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Abstract

This paper presents an analytic solution to find the optimal amount of lightweighting in a battery electric
vehicle (BEV). The additional cost of lightweighting is traded off against the cost savings due to the
smaller battery and motor required at constant performance and range. Current technology cost estimates
indicate that for a medium sized BEV, optimal glider mass reduction is on the order of 450 kg in 2012
leading to estimated manufacturing cost reductions of 4.9%. Declining powertrain costs are expected to
reduce the importance of lightweighting in minimizing BEV cost in the future, and rising electricity costs
to increase the gap between the optimal solutions based on minimizing manufacturing versus total costs.
The results are strongly dependent on the future development of lightweighting, battery, and electricity
costs. The sensitivity of the optimal mass reduction to these critical parameters has been evaluated, and

is shown to increase over time.

Keywords: BEV (battery electric vehicle), cost, optimization, light weighting

1 Introduction

Over the last decades rising fuel prices and
tighter regulation have stimulated technical de-
velopments to improve fuel economy and re-
duce emissions. Relative to conventional inter-
nal combustion engine vehicles (ICEVs), bat-
tery electric vehicles (BEVs) constitute a dra-
matic improvement in vehicle energy efficiency
due to the high efficiency of the electric motor.
However, their relatively high cost and low range
continue to be the great challenges in commer-
cialization. Reducing the energy consumption
of electric vehicles is therefore of utmost impor-
tance in order to increase range and reduce costs.
Besides reduction of vehicle resistances and im-
provement of powertrain efficiency, a very im-
portant option to reduce energy consumption of a
BEV is by replacing conventional by lightweight
materials. Several studies have evaluated a range
of current and emerging technologies in terms of
their vehicle energy consumption reduction po-
tential and associated costs [1, 2, 3, 4, 5]. How-
ever, technical and economic aspects are usu-
ally treated separately, making it difficult to un-
derstand how to best implement new technolo-
gies. In a recent analysis we have developed

a methodology to find the optimum combina-
tion of vehicle mass reduction and powertrain ef-
ficiency improvement to minimize vehicle life-
time costs [6]. This paper develops an origi-
nal optimization framework specifically suited to
analyze the implementation of lightweighting in
BEVs. Lightweighting is beneficial in designing
BEVs as it allows a higher range for the same
cost, or similarly, a smaller battery and motor
at constant range and performance. In the latter
case, the driveline costs for smaller and cheaper
drivetrain components can be traded off against
the higher costs of producing a lighter vehicle
glider based on lightweight materials [7, 8]. In
this paper we solve for the optimal weight reduc-
tion at constant range and performance minimiz-
ing either manufacturing or total costs over vehi-
cle lifetime. The approach is fully parameterized,
so an optimum is found as a function of vehicle
technical characteristics, driving conditions, and
technology costs.

The remainder of this paper is organized into
five sections.  Section 2.1 reviews current
lightweighting trends and costs, section 2.2 dis-
cusses the influence of vehicle mass on the en-
ergy consumption of BEVs, section 2.3 assesses
the BEV cost structure today and in the future,
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section 2.4 analyses powertrain resizing effects
at constant range and performance, and section
2.5 presents the optimization results for the ref-
erence sceanrio and their sensitivity with respect
to the main cost factors. Section 3 presents the
conclusions.

