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Aim of this document

This document gathers all detailed calculation for obtaining the parametrized equations to
calculate energy consumption of GV and BEV. It is divided into three sections. The first
section is an overview which presents the main equations of the model. The second section
focuses on the energy consumption assumptions and equations (external forces, powertrain
losses, ect.). The third section presents the integration model, with all assumptions and
detailed calculations.
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1- Overview of the model

1.1- Physical Drivers included in the power demand modelling

Table S1: Raw equations used in the methodology to parametrize power demand of

automobile.
Equation Other
source
Rolling Proliing = ToMgvcosd = ryMgv s
Aerodynamic Piero = 0.5 pCpAv® L
drag
Inertia dv s
Pinertia = MEU
Rotating inertia I, dv =2
Protating = 4#&”

Grade Pyrage = Mgvsing 35
Additional drag Pyina = 0.5 pCpAvvd; 4 68
due to wind

T [-] rolling factor; M [kg] vehicle weight; v [m/s] vehicle speed; p [-] air density; C,4 [-] drag coefficient;
A [m?] vehicle frontal area; I,, [] polar moment of the inertia of the wheels; r,, [m] effective radius of the wheels;
0 [rad] road slope; v,,inq [M/s] : wind speed

‘

Thermodynamic p 1, 14,9
thermo rcy_l in,GV
Frictions fmep,DN 410,11
Pp = 4z mPi v
Thermal P = (QoD + qPingy) 2
Injection Pinj = PraPin "
Pumping pODN3 4,13,14
foump = 47—
Cold Start Es = ¢k ®

P;, [W] power demand; N [rad/s] engine speed; T [N] engine torque; 1. [-] compression ratio; y [-] heat capacity
ratio; fmep, [kPa] friction mean pressure at no load; D [L] engine displacement; m [-] effective manifold intake loss;
Q, [kPa/s] insulation losses at no load; q [-] effective combustion losses; ¢4 [-] fuel-air ratio loss; pg [kPa.s2]
pumping mean effect at no load; ¢, [J/W/m] cold start constant; P, [W] maximum power of the engine.

Core FPeore = 6Pin,BEV 1617
Conductive Prop = €T?
Converter Pother = B
Friction Pother = alN

P;, [W] power demand; N [rad/s] engine speed; T [N] engine torque; a [J], B[W], 8[—], £[s. kg~1] electric engine
characteristic constant.

Frictions Pirans = (aerP.N + cPipgr) e

Synchronization Esynchro = S.d

P;, [W] power demand; N [rad/s] engine speed; P, [W] maximum power of the engine; a,. [s], ¢ [-] drivetrain
characteristic constant; S [J/m] synchronization loss constant; d [m] distance traveled.

21-24

Charging

Pcharging = (1 - ncharging)Pin,charg




Discharging

Pin pat
Pdischarging = R(%)z

P, [W] power demand; fcpqrg [-] battery charging efficiency; R [ohm] internal resistance of the battery; U [V] battery
voltage.

Regen. (2B — Bjj)? 25,26
Pregen = 4Bz Pinertia

Pinertia [W] power demand for inertia; B [m/s?] mean deceleration during braking; By, [m/s?] safety limit of
regenerative braking deceleration.

Accessories _ 22
Pacc - Pheat +Pcool + Pel

Ppeat [W] hot air conditioning power demand; P.,;q [W] cold air conditioning power demand; P ;.. [W] electronic
power demand from the engine.
Computed N° Equation

Source

Parameter

Gasoline Engine Nagr = (1 =127 —pa—q +m)

Electric Engine Napevy = (1 —6)

Drivetrain Nigr =C

Battery Na,pat = Ncharging

Regen. (2B — Bjim)?
Naregen =1 ————p7

Energy Loss per _ l
distance ElOSS - dfploss (t)dt

Pyoss [W] sum of all the losses previously presented; d [m] distance traveled.

ECss =

Conversion 1 {AGV =10 LHVq 1,11

—FE
A loss ABEV = 36

A conversion factor; LHV 4 [J/kg] Lower Heating Value of the gasoline.

1.2 - Equations for the energy consumption of the vehicle

Table S2: Raw equations used in the methodology to parametrize energy consumption of
automobile. The colors identify the contributors: the car body (in blue), the powertrain (in
orange) and the dynamic variables (in gray) which are functions of the driver and the path.

