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Abstract: Currently, a consensus in the scientific community can be observed that it is necessary to
reduce the carbon footprint and the use of fossil resources in order to ensure the ongoing well-being
of humanity and our planet. Battery electric vehicles (BEVs) can contribute to this reduction, as they
can use energy from sustainable sources as well as store it in order to enable individual mobility. Still,
as long as sustainable energy is not available in abundance and a share of our energy still is generated
using fossil sources, it is important to consider the energy consumption of these BEVs in greater
detail. BEVs may actually consume more energy than necessary due to an architecture borrowed from
non-BEVs, due to their drive-train topology, due to many individual product development issues
and last but not least because they are not operated at their highest efficiency. This paper addresses
the evaluation of a specific sustainable product development process for BEVs. The study is based on
detailed energy consumption simulations of smaller BEVs with different drive train technologies. A
general consideration of sustainability and utility based on the design choices, as well as of societal
consequences, leads to requirements and challenges for sustainable product development. A digital
product development process is described, which addresses these challenges.

Keywords: sustainable product development; battery electric vehicle; digital design; graph-based
design languages

1. Introduction

Today, no serious researcher opposes the insight that humanity and the flora and fauna
of the world are endangered by excessive carbon dioxide emissions. It is of existential
importance to reduce these emissions as well as other greenhouse and toxic emissions.
Additionally, as the availability of fossil energy carriers is limited, it is also essential to
reduce their consumption. The reduction of those emissions is one major aspect of sustain-
ability. A first definition of the main objective of sustainability was given by the World
Commission on Environment and Development; it is to “meet the needs of the present gen-
eration without compromising the ability of future generations to meet their own needs” [1].
Current definitions of sustainability include social, economic and technological dimensions
in addition to the environmental dimension and focus on nine main sub-dimensions (mate-
rials, energy, water, biodiversity, emissions, waste, product and services, compliance and
transport) of the environmental dimension [2]. Sustainable product development has to
strongly consider the needs of the next generation, but needs to combine this with present
customer needs such as usability or economic production. This paper explores analysis
processes, the combination of sustainability and usability, societal consequences and a
product development process for sustainable battery electric vehicles (BEVs).

The most important aspect of the analysis process is a holistic evaluation. Current
studies frequently calculate the CO2 potential of electro-mobility based on the current
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vehicle fleet; however, this vehicle fleet includes ≈40% Sports Utility Vehicles (SUVs)
with relatively high energy consumption and therefore distorts the potential considerably.
Analyses concerning the potential of electro-mobility need to be based on realistic data;
for a full assessment of the potential one should be able to select them from an attractive
set of possibilities; this is done in Section 2 of the paper in order to elaborate the full
potential of electro-mobility and to clarify the possibilities in connection with certain car
concepts and topological options. Modern cars are complex systems, and it is consequently
extremely difficult to optimize certain characteristics. The combination of sustainability
and usability and the in-depth consideration of the societal consequences of certain car
concepts and mobility options will inevitably lead to a multi-objective goal system for
future BEVs. This and other challenges such as dynamically changing environmental
conditions require a digital process that allows revisiting all evaluations and decisions.
The whole development process and methods need to be rethought. The main drivers
might be sustainability and usability, but main other objectives have to be met as well. This
process and the underlying methods as well as the requirements for a realization are also an
important focus of this paper. To conclude, the central motivation of the research described
in this paper are deficiencies in the present situation. Currently, BEVs are developed at
nearly all car companies, but very often they are based on rather conventional car concepts
and the actual energy consumption is typical consumer usage is considerably higher than
necessary; therefore the sustainability is less than optimum. The paper is addressing this
challenge and has the following objectives:

• to clarify the analysis possibilities and limitations.
• to indicate the potential of innovative vehicles concepts.
• to clarify the importance of a utility consideration.
• to clarify the importance of certain conditions generated by the society.
• to clarify the enablers for and requirements from sustainable product development processes.

The resulting research framework is shown in Figure 1.

Figure 1. Research framework.

The scientific contributions of the paper are the outcomes of the discussion following
the mentioned objectives. For an effective sustainable product development of BEVs it is
necessary to perform detailed analyses and to consider several technological and societal
aspects already in the development process. The central research question can consequently
be formulated as: Which analyses are sensible and necessary?; Which additional impor-
tant aspects have to be considered?; What kind of processes enable sustainable product
development processes?

For the sake of an organized discussion, the article is organized as follows. Section 2
explains current approaches to analyze the overall efficiency and carbon footprint of
BEVs. The general concept of sustainability and the importance of usability in product
development are elucidated in Section 3. The main societal consequences are discussed in
Section 4. Section 5 presents a concept for a development method for sustainable vehicles.
Finally, conclusions are drawn, and an outlook is given in Section 6. It is important to note
that no distinct literature review section is present, but that literature is reviewed together
with the respective discussion for each sub-topic.
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2. Exemplary Analysis Process Concerning Overall Efficiency and Carbon Footprint of
Battery Electric Vehicles

This chapter presents an analysis of the overall efficiency and carbon footprint of BEVs.
The study takes sustainability aspects into account and therefore offers a new, innovative
approach to evaluation. This approach is intended to promote the development of new and
sustainable mobility solutions also under socio-technical influences.

Table 1 shows the common scopes of life cycle assessments for vehicles. Comprehen-
sive approaches take into account the production as well as the recycling of vehicles in
“cradle to grave” studies. The present study considers the entire chain, however, with-
out taking recycling into account. This step in particular is the subject of research for BEVs
and is today very difficult to evaluate and therefore should not be the focus of this paper.
The paper focuses on the development of vehicles and the resulting effect on the vehicle
and energy production, as well as the energy consumed in the use phase.

Table 1. Life-cycle analysis scopes.

Vehicle Manufacture Energy Production Use Recycling

⇒Well-to-tank⇒ ⇒ Tank-to-wheel⇒
========⇒Well-to-wheel ========⇒

======================⇒ Cradle to grave ======================⇒

2.1. State of the Art, Significance and Aim of the Study

Many studies from academia, non-profit research organizations, state governments,
and independent consulting firms conclude that BEVs can reduce the carbon footprint
of today’s individual mobility, although many of the studies arrive at different potential
savings due to regional differences, see [3–8]. In 2018, the transport sector was responsible
for 29% of the total greenhouse gas emissions in the EU [9].

Due to the sector’s carbon footprint, the effort is high to justify the potential of e-
mobility in order to achieve fast market penetration. This is done to comply with the EU
climate law of the European Parliament of April 20, 2021, after which the EU must become
climate neutral by 2050.