2 Lightweighting of Battery Elec-
tric Vehicles

2.1 Lightweighting trends and costs

Reduction of vehicle mass can be achieved by
shifting sales from larger and heavier vehicles
to smaller and lighter vehicle categories, vehi-
cle redesign, or material substitution [9, 10].
Lightweighting usually refers to reduction of ve-
hicle weight by substituting advanced materials
with a higher strength and/or stiffness per weight
than traditional materials. This can be realized
by replacing, for example, heavier iron or steel
parts with high strength steel (HSS), aluminum,
magnesium, and/or composite materials such as
glass- and carbon-fiber-reinforced polymers. In
recent years many low carbon steel parts of ve-
hicle powertrains and body structures have in-
crementally been replaced %y HSS. In fact, HSS
content doubled in the last two decades to make
up approximately 13% in 2007 [11]. Similarly,
aluminum alloys continue to replace low car-
bon steel, mainly in the engine, transmission,
and wheels, but more advanced concepts for all
aluminum bodies are implemented. The use of
aluminum increased from approximately 5% in
1980 to 9% in 2010 [11]. In addition, there is
also an increasing trend towards the use of mag-
nesium, plastics and polymer composites, which
account for approximately 0.2% and 8% of the
weight of the average US car, respectively [11].
Several major research projects have examined
the mass-reduction potential for future vehicles
[12, 13, 14, 15]. It is possible to reduce vehi-
cle mass relative to today by approximately 20%
with intensive use of HSS, an additional 20% re-
duction with extensive use of aluminum, magne-
sium, plastics and polymer composites, and up to
60% with extensive use of carbon fiber compos-
ites. Even though some studies indicate that the
higher costs of lightweight materials do not in-
crease vehicle costs, actual manufacturing costs
are very much dependent on the particular mate-
rials used and the associated changes in tooling
and assembly. Ultimately, manufacturing costs
are expected to increase with the application of
advanced materials. Figure 1 shows the esti-
mated additional manufacturer cost per kg re-
duced as a function of glider mass reduction from
a collection of cost analysis [1, 5, 16]. An ex-
change rate of 0.8 Euro to 1 USD has been used
to compare reports prepared in different curren-
cies. All prices are inflation adjusted to 2011
according to the US consumer price index. An
exponential cost function has been used to pre-
dict for increasing marginal costs for increasing
weight reduction
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Figure 1: Lightweighting cost estimates [1, 5, 16] and
exponential marginal cost function.

MCjyy = CRFyy, - a - ePAMw (1)

A fit to the data points shown in Figure 1 with an
exponential cost function of the form of Eq.(1)
yields a = 3 and b = 2.9. Although many in-
dividual lightweighting options are mutually ex-
clusive, these studies represent the gross aggre-
gation of many options that lead to the choice
of this smoothly continous cost model. To ex-
press marginal costs as a function of kg glider
mass reduction instead of % reduction, the coeffi-
cient b has to be expressed relative to the baseline
glider mass. The baseline vehicle configurations
described in the following sections form the ba-
sis for the application of lightweight materials. It
is assumed that the selected glider material com-
position and lightweiﬁhtin% marginal cost curve
1s representative for the reference midsize BEV.
If a different reference material composition is
assumed, the lightweighting cost curve needs to
be adjusted accordingly. A cost reduction fac-
tor CRFy,, is introduced to describe future cost
reductions due to learning effects and mass pro-
duction. It is used in section 2.5 for scenario and
sensitivity analysis. Lightweighting costs Cyy, as
a function of weight reduction are found by inte-
grating the marginal cost function

Cro = / MCh, - d(Amyy,) ®)

:% - CRF},, - (ePAmw — 1) 3)

2.2 Energy consumption and influence
of vehicle mass
This section explains the approach used to cal-

culate the energy consumption of the baseline
BEV configuration as shown in Table 1, as well
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as how to determine its sensitivity to mass reduc-
tion. The chracteristics in Table 1 are assumed to
be representative for a midsize BEV in 2012. The
values for vehicle mass, motor power, battery ca-
pacity, and retail price are based on BEVs in the
medium passenger car segment (e.g. the Nissan
Leaf, Renault Fluence Z.E., etc.) from a review
of electric vehicles currently on the market or in
development. Estimates for vehicle frontal area
A¢, aerodynamic drag cq, and tyre rolling resis-
tance c, are based on typical values found for
these vehicles and comparison with other sources
[20]. In terms of materials, current BEV models
are mostly based on previous ICEV model. Ex-
ceptions include the BMW i3 (CFRP body, alu-
minium chassis), the VW e-Up (HSS), or Tesla
S (aluminum body). As such it is reasonable to
assume that ...

Table 1: Baseline vehicle characteristics for the 2012
medium segment BEV.