Driver Result for GV Results for BEV
Rolling EC roMgj, cy EC — roMg
i = lling, BEV —
Tolling GV TN e ar Torng Apevilaeevilaarldpat
Aerodynamic ECporocr = 0.5 pCpAJs ey ECpuroppy = 0.5 pCpAJs ey
aero, - aero,. -
drag Aevn g 6y ar ApevNapevMaarapar
Inertia & 41 41
. . (M + —ZW)KI (M + —Zw)(l . nregen)Kl
Rotating Inertia EC v = Tw EC gy = Tw
mertia Gy = ———————— inertia, =
et Agvacyaar merta Apevasevlaadbat
Grade roMg3 roMgH
ECyradecv =7 ECgyradeBev =
grade Agvacvlaar grade Apevlasevlaadba




Additional drag EC... _ _0.5pCpoAW EC.., _ 0.5 pCprAW
due to wind wind,GV AGVnd vl d.dr wind,BEV
1o [-] rolling factor; M [kg] vehicle weight; p [-] air density; C4 [-] drag coefficient;

A [m?] vehicle frontal area; I, [] polar moment of the inertia of the wheels; r,, [m] effective radius of the wheels;
J1[=1.J3 [m?/s?], K{[m/s?],  [—], W [m?/s?] dynamic variable integrals of the speed, the speed cube, the
inertia, the slope and the wind; A conversion factor; Ng gy [—], Magev [=], Naar [=], Mapae [-] differential
efficiencies of resp. the gasoline engine, the electric engine, the drivetrain and the battery.

Subletters GV refer to gasoline vehicles and BEV to electric vehicles.

ApevNa.BevNd.drdbat

Frictions EC fmepoD(L, o, + Nigietiaie)
GV =
fr ATAgyilacy
Thermal EC _ QOD(]()_GV + tidle)
thermal,GV — 47TAGV77[I o
Pumping EC _PoDLyq, + Nigietiare)
GV =
pump AtAgylacy
Cold Start P,
ECyqgp =——
i dAgyacvaar

fmep, [kPa] friction mean pressure at no load; D [L] engine displacement; Q, [kPa/s] insulation losses at no load;
Po [kPa.s2] pumping mean effect at no load; ¢ [J/W/m] cold start constant; N;4;, [rad/s] the engine speed during
idling; P, [W] maximum power of the engine; £; [m™1], L5 [s72],Jo[s.m™ 1], t;g.[s.m 1] dynamic variable
integrals of the engine speed, the engine speed cube, the time, and the idling time; A conversion factor;

Nacv [=], Naar [—] differential efficiencies of resp. the gasoline engine and the drivetrain; d [m] distance traveled.

Conductive _ T,
E Ccopper,BEV - A
BEVNd.BENd bat
Converter BJlygey
E Cconverter,BEV = A
BEV!d,BETd bat
Friction C _ a Ly pgy
ECjyppy = P —
BEVMd.BENd bat

a [J1, BIW], 8[—), [s. kg 1] electric engine characteristic constant; £; [m™1],Jo[s.m 1], T, [N*.s.m™1]
dynamic variable integrals of the engine speed, the time, and the square torque; 14 ey [—1, N4 par [—] differential
efficiencies of resp. the electric engine and the battery. A conversion factor.

Frictions a,P.Ly gy a,P.Lqygry
ECtrans,GV = ECtrans,BEV =
AgvNacvlaar Apgvlaeevadarldbat
Synchronization TurbanS Not concerned
ECsynchro,GV = A
evld.cv

P, [W] maximum power of the engine; a,, [s] drivetrain characteristic constant; S [J/m] synchronization loss
constant; £; [m~1] dynamic variable integrals of the engine speed; T'y,;pan [-] share of the distance traveled in
urban area; Mgy [—] Napev [=] Naar [=] Napa: [-] differential efficiencies of resp. the gasoline engine, the
electric engine, the drivetrain and the battery.

Driving _ RP,
ECgischarg,BEv = (TR —
BEV'Id bat

R [ohm] internal resistance of the battery; U [V] battery voltage; T, [W?.s.m™!] dynamic variable integrals of the
square power; A conversion factor; 4 pq: [—] differential efficiencies of the battery.