The increased relevance of CO2 emissions for car manufacturers is also shown by the
final report of the IKA of RWTH Aachen University, in particular with regard to business
aspects. Accordingly, legislation, technology and vehicle concepts must go hand in hand
under economically stable conditions. The aspect of sustainability, which places particular
emphasis on market acceptance and higher acquisition costs, is also addressed. In the
future, the life cycle assessment of different drive concepts could provide an objective
sustainability evaluation [10].

In this context, today’s studies evaluating potential CO2 savings (as presented in the
first paragraph) are mostly based on existing vehicle concepts. This is problematic because
many manufacturers are initially focusing their electrification strategy on heavy premium
vehicles (e.g., Mercedes EQC and EQS, Audi e-tron, VW ID4, Škoda Enyaq, Hyundai Ioniq 5,
Polestar 2, Tesla Model S, and Model X), because the profit margins that can be achieved
there are higher than for small vehicles (e.g., VW e-up, Renault Zoe, Smart EQ forfour).
The share of SUVs among BEVs sold in 2021 was 40.4%. By contrast, the smallest segment
“basic” with 11.4% and the small car segment with 16.1% together only represented 27.5%
of the sales in 2021 [11].

From the point of view of product development of future vehicles, it is important to
achieve a stable and independent system of objectives as a basis of sustainability evaluation.
In this context, the risk is present that the sold BEVs are used in order to evaluate how
sustainable BEVs can be. In this case, if mainly SUVs are sold as BEVs, this object system
will lead to results that do not reflect the potential of this technology, because the energy
consumption of the SUV-BEVs will be rather high, mainly due to the high frontal area and
curb mass. It is consequently crucial to evaluate the technology potential independently of
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the vehicle fleet sold. For an evaluation of the potential of the technology, it is inevitable
to define comparable vehicles and to compare the real-life energy consumption. Energy-
saving concepts usually entail disadvantages for the user (e.g., less storage space, less drive
power, limited maximum speed), which should be critically evaluated in conclusion and
socio-technical aspects, which in turn will iteratively influence the object and target system.

In 2021, a BEV produces 66–69% less life-cycle greenhouse gas emissions (LCGHG)
than a gasoline-powered passenger car. At the beginning of life, directly after vehicle
production, battery manufacture, in particular, leads to an LCGHG-disadvantage for BEV
vehicles compared to gasoline-powered vehicles. The largest share of LCGHG for BEV
with approx. 50% is accounted for electricity production and thus energy consumption
while driving [8].

In summary, for BEVs to be produced and operated as sustainably as possible, the emis-
sions generated during battery manufacture and the energy consumption during operation
must be reduced in particular. The scientific question to be answered by the following
study is therefore:

What potentialities do sustainable BEVs in particular offer for further reducing
LCGHG during operation and in battery manufacture?

To answer the above question, three small vehicles are compared in this study. Two
of these vehicles are already available as BEVs. The battery size and the powertrain
configuration of the vehicles are varied so that the potential of the individual measures
can be worked out with regard to the above-mentioned question. Taking into account
the generally low daily driving distance of 23.8 to 39 km and an average stage length of
around 13.7 km in Europe, the smallest battery size enables a 100 km drive (WLTC based).
In addition, 250 km and 500 km range are simulated as mid and high range vehicles [12,13].

Finally, a critical assessment is made of whether the LCGHG savings achieved and the
necessary restrictions in range, power and top speed are in a justified relationship. Finally,
this study compares the calculated LCGHG potential of the three small vehicles with an
average BEV and an average gasoline-powered vehicle from [8] containing a high SUV
share. A socio-technical discussion of the results follows the study presented in Section 2.

2.2. Calculation Basis

In the EU, the Worldwide Harmonized Light Duty Test Cycle (WLTC) is used to
determine consumption, emissions and range on the basis of an objective and reproducible
procedure, see Figure 2. It is intended to reflect real-world behavior in road traffic as
accurately as possible. The cycle is divided into low, medium, high and extra high sections
with different maximum speeds. The sections represent different driving scenarios such as
city traffic, extra-urban driving and highway driving [5].

As shown in [4,5], the published WLTC consumption data is not suitable for an eval-
uation of the absolute real-driving energy consumption of BEVs although the indicated
WLTC consumption includes charging losses. The consumption data specified by the man-
ufacturers can deviate strongly from the real consumption data which is dependent on the
driven route, the driver’s behavior, traffic and other factors like the ambient temperature.
For a relative evaluation of the consumption, and an objective comparison, a WLTC mea-
surement and a subsequent consumption calculation is nevertheless permissible. For this
reason, a change in consumption based on WLTC is used in the following on the basis of
measurements taken with a reference BEV (VW e-up).

The WLTC itself distinguishes between two possible classes 3a and 3b for vehicles
with a power-to-weight ratio greater than 32 W/kg. Class 3a applies to vehicles with a
maximum speed of <120 km/h and contains a slightly different medium and high range
compared to the class 3b represented in Figure 2 which applies to vehicles with a maximum
speed of ≥120 km/h [14].
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Figure 2. Velocity in the WLTC class 3b over distance driven from [4].

The overall driving resistance FR of a vehicle is calculated in this study for all simula-
tions according to Equation (1) including the wheel resistance FR,W , the air drag FR,A and
the inertial resistance FR,I . The downforce FZ of the vehicle is dependent on the vehicle
mass m and the gravity constant g = 9.81 m/s². The wheel resistance itself depends on the
rolling resistance coefficient, which is modeled by Equation (2). FR,A is dependent on the
projected cross-sectional area A, the air drag coefficient cw, the air density ρL = 1.22 kg/m³
and the vehicle speed v. The inertial resistance FR,I includes the translational mass m as
well as the rotational mass with the help of the factor ei and is additionally depending on
the vehicle acceleration a.

FR = FR,W + FR,A + FR,I

with

FZ = m · g
FR,W = FZ · fR,W

FR,A = cw · A ·
ρL
2
· v2

FR,I = a · ei ·m

(1)

Equation (2) shows the calculation of the rolling resistance coefficient according to [15]
as a function of the factors fR0, fR1 and fR4.

fR,W = fR0 + fR1 ·
(

v
100 km/h

)
+ fR4 ·

(
v

100 km/h

)4
(2)

Table 2 shows the used data for a radial (R) tire with a velocity limit of 180 km/h (S).

Table 2. Determined driving resistance parameters.

Tire Type fR0 fR1 fR4

SR 0.005 0.00001 0.0045

Figure 3 shows the resulting FR,W according to the data from Table 2 and Equation (1)
as a function of vehicle speed. This data is used for all vehicles and simulations of this study.
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Figure 3. Rolling resistance according to the data from Table 2 and Equation (1).

The wheel-sided power demand PR is calculated for each velocity with Equation (3).

PR = FR · v (3)

The mechanical power of the electric motor PEM is calculated using the electric motor
efficiency ηEM as well as the drivetrain efficiency ηD, see Equation (4). The electric motor
efficiency also includes the efficiency of the power electronics. The drivetrain efficiency
includes mechanical losses in the gearbox and the axle.