Mass (kg) 1500

Power (kW) 87

Battery capacity (kWh) 25

Retail Price ($2011) 43000

A¢ (m?) 2.2

cq (drag coefficient) 0.28

¢, (rolling resistance coefficient) 0.008
Battery type Li-Ton
Motor type PMSM
Transmission Single-speed

To model the energy consumption of the baseline
BEV and to assess its sensitivity to mass, we
employ a backward facing vehicle simulation
[21, 18] implemented in MATLAB/Simulink
in combination with a parametric analysis of
energy demand. The bacllzward simulation starts
by calculating the tractive power required at the
wheel over a predefined driving cycle. In the fol-
lowing we use the New European Driving Cycle
(NEDC), the standard test cycle for emission
certification of light-duty vehicles in Europe.
It consists of four repeated urban sections
followed by an extra-urban part. Though there
are concerns about the appropriateness of the
NEDC in assessing real-world emission levels of
ICEVs [19], we assume that it captures the basic
kinematic properties of BEV driving and that
a scaling factor can be introduced if necessary
or the results adjusted to another driving cycle.
The model structure is illustrated in Figure 2,
including the three main powertrain components
of a BEV generating losses, i.e. transmission,
motor/inverter, and battery. Based on current
BEV designs we consider a single-gear trans-
mission, permanent magnet synchronous electric
motor, and a Li-ion battery [17, 22, 23, 24, 25].
To model the efficiency of the motor and inverter
we use ORNL measurement data of the 2004
Toyota Prius combined permanent magnet
motor/inverter efficiency map [27]. The Prius
motor can deliver a peak power output of 50 kW
from 1200 to 1540 rpm. In order to match this
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peak power to the requirement listed in Table 1,
we linearly scale the motor torque and assume
the efficiency remains unaffected. Using this
approach we find an average cycle efficiency of
motor/inverter on the NEDC of 79%. In addition,
we assume mechanical drivetrain losses of 3%
[28], and an average accessory load of 1.5 kW
[25, 26]. Note however that accessory loads can
be much higher in extreme weather conditions.
Batteries are the most expensive and techni-
cally most challenging component of a BEV.
Therefore consideration of battery lifetime and
cycle efficiency is essential in optimizing the
techno-economic performance. Two common
forms of models employed [29] are the electrical
equivalent circuit [30] and models based on the
first principles of electrochemistry [31]. Most
studies conclude that efficiency and lifetime
depend, among other things, on cell temperature,
charﬁe/discharge rate, state of charge, and
depth of discharge. It is out of the scope of
this analysis to model these effects, instead
we use appropriate results from the literature.
Similar to [32, 28, 33, 35] we assume an average
discharge/charge efficiency of 98% for Li-ion
batteries used in BEVs on the NEDC. Targets set
by car and battery manufacturers for calendar
and deep-cycle life are typically about 10 years
and 5000 cycles, respectively. However, it is
not yet clear whether current batteries can meet
these targets, especially at more severe ambient
temperatures [22]. In this analysis we assume
a calendar life of ten years for average use at
moderate temperature.

Accessory
Vehlcle. | Tr_anfs- || Motor/ | | Battery
dynamics mission Inverter
Power flow: Simulation —>
Charger
Real -<—

Figure 2: Schematic of the BEV model structure in
backward simulation.

In order to estimate the dependence of energy

consumption on mass, and hence the influence

of weight reduction on energy use, we quickly

review the basic equations of motion governin

longitudinal vehicle dynamics. On a flat road,

%he mechanical power at the wheel Py, is given
y

where P, is the power necessary to overcome
aerodynamic drag, P, rolling resistance, and P,
the power necessary for acceleration or power
available from deceleration. The individual con-
tributions of P,, P, and P, to the mechanical
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power at the wheel Py, acting on the baseline ve-
hicle driving the NEDC are shown in Figure 3.

30} | [__] Aerodynamic drag ]‘
I Rolling resistance f
[Kinetic energy

20t

Power at wheel (kW)

0 200 400 600 800 1000 1200
Time (s)

Figure 3: Power at the wheel of the baseline vehicle
on the NEDC.