Accessories Pocc Joev + tiate) Pocc Jogev + tidte)

EC = EC =
acc,GV acc,BEV
Agvlacy ApgvNaBEvlldbat

Pacc = (Pheat + Peota + Perec) [W] total power of accessories; Jo[s.m™1], t;q.[s. m~1] dynamic variable integrals
of the time and idling time. 46y [—], Napev [—] Mapa: [—] differential efficiencies of resp. the electric engine and
the battery; A conversion factor.




1.3 — Dynamic variables integrals parametrization

Table S3: Raw equations used in the methodology to parametrize the dynamic variables
integrals. The colors identify the contributors: the car body (in blue), the powertrain (in
orange), the driver (in green) and the path (in red).

Vt?l:a 2 BEV
av Ki=piKq,
av? Ky = 1} Ky
2
uy Ky,
v Jiov = (1 —"—”) Jier =1
B
2
Uy Kl D
J38EV = H2]3, 1-(——
3 o, Ky, MpsKs, ) v/3p B
v ]3,GV - Hv]3,p 1- - (1 —Tacc 3
B HoP. 4 Mus; Kz'p)(l 2 )
—)(1 —r
H(J.PC ace
1 .ulzi Kl,p
2 3 Jopev = — Jop <1 —(
1 ]0 _ 1 ]0 1_ﬂvKl,p_MﬂvK2,p (1—‘)"2 ,le B
,GV — )
Hy ’ B HaPe “ N M.ul?; Kz.p)(l 2 )
—) (1 -
HaPe
2
MNN 2 Hy Kl,p
Ligy = (rurban_( ]0,p+ Trurai®r) [ 1 —
N Hy B I -, v
_ Mp3 Kz'p) N Mp? Ky, 1elec = Oelec
UoPe uP.
(.”VN)):;
L3cv = (Turban IM—L Jop™t rrural”rl‘%]?,,p) 1
3 v Not needed
N MKy, M Kz,p> N3Mu2 Ky,
B HoPe uP.
T2 Muz K
TZ Not needed :7,2 — HalmaxM iy 1,p
Kale
Plzn Not needed Py = (“aPe’M“lzi Kl.p) + Eczruise/]O,BEV
v.si JH=h
2K
URZ w=w2<1—%> W =w?

Parameters for the driver:

1, [—] Driver speed compliance ratio; B [m/s?] mean deceleration by the driver during braking; u, [—] Driver
acceleration aggressiveness; uy [—] Driver engine speed aggressiveness; N, [rad/s] engine speed during

acceleration.

Parameters for the path:

Ky, [Mm/s%], Kyp [m?/s?)], Jop [s/m], 33, [m?/s?],h [—] and w [m/s] are the dynamic variables integrals
evaluated with the target functions which only depends on the path.
Twrban |—] and Tyyrar [—] are resp. the share of the journey traveled in urban area and rural area.
Tacc |—] the ratio of average speed during acceleration to the final cruising speed.

Other parameters:

M [kg] the vehicle weight; ... [-] the BEV drive ratio; a,. [-] the GV drive ratio in rural areas; N, [rad/s] the GV default
engine speed in urban area; P, [W] maximum power of the engine; T qax [N] maximum torque of the engine;




1.4 — Example of PIEC equations

Table S4: Raw equations to some PIEC.

‘ Parameter Result for GV Unit
Mass (M) 100 1 kWh/100km/100kg
MIEC = —— . ——— (o9 + (l_nregen)K1+g}[)
36 Na,eNd,arNd,bat

Drag (Cd) CIEC = 1 0.5pA(J5 + w?J) kWh/100km/unit-

¢ 360 °  MgeNaarfabat
Rolling factor IEC = 1 MgJ, kWh/100km/0.001-
(r0) 0 = 36000 ¢

Na,eNd,drld,bat
Engine DIEC kWh/100km/L
Displacement 1 fmepy(£, o + Nigtetiare) + QOD(]QGV + tidle) +P,D(L,; ., + Nistetiare)
(6v) (D) =3
Nd,eNd,drlld,bat

Gear ratio (BEV) SIEC = i a+a,P, kWh/100km/unit-
(D) 36 Na,eNd,drMd,bat




2- Energy Consumption from Power Demand

In this section, a detailed analysis of all losses from the battery to the external forces are
presented (figure S1). For each loss:

(1) an equation characterizing the power loss is determined.

(2) if the power loss is proportional to the power demand, the differential efficiency
associated to this loss is computed.