PEM = PR · ηEM · ηD for PR < 0

PEM = PR ·
1

ηEM · ηD
for PR ≥ 0

(4)

The powertrain configuration of the vehicles considered in this study is varied. Two
variants are considered, an axle-drive (AD) and a wheel-hub-drive (WHD). Both are shown
schematically in Figure 4. It can be seen that in the wheel-hub variant, the drivetrain losses
ηD can be neglected since this drive variant does not require a transmission.

Figure 4. Axle drive (left) and wheel-hub drive (right).

The WHD is realized by two electric motors on the front axle, thus enabling the
advantage of torque vectoring. In return, the unsprung masses are increased compared
with the AD. Both aspects do not flow into the WLTC simulations, because road unevenness
or gradients, as well as cornering, are not provided for in this cycle.

2.3. Used Data Basis

This chapter describes the database from available sources, which are used to calculate
the LCGHG in the WLTC simulations. Each of the three simulated vehicles has the same
engines installed, one with an axle drive that is installed in the VW e-up and one with
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a wheel hub drive. All vehicles are designed in such a way that they can be driven
at top speeds of 90 km/h or 130 km/h. The parameters air drag coefficient, projected
cross-sectional area, curb weight and dynamic rolling radius correspond to the original
parameters, which are shown in Table 3, of the individual vehicles, which are shown in
Figure 5. In addition, the maximum ranges that the respective vehicle can achieve are
set to 100, 250 and 500 km. This creates 12 different vehicle variants for each vehicle.
For each vehicle variant, the WLTC was simulated in MATLAB. The formulas explained in
Section 2.2 were used as the basis for the simulation. Additionally, a WLTC measurement of
the VW e-up was firstly used to determine the powertrain efficiency map ηd and secondly to
show that the simulation returns plausible values.The determined battery weights, battery
net capacities and energy consumption were then used to calculate the overall LCGHG of
each vehicle variant.

Figure 5. Compared Vehicles (attribution for (b): Micro Mobility Systems, CC BY-SA 4.0).

Table 3. compared vehicles.

Variable Symbol Unit Vehicle 1 Vehicle 2 Vehicle 3

vehicle type - - battery battery hybrid
electric electric electric

model line - - e-up Microlino XL1
manufacturer - - Volkswagen Micro Mobility Volkswagen

Systems
year of production - - 2019 2021 2013
number of seats - - 4 2 2
air drag coefficient cw - 0.308 [5] - ** 0.189 [16]
projected cross
sectional area A m2 2.07 [5] - ** 1.50 [17]
- cw · A m2 0.6376 0.43 ** 0.2835
curb weight * mcurb kg 1360 [5] 513 [18] 795 [16]
dynamic rolling radius rdyn m 0.29 *** 0.27 *** 0.28 ***

* Includingdriver with 75 kg, ** only A · cw published, here for model 2019 [19], *** calculated from standard
tires [16,18,20].

Figure 6 shows the efficiency map of the VW e-up electric motor from an official
VW publication [21]. The electric motor has a maximal power of 60 kW and a maximum
torque of 210 Nm. The published efficiency map is digitized and in Figure 6 exemplary
operating points of the WLTC simulation with the VW e-up are drawn in white. Many
operating points are found at low torques. Operating points at high torque and efficiency
are found rarer.
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Figure 6. Electric motor efficiency map of the VW e-up according to [21].

Figure 7 shows the efficiency map of a torque motor published by [22]. This motor
is used for the wheel-hub-drive configuration simulated. The motor has a maximum
power of 20 kW and a torque of 500 Nm. The maximum speed is 1500 rpm, which is low
in comparison to the 12,000 rpm from the original VW e-up electric motor. The wheel-
hub-drive configuration supports an overall maximum power of 40 kW using two wheel-
hub motors. The maximum power is 20 kW lower compared to the original VW e-up
maximum power.

Figure 7. Electric motor efficiency map for a wheel-hub drive according to [22].

Table 3 shows the vehicle data of the three simulated vehicles, which are shown in
Figure 5. The VW e-up is a small BEV with 4 seats and represents a compromise between
a family-friendly and a small city suitable vehicle. The maximum speed is 130 km/h.
The Microlino is designed as a 2-seater city vehicle. The vehicle, therefore, has a maximum
speed limited to 90 km/h. The VW XL1 was designed as a 1-liter car. The vehicle has a
0.8 L combustion engine with 35 kW maximum power and a 20 kW electric motor power.
It is very slim and wind-cheating. The maximum speed is 160 km/h.
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For the simulations in this study, the WLTC simulation model has been verified with
WLTC measurements of the VW e-up (detailed description of the measurements in [4]).
With the help of the parameters used from Table 3, the required power demand at the
wheel PR for the WLTC is determined, see Equation (3). Using the required wheel power,
the efficiency map of the drivetrain, see Figure 8, can be computed via the use of an
evolutionary optimizer so that the objective function from Equation (5) is minimized. This
function sets the median of the deviation of the calculated (see Equation (4)) and measured
electric motor power and the deviation of the energy consumption from the measurement
EM as well as from the simulation ES into the ratio of the cross-correlation of the measured
and simulated electric motor power signals over time. A small cross-correlation results in a
large objective function. Additionally, large deviations in the energy consumption or the
motor power lead to a large objective function.

O =
|PM|+ |(EM − ES)|

P̃M
(5)

After optimization, the objective function has the value 0.606. The difference in energy
consumption is 0.4 kWh, the median of the motor power deviation is 0.176 kW. Figure 8
is the result of this optimization. It shows the drivetrain efficiency map depending on
the input speed and torque. The WLTC operating points resulting from the mechanical
motor input power are entered in white in this plot, as already known from the previous
efficiency maps.

Figure 8. Efficiency map ηD from the optimization.

Figure 9 shows the vehicle speed versus time as well as the engine power versus time.
The average deviation between measurement and simulation is small for both quantities.
At the beginning of the measurement, a deviation in the speed profile occurs, which is
also noticeable in the power chart. Further deviations can be seen for motor power peaks
between simulation and measurement. The quasi-static simulation cannot reproduce
dynamic effects that occur, for example in power electronics or temperature increase in
electric components, which can lead to deviations here.
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Figure 9. Alignment measurement and simulation.

Vehicles that cannot drive at the maximum speed required by the corresponding
WLTC class must pass adapted drive-cycles for their class. Here, the top speed is limited
to 130 and 90 km/h respectively. In order to achieve the range required in the cycle for
the respective class, the vehicle traveling at reduced speed must maintain this speed for
an additional period. Figure 10 shows the adapted WLTC for class 3b vehicles with a top
speed of 130 km/h and a top speed of 90 km/h for class 3a vehicles [14].