In the case of conventional vehicles without recu-
peration, the energy consumption E.,, can be
calculated by integrating the power demand at
the wheel in traction phases, devided by the cycle
average vehicle efficiency 7yen

1

Tlveh

Econv =

/ (Pa+Pr +Pp)dt (5

tetrac

as described in [18]. Traction and braking phases
are characterized by positive and negative Py, re-
spectively. Electric vehicles offer the possibil-
ity to recuperate parts of the kinetic energy used
for acceleration by reconverting negative power
at the wheel through the powertrain into electric
energy in the battery. If 7, and 7. are the cy-
cle average battery-to-wheel (BtW) and wheel-
to-battery (WtB) efficiency, respectively, the en-
ergy consumption for an electric vehicle Eg, is
given by

/ (Po+ Py + Pyy) dt (6)
tetrac
+ Mrec - / (Pa + Pr + Pm) dt

tebrake

Note that the sum in the second integral is nega-
tive, i.e. reduces the net energy consumption. 7,
and nyec include the efficiencies of the compo-
nents transmission, motor/inverter, and battery,
in traction and braking phases

Tlpt = Ttransg, * nmot/invtr * Thatqis (7)
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Trec = Ntransy, * f’71r1(10t/i1'1vb,r * Mhaten (8)

In general, the efficiency of energy conversion
of the electric motor is different in motor and
generator mode for the same speed and opposite
torque demand/supply [18]. However, since
no information on the efficiency of the motor
considered was available in generator mode,
we assume it to be the same as in motor mode.
We also assume the same efficiency for battery
charging and discharging [32, 28, 33]. With
these assumptions the recuperation efficiency
Nrec 18 equivalent to the battery-to-wheel effi-
ciency 7pt.

As outlined in [18] the phases of traction, coast-
ing, and braking can be separated by calculating
the coasting velocity. Based on this approach the
contributions of P,, P, and P, to the mechan-
ical energy demand and hence energy consump-
tion can be evaluated as a function of vehicle and
driving cycle dependent coefficients

1
EeV:T.(Achf—&—Bcrm—}—Cm) ©)]
pt

+ Mrec - (A/ Cd Af + BI crm + C/ IH)

where m is the vehicle mass including the rota-
tional inertia of the wheels and motor rotor, and
A, B, C, A/, B, and (' are driving cycle param-
eters. Table 2 lists the coefficients calculated for
NEDC, the urban FTP-75, the highway HWFET,
and the Artemis 130 driving cycles.

Table 2: Mechanical energy demand parametrization
coefficients for the NEDC, the FTP-75, the HWFET,
and the Artemis 130 driving cycles.

NEDC FTP-75 HWFET Artemis 130

A 19100 12600 29200 36200
B 840 730 900 780
C 11.2 15.9 4.4 14.0
A 2890 2870 2100 5450
B’ 140 250 90 200
c 112 -15.9 -4.4 -14.0

Figure 4 shows the contributions of the aerody-
namic drag, rolling resistance, and kinetic energy
to the mechanical energy demand at the wheel of
the baseline vehicle specified in Table 1 on the
four considered cycles. Obviously the aerody-
namic drag is more important in the highway cy-
cle HWFET part due to higher speeds whereas
the kinetic energy fraction is higher in the urban
FTP-75 cycle due to more acceleration phases.
The recuperable part of the total energy demand
is higher in urban than highway driving due to
a higher fraction of kinetic to total energy and a
higher relative fraction of recuperable kinetic en-

ergy.
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Figure 4: Mechanical energy demand of the baseline
BEV on the NEDC, FTP-75, HWFET, and Artemis
130.

The battery-to-wheel energy consumption Epgy,
is calculated by taking into consideration the en-
ergy demand of accessory loads P,
f Pacc dt
Tbat

Ebtw = Ecv + (10)

For the calculation of the electricity cost to the
consumer additional energy losses of the bat-
tery charger are taken into account. At modest
charging levels (3 kW) an AC/DC battery charger
operates with an efficiency 7., of about 92%
[32, 33, 35]. With this the plug-to-wheel energy
consumption Epy.y is

Ebtw

(1)

E tw —
P Tlch

Based on Eq.(9-11) the sensitivity of energy con-
sumption to mass (keeping other vehicle charac-
teristics unchanged) can be assessed by calculat-
ing the partial derivatives

aEbtw 1 / /
7:7'Br+c+rec'B r+C
Bt = L (Bt O) e (B + €
(12)
8Eptw _ 8Ebtw

The calculated BtW and PtW energy consump-
tion for the baseline vehicle on the NEDC, as
well as the partial derivatives with respect to
mass, are summarized in Table 3. Note that the
energy consumption can be significantly higher
at extreme weather conditions and/or aggressive
driving.