(3) otherwise, the power losses are integrated over time. Three steps are required: (a)
propagation of the differential efficiencies, (b) introduction of the cycle variables, and (c)
conversion of the energy demand into energy consumption. Further explanations for these
three steps are given in the following section.

Nipat Prat Nigv/Misev Pev/Prev Niar Par Pyheel

[ || || |
L] v I m

Storage Engine Drivetrain Wheels
Pace
] Niregen Pregen Pinertia

W \ss s

Accessories Regenerative
Braking Inertia

Figure S1: Graphical representation of the energy conversion steps from tank to wheel. For
each element (names in red), the losses independent to the power demand (red arrows) and
the differential efficiencies (green arrows) are calculated.

2.1- Presentation of the steps for converting power losses into energy consumption

2.1.1) Propagation of differential efficiencies

As represented in the Figure S2, a given element (e) of the powertrain is supplied by a power
P;y, o and furnished the power P, ,; .. The difference between the power in and out
corresponds to the losses occurring during the energy conversion in the element. In this
paper, the term efficiency is limited to differential efficiency (n; .) , which describes the
losses that are proportional to the power supplied, as defined by Rohde-Brandenburger?®in
equation S1:

Zloss Pposs = (1 — 7"i,(a)Pin,e (Equation S1)



All other losses that are independent of power demand are treated as separate
contributions to vehicle consumption (X contrib Peontrin)-

Consequently, the equation S2 links the power supplied to the element (P, ) and the power
out of the element (Pyyt ¢ ):

Pin,e = Pout,e + Z Pioss = oute + (1 - 77i,e)Pin,e + z Peontriv

L L loss contrib
= Pin,e = 77fpout,e + fZContrib Pcontrib (Equation S2)
ie ie
(1 - ni,e)Pin,e § Pcontrib
1 1
p Losses proportional to ni,ePin,e Losses independent from
ine — Lout,e

P ine P in,e

Powertrain Element

Figure S2: Graphical representation of the losses in a powertrain element. This power
supplied (Py, ) is equal to the sum of the power required out of the system (P,,; ) and the
power lost. The losses are separated in two categories: the losses proportional to the power

supplied and the losses that are independent of this power supplied.

As seen in the figure S1, the powertrain elements are organized following the energy
conversion and transmission from tank to wheels. The power out of an element corresponds
to the power supplied to the following element. Therefore, the differential efficiencies of an
element applied to the losses of all subsequent elements of the powertrain. For example,
the power loss to overcome the external forces are divided by the differential efficiencies of
all powertrain elements.

2.1.2) Dynamic variable integrals

To obtain the energy consumption associated to a power loss, this power loss should be
integrated over time as shown in Equation S3:

Ein == [ Py (t)dt (Equation S3)

Therefore, all dynamic variables introduced in the power loss equations (e.g. speed, engine
speed, torque) should be integrated over time. The following notation are used to parametrize
these integrals:



K, = %favdt;
K, = %favzdt;

Jo= %fdt;

J1= %fvdt;
J3 = %fv3dt;
L= %det;

Ly = %fN‘?’dt;
T,= < [T?dt;
P, = %szdt;
H = %fvsin@dt;

w = %f VU2 ima At

The section 3 of this document will present the original approach developed to calculate
these parameters as a function of the path and the driver behavior.

2.1.3) Conversion of energy demand in vehicle’s energy consumption

The Energy demand E};, obtained in Equation SI-28 is given in [J/m] and should be converted
in [[/100km] for GV and in [kWh/100km] for BEV. For GV, the energy demand is
converted into gasoline volume using the lower heating value LHV, of the gasoline, which is
given in [M]/L]. To obtain [I/100km], the energy demand is multiplied by a factor 10° and
the LHV by a factor 10°. Finally, we obtain the following equation:

10°E;, 1

ECqy [1/100km] = - E;
av 1L/ m] 10°LHV,  10LHV, ™

Regarding BEV, energy demand is multiplied by a factor 10° to convert it per 100km and
converted in kWh with the ratio 1kWh = 3.6 10°. Finally, we obtain the following equation:
10° 1

EC kWh/100km| = ——E;, = —
BEV | / m] 36106~ 36

Ein

The conversion is generalized by introducing a conversion factor A that depends on the

powertrain (Equation S4):

EC = 1E {AG" = 1OLHVy ¢ uation sa
= 2B U pp, =36 (Equation S4)