Figure 10. Adapted WLTCs for class 3a and class 3b vehicles.

The calculation of the LCGHG is explained in the following. The data basis and the
resulting calculation model are verified with the help of relevant literature [8,23].

Figure 11 shows the LCGHG of an average internal combustion engine-driven ve-

hicle (ICEV) and an average BEV from 2021 in the EU. The LCGHG data given in
gCO2eq

km .
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The biggest LCGHG drivers are vehicle, battery and energy production. The emissions for
vehicle service are relatively low for both vehicles. In the case of ICEVs, fuel consumption
and fuel production account for a large share of LCGHG.

Figure 11. LCGHG comparison of an average EU ICEV and an average BEV in the year 2021 according
to [8].

According to [23], the LCGHG for an average European BEV in 2016 is 5.12 tCO2eq .
According to the German Federal Motor Transport Authority (“Kraftfahrtbundestamt”),
the average mass of passenger cars is 1497 kg for this year. Assuming a total life-cycle

mileage of 200,000 km, this results in a value of 25.6
gCO2eq

km . A linear scaling with the average

vehicle mass in 2021 of 1642 kg results in a value of 28.08
gCO2eq

km . This approach assumes a
constant material composition. In addition, LCGHG savings in production are not taken
into account. It is assumed that this approach is justifiable for the mentioned five-year

period. Figure 11 shows a value of about 27
gCO2eq

km for the BEV, which verifies the presented
value with a small deviation. The following calculation model is used in this study to
calculate the arising greenhouse gas emissions (GHG) of the vehicle production GHGVP
depending on the vehicle weight m and the battery weight mb:

GHGVP =
m−mb

1497 kg · 200,000 km
· 5120 kgCO2eq

(6)

Battery production in Europe is estimated at 60
kgCO2eq

kWh as proposed in [8] and affirmed
by studies in [23]. This results in Equation (7) where Eb is the battery net capacity and
GHGBP is the GHG of the battery production.

GHGBP =
Eb

200,000 km
· 60 kgCO2eq

(7)

The equation to calculate the GHG for energy production GHGEP takes data from the
German Federal Environment Agency (“Umweltbundesamt”) of the year 2021 into account.
bWLTC is the energy consumption simulated in the WLTC with a “best case” charging
efficiency of 87.1% included, see [4].

GHGEP =
bWLTC

200,000 km
· 0.366 kgCO2eq

(8)

Equation (9) shows how the overall LCGHG are calculated.

LCGHG = GHGVP + GHGBP + GHGEP (9)

2.4. Results

The results of this study assume some boundary conditions. These are explained in
the following at first. The results are then presented and interpreted.
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The following variables are to be varied in this study. The simulated vehicles have
WLTC ranges of 100 km, 250 km or 500 km. This affects the battery capacity and thus the
total weight of the vehicle. The battery weight mb is calculated with the help of the battery
capacity Eb using Equation (10). The equation is based on published data from [24,25].

mb = 71 kg + 5.5357
kg

kWh
· Eb (10)

The drivetrain configuration is either an AD or a WHD. The maximum speed is
varied without that the gear ratio of 8.163 is changed for the axle-drive configuration.
The maximum speed limit affects the WLTC (see also Figure 10) and thus the energy
consumption as well as the battery weight. All three simulated vehicles are simulated as
BEV, also the hybrid vehicle VW XL1 is assumed to be a pure BEV vehicle. All vehicles
must be able to pass the given WLTC with the requirements for acceleration and top speed
with the given maximal motor power. The mass of the missing internal combustion engine
of the VW XL1 vehicle is corrected with 80 kg.

Summary of the variation in the simulated data:

• vehicles: VW e-up, Micro Mobility Systems Microlino and VW XL1
• vehicle type: all vehicles are simulated as BEV
• WLTC-range: 100 km, 250 km or 500 km
• drivetrain configuration: AD or WHD
• top speed: 130 km/h or 90 km/h

Figure 12 compares the energy consumption in kWh/100 km for a VW e-up depending
on the achievable range for the two predefined top speeds and the two specified drives.
In this figure, as in the following Figures 13 and 14, the markers represent the results at
100, 250 and 500 km. The smaller markers show the results in 10 km steps for clarification,
but these are not considered in the final analysis.

It can be seen that the energy consumption increases quasi-linearly with the possible
range of the vehicle, independent of the drive and top speed. With both drives, consump-
tion per 100 km at a top speed of 90 km/h is lower than at a top speed of 130 km/h.
In the standard e-up, the WHD consumes less than the AD at both top speeds considered.
The consumption of an axle drive with a maximum speed of 130 km/h is almost twice as
high as that of a wheel hub drive with a maximum speed of 90 km/h. With an e-up that
has a wheel hub drive installed and that can drive up to 130 km/h, consumption values are
similar to those of an e-up that is limited to a top speed of 90 km/h and has an AD installed.

Figure 12. Vehicle range—energy consumption for VW e-up (2019).
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Figure 13. Vehicle range—energy consumption for all vehicles using axial drive, vtop = 130 km/h.

Figure 14. Difference in energy consumption in all vehicles for different drives and top speeds.

Figure 13 compares the energy consumption of the three vehicles considered with
different maximum ranges when using an AD and a top speed of 130 km/h. The energy
consumption has already been shown in Figure 12 for the e-up. With the other two
vehicles, the increase in consumption is also quasi-linear with an increasing range. However,
consumption per 100 km is lower for both vehicles, the Microlino and the XL1. Comparing
the consumption of the three vehicles at a maximum range of 500 km, shows that the
energy consumption of an e-up is 15.7 kWh/100 km, which is nearly 1.4 times as high
as the consumption of a Microlino, which consumes 11.2 kWh/100 km and even nearly
1.5 times as high as the XL1, which requires 10.7 kWh/100 km.

Figure 15 shows the consumption of the three vehicles with a battery capacity of
32 kWh, the e-up’s standard battery capacity. Looking at the consumption in kWh/100 km
in relation to the battery capacity, it is noticeable that the e-up has the highest consump-
tion for all combinations of top speeds and drives, whereas the energy consumption for
Microlino and XL1 is very similar in the individual considerations, i.e., selected drive and
top speed. The greatest deviation in consumption between the Microlino and XL1, with a
battery capacity of 32 kWh, is achieved with the AD at a top speed of 130 km/h and is less
than 5%. Comparing the consumption of the Microlino and XL1 with the consumption of
the e-up, shows that the e-up with the AD has a consumption that is 1.3 to 1.4 times as high
and with the WHD 1.6 to 1.7 times as high as the energy consumption of the Microlino and
the XL1.
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Figure 15. Energy consumption for all vehicles for different drives and top speeds with a battery
capacity of 32 kWh.