2.3 Baseline vehicle cost structure today
and in 2030

In this section we estimate the manufacturing
costs of BEVs in 2012, 2020, and 2030 for the
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Table 3: Simulation results of energy consumption
and mass sensitivity for the baseline BEV on the
NEDC.

Ebtw (1500) 15.4
Ep () 167
O (tvm) 52
o Gtooe) 57

baseline configuration, i.e. without the applica-
tion of lightweight materials. This is done by as-
sessing the costs of components that are common
with conventional vehicles, plus the costs for ad-
ditional key components needed in a BEV, simi-
1321{ to the approach followed in [36, 37, 7, 38, 39,
].
Total manufacturing costs of the glider compo-
nents, i.e. body-in-white, closures, chassis, sus-
ension, single gear transmission, interior, and
ow-voltage electrical equippment are taken for
a medium size conventional vehicle from [1, 36,
25]. No future cost reductions are assumed for
these mature components. Additional compo-
nents considered for the BEV are a Li-ion battery
pack, permanent magnet motor, inverter, con-
troller, high voltage wiring, a DC/DC converter
for supply of accessory loads, and a 3kW charger.
The largest fraction of the battery costs increases
linearly with battery capacity (for the considered
battery capacity of the baseline BEV approxi-
mately 97%), and similarly costs of the motor
and inverter scale linearly with motor power out-
put. In this sense, additional BEV components
are divided into variable costs which scale lin-
early with capacity and power, and fixed costs
that are independent of battery energy content
and motor power. Fixed components include
high-voltage wiring, DC/DC converter, charger,
and some battery and motor safety and control
parts.
Due to technology improvements and the effects
of increased production volume of electric vehi-
cles, the weight and cost of BEV components
is expected to decrease in the future. This ef-
fect is anticipated to be particularly pronounced
for Li-ion batteries due to new electrode and
electrolyte materials of next-generation batter-
ies [43, 44, 45], and strong expected growth of
global electric vehicle production [46]. Figure 5
shows projections for Li-ion battery pack costs
from some recent studies [22, 40, 41, 42]. All
assume cost reductions due to a combination of
technical advances and mass production effects
based on rising sales volume of electric vehicles
and Li-ion batteries. If a range of values was in-
dicated it is shown here as an arithmetic mean.
Battery and motor component costs used in this
section are based on [22]. Table 4 summarizes
the assumed specific mass SM},, SM,,, and spe-

cific cost SCy,, SC,, of variable battery and mo-

tor components, i.e. parts of the battery and mo-
tor/inverter that scale linearly with battery energy
content and motor power, respectively. Note that
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Figure 5: Projections of Li-ion battery costs [22, 40,
41, 42].

these costs are expected to be the high volume,
unsubsidised costs to the vehicle manufacturer.

Table 4: Assumed specific mass and cost for battery
and motor/inverter components [22].

2012 2020 2030
SMp (28) 95 69 42
SM, (&) 091 081 070
SCh (mop) 775 413 238
SCp (55) 225 18.0 144

Due to the expected improvements in battery
energy and motor power density, the specific
mass of both components decreases. This anal-
ysis aims to compare future BEVs having the
same performance and range as assumed for the
baseline vehicle described for 2012 in Table 1.
Due to the reduction in specific mass, the future
BEV with same range and performance will be
lighter and as a consequence will consume less
energy. The weight reduction at constant range
R and performance due to reduction of specific
masses of battery and motor in the future can
be estimated as described in Eq.(14-16). Range
is defined here as the maximum range that can

be reached at full battery discharge, and per-

formance as the initial power to mass ratio Il;—g,

which is approximately inverse proportional to
the acceleration time. In Eq.(14) the total new
mass m of the vehicle is expressed as the sum
of the new battery my, motor my, and glider
mass myg (including the mass of fixed battery
and powertrain parts). In Eq.(16), the new en-
ergy consumption Ey,, is expressed as the orig-
inal consumption Eyy,, minus the reduction due
to weight reduction. Note that in this analysis no
additional future energy consumption reductions
due to, e.g., powertrain efficiency improvements
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are assumed.