2.2- Equations the energy consumption from battery to external forces

2.2.1) Battery Losses

Charging Process

10



Charging losses can be modeled by a constant loss P.pqrging [W] due to AC/DC conversion
and internal resistances 2223, As P,,,; [W] the power of the supplied to charge the battery is
also constant, the energy consumed by the charging loss is proportional to the energy
demand as shown by the following calculations:

Py, = (Pcharging + Pout) = Pcharging =(1- ncharg)Pin (Equation S5)

Pout

With Ncharg =

Pcharging +Pout

Discharging Process

For driving losses in the battery, the power that travels in the battery is not constant
anymore. The voltage U [V] of the battery is considered constant while the intensity / [A]
varies as a function of the power demand. As shown by the literature???, the power
furnished or stored by the battery and the intensity are proportional based on electric
properties:

P=Ul
This relationship leads to the final equation of the battery losses for discharging and for
regenerative charging:

Pinba .
Pdischarging = R(%)Z (Equation S6)

R [ohm] is the internal resistance of the battery, U [V] the voltage, P;;, q:[W] the power
demand of the battery.

Differential efficiency of the battery and energy consumption of other losses

By summing the terms proportional to P;,,, the equation S7 is obtained for differential
efficiency of the battery:

Mbat = Ncharging (Equation S7)

Other losses which are not proportional to P;,, they lead to energy consumption
independent to other losses. After integration, the expression S8 is obtained.

RP2 (Equation S8)

ECy; =_—2
discharg,BEV U2 ApEvitibar

2.2.2) Gasoline Engine Losses

Thermodynamic and injection Losses

The engine in this model operates on the Otto cycle, which directly determines its
thermodynamic efficiency. The thermodynamic losses are expressed by the equation S9%°.

1 .
Pihermo = rCY_—lPin (Equation S9)

where 7, represents the compression ratio, and y is the specific heat ratio of the working fluid,
typically around 1.4 for air and P;,[W] the power demand.

11



Moreover, injection losses are also considered. It refers to the reduction in efficiency due to
deviations from the ideal fuel-air cycle. The loss is characterized by the equation S10%*
Pyj = ¢raPm (Equation S10)

With ¢z, [-] representing the fuel-air ratio relative to stoichiometric.

Pihermo and Py, are calculated in [W].

Friction and pumping Losses

Friction losses represent the energy dissipated as heat due to friction between the moving
parts within an engine. This phenomenon occurs because various engine components, such
as the pistons, crankshaft, camshaft, and valves, must overcome internal resistance as they
move and interact. In the literature, these friction losses are often modeled as being
proportional to engine displacement D [L] and engine speed N [rad/s] 111, For pumping loss,
several different expressions have been found in the literature. Sandoval et al.}* demonstrated
that a significant portion of these losses can be attributed to “pumping,” with valve pumping
losses and intake manifold losses being the most significant contributors. Yagi et al.!3 showed
that part of the pumping was proportional to N3, which aligns with Sandoval’s findings for
valve pumping losses. Ross* proposed a model for manifold loss: at no load, manifold losses
are proportional to engine speed and displacement (like mechanical losses), but manifold is
also dependent on the torque as it decreases proportionally with power demand. This
description is consistent with Sandoval’s model. All other terms introduced by Sandoval are
neglected. In our model, the frictions and the manifold losses have been compiled in Py, (Eq.
§11) and the valve pumping loss is expressed in Pyymy (EQ. S12).

__ fmepoDN

Pr = — — mP;, (Equation S11)
Poump = Z—;DN3 (Equation S12)

fmep, [kPa] represents the friction loss at no load due to mechanical friction and the
manifold loss.

mP;, indicates the reduction in manifold loss as the throttle opens.

Po [kPa.s2] represents the pumping loss at no load due to valve pumping loss.

N [rad/s] is the engine speed.

D [L] represents the engine displacement.

P¢, and P,y are calculated in [W].

NB: The 4 comes from the conversion from Ross equation where N is given in rotation per
second to Sl unit for N in rad/s.