Figure 14 shows the change in consumption of the three vehicles over the possible
range. Illustrated is the change in consumption between AD and WHD at a maximum
speed of 90 km/h (top left) and a maximum speed of 130 km/h (top right). The graph
below on the left shows the change in consumption between the two possible maximum
speeds when using a wheel hub drive, and on the right below the change between the two
maximum speeds when using axle drive. The percentage difference is calculated here as
the absolute value of the change in value divided by the average times 100.

In all four graphs, the changes are relatively constant over the range. When comparing
AD and WHD, the difference decreases slightly with increasing range; if only one drive is
considered at different speeds, the difference increases with increasing range. The largest
differences arise when AD and WHD are compared with each other. As illustrated in the
efficiency maps (Figures 6 and 7) the operating points are better aligned with high efficiencies
for the WHD, which also comes from that the maximal power is lower for this variant.

At a top speed of 90 km/h, the difference between the two drives with a maximum
range of 250 km is 31% for the e-up, 53% for the Microlino and 54% for the XL1. The smallest
difference occurs when comparing the consumption for the two maximum speeds when
installing the wheel hub drive: The relative difference and thus savings between 130 km/h
and 90 km/h is greatest for the e-up at 22% for a maximum range of 250 km. When
reducing the maximum speed, Microlino and XL1 have fewer savings potential with the
wheel drive, namely 16 and 13%. Viewed in absolute terms, the Microlino and XL1 are
always more economical than the e-up, as shown in Figure 15 for a battery capacity of
32 kW. Figure 15 also shows that a wheel hub drive is more economical than an axle drive
in all cases. The same figure also shows that it is always more economical to drive at a top
speed of 90 km/h than at a top speed of 130 km/h.

Figures 16–18 show the results of the LCGHG simulations. The first data row shows
the reference (labeled as Ref*) vehicle VW e-up with a 32 kWh battery capacity and a 60 kW
AD. ∆% shows the LCGHG difference between all other variants and the reference in %.
The graphs on the right illustrate this deviation of LCGHG from the reference. The WHD
variant has 20 kW less maximal power than the AD variants. The variant with WHD and a
short range of 100 km has the highest potential to safe LCGHG for all vehicles. The Micro
Mobility Microlino shows the highest potential to safe LCGHG with only 34.1

gCO2
km because

it represents the most radical small car concept and is very lightweight. In comparison,
the LCGHG of the e-up variant with 130 km/h top speed, AD and 500 km range are highest
at 115

gCO2
km . This is 19.4% more emissions than the reference e-up emissions, and it is

almost 3.4 times higher than the lowest-emission Microlino variant. The XL1 has slightly
less potential than the Microlino with a minimum of 37.6

gCO2
km . The e-up emits at least

60.2
gCO2
km , the reference presents 96.3

gCO2
km . The absolute LCGHGs of the reference standard

e-up are a little higher than the emissions of the presented average BEV in [8] based on
the manufacturer’s specification (≈84

gCO2
km ). This is because the energy consumption of
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the e-up itself is based on a measured value of a series car and exceeds the manufacturer’s
specifications [4]. Still, the ICEV presented in Figure 11 emits 2.5 times more

gCO2
km than the

simulated reference VW e-up. If Figures 16–18 are compared in general, it must be stated that
all variants of the Microlino and the XL1 are performing better than the VW e-up reference.

Figure 16. LCGHG simulation results of the e-up motor.

Figure 17. LCGHG simulation results of the XL1.

Figure 18. LCGHG simulation results of the Microlino.

All e-up WHD simulations are borderline with regard to the required maximum power
in the WLTC. This can also be seen for the reference variant of the e-up from Figure 7 at
the white operating points. Some operating points are already at the level of maximum
power. Accordingly, variants with higher battery capacity (250 km and 500 km) will suffer
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performance losses. In the e-up 500 km WHD variant, 27 calculation steps (27 s) exceed the
maximum electric motor power PEM.This is the variant with the largest error. The variant
with 250 km range has an error of 13 calculation steps (13 s).

2.5. Discussion of Results

This subsection also discusses the effects if the presented small vehicles (Microlino,
XL1) are not compared to another small vehicle (VW e-up). Instead, the results are compared
to a state of the art SUV.

Based on a real-world consumption of 26 kWh/100 km, a Tesla Model X with the
present simulation approach comes to 192

gCO2
km , which is already in the range of an average

internal combustion engine-powered passenger cars (see Figure 11). The LCGHG are
almost 5.4 times higher than the Microlino 90 km/h WHD variant.

This shows clearly that the data basis used for calculations is of immense importance
for the evaluation of the LCGHG potential of battery electric mobility. If the aim is to
show the potential of new technology in order to consciously steer developments in a
sustainable direction, average vehicles on the market are currently not a suitable instrument.
Furthermore, this SUV value and the share of SUVs sold also show that sustainable vehicles
are not yet a development focus today. This is fueled, among other things, by the fact that
BEVs today are given a flat 0

gCO2
km under the Worldwide Harmonized Light Vehicles Test

Procedure, rather than the actual LCGHG.
Small vehicle concepts like all the small vehicles presented in this study can make a

significant contribution to climate protection and thus to sustainability. In the case of the
Microlino, emissions can be reduced by up to 85% today compared to an average ICEV.
However, the driver has to accept a very small vehicle with a range of 100 km and a system
power of 40 kW. Whether a Microlino vehicle variant up to 130 km/h with a range of
500 km can be realized cannot be clarified in this study. Such a vehicle concept still has an
LCGHG value of only 56.8

gCO2
km , which is still 76% lower than the average ICEV presented.

Overall, all WHD variants emit less than the AD variants. Due to the increased unsprung
masses and a reduced system output of 20 kW, the driver has to accept not insignificant
reductions in comfort. Whether the average driver is willing to accept those limitations is
not focused on this study.

2.6. Reliability and Limitations

This chapter describes the simulations and calculations performed in terms of their
limitations and accuracy.

The LCGHG results and the societal consequences in the following chapters are based
on linearized LCGHG models and lose validity in the case of nonlinear correlations, which
are to be expected in particular for very large vehicles or special vehicles, e.g., racing cars.
There, for example, lightweight components are often used, which influence the LCGHG of
vehicle production. The powertrain efficiency map was derived from measurements of the
VW e-up, see Figure 8. This includes all losses occurring in addition to the e-machine and
the power electronics. The influence of the gearbox or tires is therefore held constant in the
model. There is no physical tire or transmission model included.