m:mb+mp+mgl (14)

“R-Eppy - SMy 4 22 m-SMp fmg  (15)

mo

aEb w
=R (Bbtw, — ani - (mo —m)) - SM,
P
+ —0~m~SMp+mg1 (16)
mo

Solving for the new vehicle mass yields

R SMy - (Epw, — 2225 mg) + my

m
— Fo . 9M,, — Zbew . R - SM,

a7

Based on Eq.(17), the mass and energy consump-
tion of the baseline BEV configuration in the year
2020 and 2030 are adjusted relative to the BEV
in 2012 to account for the lower specific mass of
battery and motor/inverter in 2020 and 2030 ac-
cording to Table 4. The baseline BEV character-
istics, and the cost and weight structure for 2012,
2020, and 2030 are summarized in Table 5. Note
that range, performance, and the values of Ay, cq,
and cq are held constant. The ratio of 1.3 of the
purchase price of the BEV in 2012 (Table 1) and
total manufacturing costs as given in Table 5 is
in good agreement with a review of retail price
equivalent markup factors in [1].

2.4 Powertrain resizing

In the following the resizing effects of a smaller
required battery and motor when lightweight-
ing the glider at constant range and peformance
are examined. Glider lightweighting reduces the
BtW energy consumption as described in section
2.2. The reduced energy consumption results in
a lighter powertrain due to a smaller necessary
battery and motor at constant range and perfor-
mance. This first order effect in turn reduces en-
ergy consumption further and higher order sec-
ondary mass reductions are achieved. This recur-
sive sequence is described by Eq.(18,19), where
Amy is the glider mass reduction due to the ap-

plication of lightweight materials

m[0] =mg (18)
mn + 1] =my — Amg — my, - (1— EE;:%
. %}) (19)

which converges to

my, + Amgl — lghbtw - 1my,
two 20
m 20)

m =1mgy —
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Table 5: Baseline BEV characteristics, weight and cost structure in 2012, 2020, and 2030 keeping range and

performance constant.

2012 2020 2030
EChtwNEDC (1500 15.4 15.0 14.6
Battery capacity (kWh) 25 243 23.6
Range (km) 162 162 162
Power (kW) 87 82 87.5
Power/mass (kwg) 58 58 58
Mass (kg) Cost ($) | Mass (kg) Cost ($) | Mass (kg) Cost ($)
Glider (+ stable parts) 1183 11500 \ 1183 11500 \ 1183 11500
Variable parts
Battery 238 19375 168 10023 98.4 5610
Motor, Inverter 87 1958 82 1479 77.5 1114
Total manufacturing 1500 32832 1417 23002 1336 18222
From this the total vehicle mass reduction rela-
tive to primary glider mass reduction Anllnl fol- which converges to
g
lows
A Ebtw = EbtWO
m _m*mo aEbtw. A
Amg  Amg — om FL T (25)
- (mO _ mp) _ abtw . IEO mp
my, + Amg) — 2 - my, m btwo
= T (1)
mg - (1—3%) Substituting Eq.(25) in (21) yields
Eq.(20,21) depend on the new energy consump- Am 1 (26)
tion Ky, of the lightweighted vehicle which is Amg 1 — Do _ OBbee  _mp
a priori not known. E, can be either calcu- ™o )

lated iteratively for each level of lightweighting
applied, or by solving a second recursive equa-
tion which results in a solution for AATml as a
g
function of myg) applied. To do so, the new en-
ergy consumption is expressed as a function of

OEbtw
Amgl and “om

OEpiw
Ebtw :Ebtwo - aHkl)tl : Arngl
g
OEptw Am
=Ebtw. — . -A 22
btwo am Amgl mgl ( )

Substituting Eq.(21) in (22) we find the recursive
function for Eyy

Ebtw [0] = Ebtwo (23)
alabtw
Eptwn + 1] =Eptw, — “om
(mp, + Amg) — EE}’#“L[:] -my)
i m)
(24)

