results of lightweighting.

In fact, apparently, there is no similar study in the literature. Some works calculate
the FRV [5,6,34,43–45] and ERV [45,46] indices for different vehicles, in particular within
various vehicle categories (e.g., A/B, C, and D classes). The work we propose is instead the
first that observes, in more detail, what are the parameters that influence the variability of
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the results of vehicle lightweighting. This aspect is precisely the novelty of the proposed
work.

A future project will consist precisely in the creation of a database of vehicles of
different classes and, if possible, the obtained databases will be validated experimentally,
also experimentally validating the truthfulness of the considerations obtained in the work
proposed in this paper.
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Nomenclature

Abbreviation Description
Af Frontal area of the vehicle
c3, c2, c1, c0 y polynomial
Cx Longitudinal aerodynamic coefficient (drag)
ECi Average energy consumption of the i-th simulation

ECi−1
Average energy consumption of the simulation with vehicle weight immediately
lower than that of the i-th simulation

EPA U.S. Environmental Protection Agency
ERV Energy Reduction Value
ERVi ERV index associated with the vehicle weight of the i-th simulation
EV Electric Vehicle
FRV Fuel Reduction Value
FTP75 Standard driving cycle (FTP75) described in the EPA Federal Test Procedure (FTP)
HWFET EPA Highway Fuel Economy Cycle
ICEV Internal Combustion Engine Vehicle
JC08 Japanese Emission Test Cycle
RES Internal resistance of the battery pack
SFTP EPA Supplemental Federal Test Procedure

SFTP-US06
Standard driving cycle (US06) described in the EPA Supplemental Federal Test
Procedure (SFTP)

TEST Target-speed EV Simulation Tool
WLTC Worldwide Harmonized Light-Duty Vehicles Test Cycle
WLTP Worldwide Harmonized Light-Duty Vehicles Test Procedure
x Vehicle weight (expressed in 100 kg)

y
Polynomial interpolation function, energy consumption expressed in
kWh/(100 km)

∆M
Vehicle mass variation between the i-th simulation and the immediately lower mass
being simulated
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