The quality of the simulation is adapted to the used driving cycles and the existing
database. Detailed WLTC measurements and a real vehicle exist for the e-up. For this
vehicle, a complex simulation in CARSIM or CarMaker would be possible. These simulation
programs take into account the behavior of the driver, the vehicle kinematics, different
powertrain variants as physical models and other detailed physical models such as dynamic
nonlinear tire models. In the context of the present study, however, other vehicles (XL1 and
Microlino) are investigated for which only basic data, such as cw values and vehicle masses,
are available. In order to prevent major errors in the simulation caused by incorrectly
estimated data, the approach of a simulation model as simple as possible was chosen.
The non-real time simulation model is optimized for BEVs. Because only BEVs were
considered in this study, no additional energy management had to be simulated, which
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would have been the case with simulating HEVs and what was examined in [26]. In the
case of the e-up, this model was verified with measurements and provides excellent
correlation with respect to the variables described in Section 2.2, Equation (5). This is due
to the low dynamics, lack of cornering and driving without a gradient in the WLTC. Thus,
a comparison of the simple simulation approach with simulation results from the CarMaker
software in previous studies proved only minor differences in the WLTC.

3. Sustainability and the Importance of Utility in Product Development

In terms of sustainability, any development process can be clearly characterized
according to its overall carbon footprint, its societal consequences or any other measurable
indicator. What is often overlooked in this approach is the fact that any product does not
only cost money, resources and CO2, but it also affords utility.

While this view is generally present in economics and larger scale environmental
strategies (see for example [27–29]) it is often omitted from concrete decision processes in
product development or design choices. This is often due to the fact that utility is difficult
to measure, as it usually has no directly attributable cost or value [30]. Here we would
like to demonstrate that treatment of utility, even though a direct cost is hard to assess, can
inform product design very well.

There would be no demand for a car if there was no need to travel fast and safe, and
stay dry at the same time. Consequently, if a product is evaluated for sustainability this
usefulness needs to be addressed, otherwise, the most sustainable solution is the trivial
one: do not build it.

This often leads to a discussion in sustainable development that circles around what
can no longer be done or what has to be sacrificed in order to make life more sustainable.
If the focus is placed on the value that a product creates for society, more educated decisions
can be made with respect to which value can be had at which price. This is a common
feature in economics, where marginal utility and marginal cost are constantly compared to
decide how much of a product can be sold with a profit.

A key evaluation criterion for sustainable product development should therefore be
the marginal cost (or damage if so expressed) in all assessed criteria, as well as the marginal
utility gained from each design decision. This can be easily seen in the case of range for an
electrical vehicle.

A range of 100 km is much more useful than 50 km for an urban commuter with a
40 km one way trip to work. 150 km range is still more useful, but more as it brings added
safety in case of congestion or bad weather. The step from 450 km to 500 km range will not
bring much added utility.

Looking at the marginal monetary cost of each added kilometer of range, this will
remain roughly constant, as each additional kilometer of range simply requires more of the
same battery cells. For larger increments, it will likely increase due to the added overall
weight. The same is true for the marginal cost in CO2-footprint and use of rare resources.

Consequently, a utility cost can be calculated for each product according to the use
case under inspection and the product’s characteristics. In a full treatment of a vehicle, the
overall cost and CO2 footprint can be assessed, where each increment in range adds cost
and weight, but also requires more powerful brakes and therefore increases the marginal
cost of range for larger ranges.

For the sake of this example, two use cases will be treated: firstly, a vehicle with a
maximum velocity of 90 km/h is used primarily for travel inside city limits with a 50 or
70 km/h speed limit. Here the utility and cost of the vehicle range are assessed. Secondly,
a vehicle with a maximum range of 500 km, where the utility cost of the maximum vehicle
speed is assessed.

The data used in these examples is the overall CO2eq emission per kilometer found in
Figures 16–18.

The cost function is clear, as the range increases, so does the overall LCGHG value,
the cost factor used here.
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In order to assess the utility, a functional description of the utility as a function of the
overall vehicle range is needed. For the use case of a city vehicle with low speed, several
assumptions about the utility function can be made with common sense, as field data is not
readily available yet.

Generally in economics, there is the law of falling marginal utility [31], which states
that the marginal utility drops monotonically, but a concrete functional dependency is often
not known. In these special use cases, a modification was made so that the assumption is
that for very low ranges the utility of adding range is still growing, has a maximum at a
given range and then follows the law of falling marginal utility. This reflects the assumption
that a vehicle with a range of 10 km will not benefit much from an additional 10 km range,
as 20 km is still not very useful.

For a quantitative assessment, this marginal utility function will have to be measured
by market research, for example. In order to fulfil the requirements stated before, a Weibull
distribution has been assumed for the marginal utility as it offers the needed dependency,
as can be seen in Figure 19. Increasing marginal utility per additional km at the beginning,
a maximum and then declining marginal utility for larger ranges. The Weibull function is
not used for any of its properties in statistical analysis, just for its applicable shape.

Figure 19. Range based utility at 90 km with range utility and marginal range utility (Weibull
Distribution with k = 1.5 and λ = 200).

Looking at the assessment of utility costs for the vehicle range, the marginal increase
in LCGHG value (units of gram CO2eq per kilometer driven) is evaluated for each added
kilometer of range. This is done by calculating the differential quotient of LCGHG/Range
at each range point. Due to the discrete nature of this calculation, the final graph shows
some uneven behavior for large ranges, this is purely numerical in nature.

As the pure CO2 cost is a very unusual number to work with, this is converted into
a monetary cost. A total cost for Carbon-Dioxide Emission is given in [32]. A cost of
640 Euro/t has been adopted, this number including damages to the current as well as
future generations. To put the results into a useful numerical range, Cents are used as
monetary unit.

The marginal cost is calculated as the differential quotient of cost per driven kilometer
kmdriven over vehicle range kmrange: Cm[Cent/(kmdriven ∗ kmrange)].

Whether this reflects an accurate cost is debatable, but it lends quantifiable compara-
bility to the decisions between vehicles and their parameters.

In order to include the estimated utility of additional range, this value is divided by
the marginal utility Um[a.u./kmrange] in arbitrary units [u] per kilometer, normalized to a
maximum utility of one max(Um) = 1[a.u./kmrange].

This ratio of marginal cost over marginal utility describes the additional cost per
driven kilometer per each kilometer of added range. It is important to note that kmdriven
and kmrange have the same physical unit, but are of course different things and therefore
have to be treated separately.
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This yields a cost in Cent per kilometer per normalized utility for each range value
CU . This number indicates how much each kilometer driven by the vehicle will cost
more, weighted by the assumed utility of the added range, when another kilometer of
the total vehicle range is added.

CU [
cent

kmdriven · a.u.
] =

Cm[Cent/(kmdriven · kmrange)]

Um[a.u./kmrange]
(11)

Typically, this cost will increase towards high ranges as the marginal utility drops and
the marginal cost stays the same or even increases.