This factor indicates the change of total vehicle
mass to primary glider weight reduction. It in-
cludes the achieved powertrain mass reduction
Amp; = Amy, + Amy, of battery and motor that
can be achieved at constant range and power to
mass ratio. It is a function of the initial vehicle,
battery and motor mass, initial energy consump-
tion, and the partial derivative of energy con-
sumption with respect to mass (which was deter-
mined in section 2.2). Accordingly the total pow-
ertrain mass reduction due to resizing the battery
and motor (keeping range and performance con-
stant) relative to the applied glider mass reduc-
tion 18

Amp;  Am — Amyg

Amyg) Amyg
= 1 1 27
T _Mp _ OBpyy . _mp @7
mo Om Ebtwg

In the preceeding equations the initial battery
mass can be equally expressed as a function of
the ranﬁ R and the specific battery mass SMy,:
mp, = R Eptw, - SMyp, and the initial motor mass

as mp = P - SM,,. Substituting in Eq.(27) yields
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Ampt - 1

Amg (1 - % R. QM — 2.9M))

(28)

which is a simple, analytical expression for the
estimation of battery and motor mass reduction
that can be achieved with lightweighting the
glider at a given range and performance. Note
that battery and motor sizing effects investigated
in this section also define achievable powertrain
cost reductions as cost an mass are linearly re-
lated. The cost implications are outlined in the
next section.

2.5 Cost minimization and scenario
analysis

2.5.1 Baseline scenario

As described in section 2.3 total manufacturing
costs for the baseline BEV configration are the
sum of glider, battery, and motor costs. With the
application of lightweighting, additional costs
according to Eq.(3) have to be taken into ac-
count. In order to find the optimal implementa-
tion of lightweighting, total manufacturing costs
Cman are decomposed into baseline costs Cyy,
lightweighting costs Cjy,, and cost reductions due
t(CJ)Ra smaller required battery CRj; and motor
P

Cman = Cbl + Clw - CRb — CRp (29)

CRy, and CR}, are based on the assumption of

constant range R and performance % and are ex-
pressed as a function of lightweighting applied

CRy, = CRFy, - SCh - (R - (EChiwy — EChiw))  (30)
CRp = CRF,, - SCy, - (Po — % - (mo — Am))  (31)

where ECy, and Am are expressed according
to Eq.(25, 26) with Am,; replaced by Amy,.
The cost minimum is found by setting the partial
derivative ggigﬁn to zero

acman _
BAmlw =0

(32)

The solution for optimal weight reduction
Amy,,, is parameterized as a function of spe-

cific battery and powertrain costs, lightweighting
marginal costs, and associated cost reduction fac-
tors. A tipping point for marginal lightweighting
cost MCy,;, exists up to which the application
of lightweighting reduces manufacturing costs.
Total costs, Cio: are calculated as manufactur-
ing costs plus vehicle lifetime electricity costs for
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120’000 km of travel, PtW energy consumption
as defined in Eq.(11), and average US retail price
of electricity to ultimate customers in residential
sector according to [50]. The optimal weight re-
duction minimizing total costs is equally found
analytically by setting the partial derivative to
zero and solving for ﬁmlwopt. Future electricity

savings are not discounted. To solely analyze the
impacts of the trend towards declining technol-
ogy and rising electricity costs, no difference in
battery, motor, and lightweighting cost reduction
is assumed, i.e. the sames cost reduction factors
are applied in this scenario: CRF = 0.6 in 2020,
and 0.4 in 2030.

Table 6: Assumed electricity price according to [50].

2012 2020 2030

SCq (Senty 117 129 154

The breakdown of manufacturing and electricity
cost as a function of applied glider mass reduc-
tion through lightweighting, is shown in Figure 6.
The optimization results in this scenario are sum-
marized in Table 7. Optimal glider mass reduc-
tion is found to be 450 and 490 kg in 2012, reduc-
ing manufacturing costs by 4.9% and total costs
by 4.6%, respectively. As a result of the assumed
reduction of battery and motor costs, higher cost
savings with lightweighting can be achieved to-
day than in future. The reduction of BEV com-
{mnent costs and the increase of electricity price
eads to a higher relative share of electricity to to-
tal costs in the future, which in turn increases the
gap between the optimal solutions based on mini-
mizing manfacturing versus total costs. Whether
the optimum level of weight reduction will de-
crease or increase depends on the relative devel-
opment of battery vs. lightweighting costs.