Thermal Losses

Thermal losses can be divided into two categories: losses due to the partial thermal energy
of the combustion that is lost (incomplete combustion) and the thermal energy consumed to
maintain the engine at its operating temperature*!2. Based on the model from Muranaka et

12



al.’?, it has been determined that incomplete combustion led to a loss proportional to the
power demand while the heat loss through the wall of the engine can be modeled with a
constant loss proportional to the size of the cylinders characterized by the displacement:

Pinermar = (QoD + qP;,) (Equation S13)
With Q, [kPa/s] and q [—] constant depending on the engine insulation and performances.
Cold Start

Cold start conditions lead to additional losses at the beginning of a trip because the engine is
not yet at its optimal operating temperature. A cold engine experiences more losses than a
hot engine due to increased internal friction and inefficient fuel combustion. As no simplified
equations have been found, the cold start has been modeled based on average values from
the EPA engines®®. The average energy lost per trip due to cold start is modeled with the
equation S14:

E.s = c4P, (Equation S14)

With ¢, [s] a constant calculated based on EPA testing.

Idling

During idling, all losses (thermodynamics, friction, pumping and thermal losses) continue to
consume energy. The engine operates at no load, with an engine speed at idle N, that
depends on the engine. The energy consumed due to idling has been directly included in the
contribution of the losses. Note that for engine equipped with start-and-stop system, idling
is neglected. The losses due to idling become null.

Differential efficiency of the gasoline engine and energy consumption of other losses

By summing the terms proportional to P;,, the equation S15 is obtained for differential
efficiency of the gasoline engine:

Nigy = (1 =17 = ¢,, —q +m) (Equation S15)

Other losses which are not proportional to P;,, they lead to energy consumption
independent to other losses. After integration, the expressions S16 to S19 are obtained.

__ fmepoD(Ly ;y+Nigietiate) .
ECpygy = rETV— (Equation S16)
QOD(]() GV+tidle) H
EC = ——>—— (Equation S17
thermal,GV 4mAgynicy ( q )

3
__ PoD(Ls gy tNigietiate)

ECpump,ev = pop— (Equation S18)
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CsPe

ECesev = (Equation S19)

dAgvniGvNidr

2.2.3) Electric Engine Losses

Mahmoudi'® and Roshandel'’ demonstrates that four main losses occurred in electric
engines: copper loss, core loss, converter losses and mechanical losses. From the efficiency
maps they built and from their different reviews, they concluded that copper loss can be
considered in most technologies as proportional to the square of the torque T2. Core loss
are proportional to power demand. We can suppose that mechanical losses are proportional
to engine speed as for gasoline engine case, and that converter losses are constant. Finally,
we obtain the equation proposed in the paper for the power loss of electric engine (Eq. S20)

Piysses = OPiy + €T? + aN + f (Equation S20)

With P, [W] the power demand of the engine; N [rad/s] the engine speed; T [N] the engine
torque; a [J], B[W],8[—], e[s. kg1] electric engine characteristic constants.

Differential efficiency of the electric engine and energy consumption of other losses

By summing the terms proportional to P;,, the equation S21 is obtained for differential
efficiency of the electric engine.

nigey = 1 — 6 (Equation S21)

Other losses which are not proportional to P;,, they lead to energy consumption
independent to other losses. After integration, the expressions S22 to S24 are obtained.

_ £T .
ECC()pper'BEV B ABEVNi,BEM,bat (Equation 522)
BJo .
ECconverter,BEV = W::;ibat (Equation S23)
ECer pey = — Chs_ (Equation $24)

ABEVNi,BEVNibat

2.2.4) Accessories

Accessories demand can be decomposed in three parts>?’ : the power from electronic of the
car, the air conditioning for cooling the vehicle in summer and the heating of the vehicle in
winter. The power demand from the accessories of the vehicle can thus be written with
equation S25.
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Pocc = Preat + Peoot + Pei (Equation S25)

With Ppegr [W], Peoor [W] , P [W] the power of resp. the heat demand, the cooling
demand, and the electronic demand.

Energy consumption of accessories

By considering that the power demand from the accessories in constant over time, the
equation S26 and S27 are obtained to compute the energy consumption of accessories.

ECuecgy = Pace Jo6v) £ the Gv. (Equation S26)

Agvnle Gy

ECgec gy = —2cUOBEV)_ ¢4 the BEV. (Equation 527)

ABEVNi,BEVTi bat
2.2.5) Drivetrain

Literature review showed that the drivetrain losses can be classified in three categories: the
friction losses in the gearbox, the friction losses in the driveline and the synchronization
losses in the gearbox 1820,

Synchronization in the gearbox

Synchronization losses occur in the gearbox only during launches of the vehicle and
gearshifts. Thus this loss is specific to thermal vehicles equipped with gearboxes. Based on
the works of Habermehl with different driving cycles that synchronization on highway is
negligeable. We illustrate in the excel file (Supplementary Information SI-2) that the
synchronization energy demand is proportional to the distance traveled in urban area,
leading to equation S28.