Figure 20 shows the result for a scenario of a maximum 90 km/h vehicle speed and
an axle drive. The utility cost rises only slowly up to a range of 340 km when it begins to
increase more sharply.

Figure 20. Utility cost per km driven and per km range added for the 90 km/h maximum speed
scenario, marginal utility: Weibull with maximum at 100 km (urban use case).

This indicates that an increase in range does not lead to added costs per utility for
each driven kilometer at ranges below 220 and only from the 340 km range is the increase
of cost per km is significant.

Based on this curve and assumptions it can be concluded that a maximum range of
about 300 km will likely be the most cost vs utility effective solution for the owner and all
three vehicles are roughly similar in this category.

For the variation of speed, a similarly distributed marginal utility for the increase in
maximum vehicle speed has been assumed (Weibull distribution, k = 2.8, λ = 100). Again,
this is an assumption made to demonstrate the process and will need to be replaced with
data gathered in the field.

The resulting marginal cost for each km/h in maximum vehicle speed at a vehicle
range of 500 km per km driven can be seen in Figure 21.

In this case, the utility does still continue to grow until the end of the data considered,
so there is no sharp rise at the upper limit. However, both for the e-up (at 70 km/h)
maximum vehicle speed and for the Microlino and XL1 (at around 90 km/h) there is a clear
cost per utility minimum.

In summary, this weighting of marginal costs with a marginal utility function can
better inform design decisions compared to pure cost or CO2 emission numbers as it
includes the utility that additional cost brings to the user of the product.
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Figure 21. Utility cost per km driven for each km/h of speed added for the 500 km range scenario,
marginal utility: Weibull with maximum at 90 km/h (urban use case).

4. Societal Consequences

From the analysis in the previous chapter, it becomes clear that the utility the driver
assigns to the various vehicle parameters like maximum speed or range will strongly
influence which additional monetary or environmental cost they will be ready to pay to get
an additional increase in any parameter. For example, in Figure 21 it can be seen that for
the e-up the Cost per Utility doubles from 70 km/h maximum vehicle speed to 90 km/h
and then is comparatively stable. This would be a strong indicator that either a purely
urban vehicle that can perform well within city limits or in areas of enforced speed limits
of 70 would be desirable.

It also becomes clear that, where the CO2 emissions rise roughly linearly with the speed
or range, and therefore any reduction in maximum vehicle speed will reduce CO2 emission
accordingly, the inclusion of utility shows more efficiently how much extra emission users
might be willing to accept to get an increase in range or maximum speed.

Any general speed limit would reduce the utility of speeds more than 20 km/h over
the general speed limit dramatically, and therefore increase the Cost per Utility of higher
maximum speeds.

Also, the analysis can make it obvious that a short-range, low-speed vehicle may offer
very cheap satisfaction of the need for utility at low speeds inside city limits and could lead
to big reductions in emissions.

5. Development Method for Sustainable Vehicles

The problem in automotive engineering is not that design engineers are not aware
of the necessities and possibilities of sustainable product development. In fact, in the
last decades multiple processes, algorithms, methods and tools were developed and were
compiled in the last years in excellent surveys. The challenge for the design engineers is
a result of four main characteristics of sustainable product development in automotive
engineering, which will be explained in the following sentences.

The first main characteristic concerns the fact that a multitude of competing objectives
have to be considered. Sustainable product development has to deal with multi-objective
goal systems. This starts with the fact that a new car must deliver good results in the
standardized efficiency tests, but it should also deliver good efficiency in the real application
of the final customer. The future car should be efficient but also safe and comfortable.
In many segments, the consumers expect additional performance, such as good acceleration
and dynamic driving around corners. Last but not least, the production of a car needs to
be economical, because otherwise it cannot be sold and cannot contribute to, e.g., a lower
carbon footprint.
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The second main characteristic is the fact that nearly all design decisions concern more
than one domain [33]. A multi-domain optimization can include the domain’s mechanics,
fluid dynamics, thermodynamics, electronics and software.

The third main characteristic concerns the fact that design solutions for battery electric
vehicles can be topologically diverse, i.e., that different design solution possibilities are
available, which not only divert in terms of parameters but use completely different solution
elements and sometimes even physical effects. Some examples can be the kind of electrical
drive motor (permanent-magnet synchronous reluctance motor, AC induction motor, . . . )
or the number of gears in a transmission (usually one or two for BEVs). It is important to
note that the topological realization of a BEV is not as transparent to the customer as it was
for vehicles with a combustion engine (CVs). Usually, a CV customer knows the number
of cylinders in the engine, their arrangement (in-line or V), the type of engine (petrol or
diesel), the number of valves per cylinder, the number of gears of the transmission, etc. So,
the topology may be partly hidden to the end customer, but the design engineers are more
than ever required to achieve an optimum solution in a topologically diverse solution field.

The fourth main characteristic is the fact that surrounding conditions, which are
important for evaluation and selection process, are continuously changing and that their
change is difficult or even sometimes impossible to predict. This requires a revisit of this
topic throughout the development process.

These four main characteristics need to be considered in the goal and procedure
system of a product development method for sustainable vehicles. Additionally, those
considerations have to be integrated into the complex product development processes
already in place in industry. For the product development of electric vehicles, commonly
model-based systems engineering (MBSE) processes [34] are applied in industry in order
to achieve a continuous digital design process. In MBSE, usually product and process
models are connected in order to allow these continuous digital processes [35] and ab-
stract product models such as the function model [36] are integrated. Such processes
allow multi-objective and domain spanning optimization; they avoid redundant data and
design flaws. In many cases, the well-known V-model is used as a representation of the
global logical structure of the process. One important knowledge base is the well-known
guideline VDI/VDE 2206, which was republished in 2020 as a draft using the new name
“Development of cyber-physical mechatronic systems (CPMS)” [37]. The essence of this
guideline to offer user support for all process steps in the development of cyber-physical
mechatronic systems (electrical vehicles also belong in this category due to the enormous
complexity and due to developments such as Car-to X communication) by presenting the
main logical relationships. In the center of the guideline is an inherent flow logic that is
represented as an updated and extended V-model [38]. Researchers worldwide are seeking
to expand the algorithms, tools, methods and strategies, which allow realizing this kind of
process, current topics are domain-specific modeling approaches [39], automated parameter
selection [40], the integration of verification processes into MBSE [41] the and the study of
requirements change risk [42]. A strong emphasis on requirements and an intensive and
continuous requirements management is present in the current approaches [43]; this is also
visible in the new V-model of the Guideline VDI/VDE 2206. One may ask if sustainability
is just a new (or even already existing) set of requirements. However, due to four issues
listed earlier in this section and due to the enormous importance of this topic for the future
of our planet, it is proposed in this paper to include this topic explicitly in the V-model,
both in the initial phase and ongoing throughout the process (Figure 22).