Table 7: Optimization results in the baseline scenario.

2012 2020 2030

Manufacturing costs
Amy,,  (kg) 450 437 423

ACpan(%) 49 37 28
MChy,, () 91 53 34

Manufacturing and electricity costs

Amy,,, (kg) 490 506 540
AC;0(%) 46 33 22
MCy,, () 100 62 45

2.5.2 Sensitivity analysis

The analytic form of the solution allows one
to analyse the dependence of the optimization
results with respect to all input parameters as
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Figure 6: Breakdown of OEM manufacturing and electricity cost as a function of primary mass reduction for the
baseline scenario in 2012, 2020, 2030. Red points indicate minimal manufacturing costs, blue points minimal total

costs.

well as to adjust the solution to a certain sce-
nario. This section investigates the sensitivity of
optimal mass reduction with respect to the as-
sumed cost reduction factors for principal com-
Eonents. As shown in Figure 6, battery and at a
igher degree of mass reduction also lightweight-
ing costs are the two main contributors to manu-
facturing costs. Figure 7 shows the sensitivity
of optimal mass reduction minimizing manufac-
turing costs to lightweighting and battery costs
for 2012, 2020, and 2030. Each surface indicates
the sensitivity of optimal mass reduction within
arange of 20% higher to 20% lower lightweight-
ing and battery cost reduction as assumed for this
scenario which is represented by a red point for
the respective year. The analysis shows that the
sensitivity of optimal weight reduction increases
in the future as a result of the less well defined
cost minimum.
Figure 8 shows the optimal weight reduction
minimizing total costs as a function of the elec-
tricity price. Note that if for example the elec-
tricity 18 generated in solar PV plants for which
levelized cost are anroximately a factor of 2.2
higher [50], optimal mass reduction is consider-
ably higher than for the electricity prices used in
this scenario. At zero electricity cost the solu-
tion is equal to optimal mass reduction minimiz-
ing manufacturing cost.

3 Conclusion

This paper presents a concise, analytic method-
ology to determine the optimal amount of
lightweighting for BEVs. This is based on mini-
mizing the marginal costs of vehicle lightweight-
ing with the cost reductions due to a smaller
battery and motor required to maintain constant

o
o
o

200~

Optimal Mass Reduction (kg)
ES
3

Wt

GC&”

Figure 7: Optimal weight reduction minimizing man-
ufacturing costs. Red points indicate the baseline val-
ues and each surface the sensitivity of optimal mass
reduction within a range of 20% higher to 20% lower
lightweighting and battery cost reduction factors.
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Figure 8: Optimal weight reduction minimizing to-
tal manufacturing and electricity costs as a function
of electricity price. Blue points indicate the baseline
value for the respective year.

range and performance. The powertrain resizing
effect is analytically determined. Current tech-
nology costs indicate that for the baseline BEV,
optimal glider mass reduction of about 450 kg
leads to manufacturing cost reductions of 4.9%.
It is shown that declining battery and motor costs
reduce the absolute importance of lightweighting
in reducing BEV costs over time, and that rising
electricity costs increase the gap between the op-
timal solutions, based on minimizing manufac-
turing vs. total costs. Whether the optimum level
of weight reduction will decrease or increase de-
pends on the relative development of battery vs.
lightweighting costs. The sensitivity of the op-
timal lightweighting to critical cost parameters
has been evaluated, and is shown to increase over
time.

In addition to cost and range, other criteria such
as safety and environmental impacts are also im-
portant to consumers and the society. Vehicle
manufacturers should consider these aspects in
their decision about the best lightweighting strat-
egy. The methodology presented in this pa-
per allows the potential economic benefits of
lightweighting to be determined early in the ve-
hicle development process. It can be easily modi-
fied to be applied to other drivetrain types and ve-
hicle market segments, and to include other opti-
mization objectives.
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