Esynchrou = S- durpan (Equation S28)

With S [J/m] the synchronization loss constant and d,,;,4n [M] the distance traveled in urban
area.

Frictions in the gearbox and driveline

Friction losses are due to friction between the parts of the transmission, occurring in the
gearbox and along the axles that composes the drivetrain. It has been demonstrated that a
part of mechanical frictions is torque dependent while another part is torque independent,
solely proportional to the engine speed and the size of the engine'®'°. For these reasons, the
transmission has been modeled with the following expression S29 which is valid for both
gasoline engines and electric engines.

Pirans = (auP.N + cP;;,) (Equation S29)

With P,,,; [W] the power supplied to the drivetrain; N [rad/s] the engine speed; P, [W] the
maximum power of the engine and a;, [s], c [-] drivetrain characteristic constants.
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Differential efficiency of the drivetrain and other independent losses

By summing the terms proportional to P;,, the equation S30 is obtained for differential
efficiency of the drivetrain:
Nar = c (Equation S30)

Other losses which are not proportional to P;,, they lead to energy consumption
independent to other losses. After integration, the expressions S31 and S32 are obtained for
GV.

ay-Pelq gy
AgynigvNiar

r S .
ECsynchro,GV = % (Equation S32)

ECtrans,GV = (Equation 531)

And Equation S33 is obtained for BEV.

apyPeL .
EC ansBev = a_e~LBEV ___ (Equation $33)
’ ABEVNi,BEVNi,drNibat

2.2.6) Regenerative Losses

Regenerative braking is a system in automobiles that captures the energy typically lost during
braking by converting it into electrical energy. This recovered energy is then stored in the
vehicle's battery and can be used to power the car. This section aims to estimate the
proportion of inertia that can be recovered.

The serial strategy as depicted by Qiu et al.?® is modeled in this paper (see figure S2).
Regenerative braking is used during braking until it reaches a limit of braking force. This limit
is reached when maximum braking power that the engine or the battery can produce?® or for
safety measures?®. In his paper, Ruan® demonstrates that for safety optimization, braking
deceleration recovered by regenerative braking should not exceed 0.13g, i.e around B;;;,=1.3
m/s-2. For deceleration above the limit, the supplementary deceleration is provided by
mechanical braking, which cannot be recovered by the engine.

The analysis of the driving cycles enables to estimate the mean braking deceleration provided
by the driver B exerts on the vehicle. From the analysis, we also noticed that the maximum
braking deceleration of the vehicle is around 2B. We consider in the following a uniform
distribution of decelerations between 0 and 2B.
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B recovered

2B
Energy not
recovered
Blim
Energy not
recovered
Biim 2B B braked

Figure S3: Graphical representation of the safety limit of regenerative braking. All kinetic
energy is recovered when the braking deceleration is lower that this safety limit. For
deceleration superior to the limit, mechanical braking is used to provide the additional
deceleration, this energy cannot be recovered.

As seen in the figure S3, the share of the energy from braking that cannot be recovered is the
proportion between red surface and blue surface. Considering a uniform distribution of the
(2B=Biim)*

deceleration, we obtain that the proportion that is not recovered by the system is 152

It means that losses the amount of inertia that is lost due to the limit of braking deceleration
recoverable is given by equation S34.

(2B—Bim)* .
Pregen = T]zmpinertia (Equation S34)

Which can be converted into an efficiency with equation S35.

—By:i)2
Nregen = 1 — % (Equation S35)

Where Piyertia [W] is the power demand for inertia.
B [m/s?] the mean deceleration during braking.
By;, [m/s?] the braking limit of regenerative braking deceleration.

Moreover, during braking, all other losses (external forces and powertrain losses) continue
to consume energy. This energy consumed is lost and cannot be recovered. For this reason,
all losses for BEV are integrated over the whole driving, while for gasoline engine, they are
only integrated over acceleration and cruise when P>0 (during braking, no energy is
consumed as the acceleration pedal is released).