The version of the V-model shown in Figure 22 clarifies that design engineers need
to explicitly perform an elicitation of sustainability requirements, challenges and sur-
rounding conditions–in this context elicitation essentially means to research and discover
sustainability requirements, challenges and surrounding conditions from legislation, sus-
tainability research, operation conditions prognoses (e.g., charging possibilities), customers
and other stakeholders. It also clarifies that the sustainability issues and challenges need to
be monitored, reflected, updated, revisited and controlled throughout the development
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processes. This can be realized by means of a connection with the already realized, ongoing
requirements management process (Figure 22).

Figure 22. V-model for sustainable development.

In the last years, graph-based design languages [44] were identified as one promising
possibility to address the challenges in the development of complex products and for
realizing MBSE by means of knowledge representation in the unified modelling language
(UML). Knowledge represented in UML can be complied by means of a design compiler
(DC43, IILS GmbH, Trochtelfingen, Germany [45]); this compilation leads to a machine-
executable V-model (Figure 23).

Figure 23. Conceptof graph-based design languages.

The basis for the digital development process is ontologies—a graph-based design
language that uses these formal descriptions of the basic concepts and relationships, which
defines the basic terms, concepts and relations for a certain area [46]. The main elements of
a graph-based design language are the vocabulary (the components and sub-systems of
the vehicle), the rules (descriptions of how these components can be combined) and the
activities (the application of these rules). A design compiler can generate a design graph.
From the design graph, the central data model, different kinds of models can be generated,
such as geometry models in typical computer-aided design (CAD) formats, computer-aided
engineering (CAE) models for simulating the stresses, deformations, motions, forces and
moments of components of the vehicle and computer-aided manufacturing (CAM) models
for the production of the components of the vehicle. These models in the different engineer-
ing domains represent the “classic” information flow in product development; the concept
of graph-based design languages connects these models with synthesis and evaluation
processes and the rationale behind certain design decisions. The central advantages of
this kind of MBSE is that numerous, topologically diverse vehicle or vehicle subsystem
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configurations and be evaluated and that a multi-objective optimization is possible. In a
sample application for a gear system for a two-wheel vehicle 13,892 valid geometrical
variants could be generated, and the design optimum could be explored and a Pareto
front (i.e., the set of all Pareto efficient solutions in multi-objective optimization) could be
established [47]. Additionally, in the field of assembly planning, the processes could be
improved by means of a multi-criteria evaluation of solution alternatives [48]. A holistic
MBSE concept can also include abstract system description models such as requirement
models [43], function models [49] and models describing abstract physics [50]. Due to
this and the explicit formulation of vocabulary and rules, these holistic MBSE concepts
also contribute to an intensified management of design, evaluation and decision knowl-
edge [51]. Consequently, the combination of continuous sustainability management with
digital processes, which allow the exploration of topological diverse product families and
multi-objective optimization, is the main prerequisite for sustainable product develop-
ment. However, a successful implementation of complex methods, tools and processes in
industrial companies requires an in-depth consideration of additional aspects [52]. Addi-
tionally, Stark et al. [53] report that applying sustainability methods does not automatically
lead to a more sustainable product, because, amongst others, of individual preferences
and motivation of the stakeholders. The engineers in product development need to be
enabled to realize sustainable solutions applying the respective processes. For all kinds
of implementation processes, it was found to be advantageous to start with smaller pilot
projects. They can lead to so-called quick-wins, i.e., immediate successes in terms of the
intended goal—in terms of sustainability (frequently the term “low hanging fruits” is also
used). Pilot projects allow engineers to get familiar with the novel digital processes and
are helpful to convince people and to overcome barriers. They also help to enhance the
processes and to ease their application. Three decades ago lightweight engineering was a
major issue in the German automotive industry. In this time, dedicated weight “guardians”
were installed in some companies, who had the sole responsibility to monitor the weight,
which is the result of a current prognosis, of vehicles in product development. This concept
may be extended to installing sustainability “guardians”, but more advantageous would
be a connection to the enabling digital processes—the installation of digital processes
champions. These can be specially trained engineers with high software skills, but also
experienced engineers who are willing to accept the challenge and are trained “on the
job” to master the digital processes and to continuously monitor the sustainability of the
vehicles under development. In any case, the participation of all involved engineers and the
realization of a continuous improvement cycle is of paramount importance. Another central
prerequisite for successful sustainable product development is an inclusion in the strategic
company’s goals. Most automotive companies have meanwhile included sustainability in
their formulated objectives—it is nowadays more interesting how those objectives are oper-
ationalized within the organization. A key factor is continuous support, monitoring and
control of sustainability aspects by top AND middle management. One main possibility
for gaining this management attention would be a direct connection to the management
salaries. Usually, members of the management have partly flexible compensation systems,
which are frequently connected to the economic success of the company. This flexible
part of the salary should also be connected with the fulfillment of the company’s overall
sustainability objectives. Most probably, this would lead to high management attention
and a continuous enabling of the necessary digital processes and the implementation steps.
The implementation and motivation aspects listed above are summarized in Figure 24.
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Figure 24. Aspects of the realization of sustainable product development.

6. Conclusions and Outlook

The main intention of the paper was to elaborate on the different prerequisites for
the sustainable product development of BEVs. One major prerequisite is the capability to
perform holistic analyses, which are not compromised by certain conditions, such as the
current fleet dominated by SUVs. In the presented analysis, the consequences of three car
concepts (e-up, Microlino and fully-electric XL1), of two different drive-train topologies
and three different battery sizes were clarified, leading to insights such as that energy
savings up to 60.8% are theoretically possible. It was explained in detail how sustainability
and usability aspects need to be combined and how societal aspects can influence the
usage and perception of BEVs as well as the energy consumption in real-life transportation
tasks. The influence of general speed limits and range and vehicle speed expectations was
analyzed. A digital product development process was developed, which allows dealing
with four major challenges: the necessity of multi-objective optimization, the necessity
to enable multi-domain simulation, the necessity to explore topological diverse product
families and the necessity to deal with continuously changing surrounding conditions.
Future work will expand the investigations to other vehicle and topology types and will
investigate concrete methods and tools for supporting the sustainable product development
process. Similar investigations concerning hybrid electrical vehicles (HEV) would also
be sensible.

In further studies, the balancing of LCGHG is to be detailed in order to reduce the
aforementioned model limitations. Fields of work are both in the detailing of the vehicle
simulation to simulate also real driving distances. This should include physical modeling
of the vehicles to be simulated. The linearized LCGHG calculation models should be
detailed step by step and, for example, take production processes into account. This in
turn influences the product design process in product development and makes a holistic,
well-thought-out and validated product development process for sustainable products
necessary. In this paper, a digital process concept was described, but further research work
concerning concrete methodical support is desirable.
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