2.2.7) External forces

For all external forces except wind

17



A consensus on the equation to characterize external forces that applies to a vehicle has
been found in the literature and model reviewed for almost all the forces3—>81130-3% Based
on this review, the equations S36 to S39 are used in our model.

For rolling, Proying = ToMgvcosd =~ roMgv (Equation S36)
For aerodynamic, P,.,-, = 0.5 pCpAv3 (Equation S37)

4I—W) % v (Equation S38)

For inertia and rotating inertia, Py ertia = (M + =
w

For grade, Pyrqqe = Mgvsing (Equation S39)

With 1y [-] the rolling factor; M [kg] the vehicle weight; v [m/s] the vehicle speed; p [-] the air
density; C4 [-] the drag coefficient; A [m?] the vehicle frontal area; I, [] the polar moment of
the inertia of the wheels; r,, [m] the effective radius of the wheels; 6 [rad] the road slope.

Wind effect

Tran et al., Swift, Miri et al. 8 showed that wind effect and aerodynamic drag are linked.
The proper aerodynamic drag external force is given by the formula:

p
Frealdrag = E CpA(v + vwind)z

So that the power demand to overcome aerodynamic drag is:

p
Prealdrag = ECDAU(U + vwind)z

Where v,,inq is the component of the wind speed vector in the direction of travel of the
vehicle. This parameter can be positive or negative depending on its direction. This
expression is valid under the hypothesis that v + v,,;,q > 0. The case v + vy,;q < O'is
neglected as it concerns cases where wind speed is faster than the vehicle’s speed, which is
very unlikely.

To decouple the wind effect from the aerodynamic drag, the equation was developed to get
on the one hand the aerodynamic drag (equation S37).

Pioro = gCDAv3 (Equation S37)

And on the other hand, the wind effect is given by equation S40.

Pying = gCDAvvvzvind (Equation S40)

The last term gCDAv(Zvvwmd) is null when assuming that the wind direction is equally
distributed in all directions.

Energy consumed to overcome external forces

The following table gather the equation obtained for characterizing the energy consumption
of the external forces.
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Table S4: Raw equations used in the methodology to parametrize energy consumption of the

external forces.
GV BEV
EC _ "M rer EC = ToMg
lling,GV = lling,BEV =

roring AgyNigvMiar rerng ApgyNiBEviarNibat
EC _0.5pCpATsv EC __ 0-5pCpAJ3 v

aeroGv Vi gv'lidr aeroBEY BEV'Ij BEV'li,dr'libat

: Ay gy, ' Apev; ppyM; g, M,

41 41
(M + r_zw)Kl (M + r_zw)(l - "regen)Kl

ECinertiagy = ——2—— ECinertiaev = -

fmertia, AgyNigvNiar mertia, AgevNigevNiarlibat
roMgi roMgh
ECyrogecy =————— ECgradeEv =
grade AgyNievNiar grace ApevNigevNidrNibar
EC. _05 PCHAWY ¢y ECopsnry = 0.5 pCpAw?

wind,GV AgyNigvNiar wme ApevNi BEvNiarMibat

3- Integration Model and calculation of the dynamic variable integrals

This section presents the original integration model that have been developed to calculate
the dynamic variable integrals introduced in section 2.1 of this document. It is divided into
three parts. First the assumptions presented in the main article are recapped. Second, few
parameters useful for the integration model are computed. Third, the calculations of the
dynamic variables integrals are performed.

3.1 - Assumptions and Parameters

(A1) Speed - Cruise: A constant cruise speed of the vehicle is assumed, neglecting minor speed
fluctuations. These fluctuations are disregarded as they correspond to the natural
deceleration of the vehicle due to friction and do not significantly affect inertia computation.
The real cruise speed (Vg ) is defined in equation 1 with the ratio y, characterizing the
driver's compliance with speed regulations (vpq¢p)-

Vsect= Hy- Vparn (Equation 1)

(A2) Speed - Braking: Braking corresponds to reducing the speed from v, to a given incident
speed called v;,.. It is assumed that the driver steadily slows the vehicle using constant brake
pressure. This results in a uniform deceleration, denoted as B, which is a driver-specific
parameter reflecting their braking aggressiveness.
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(A3) Acceleration: A continuous increase in speed is modeled by assuming constant power
applied to the vehicle. This power, denoted as P,, is defined in equation 2 where P, is the
maximum power available from the engine and u, represents the driver's utilization rate of
this power, reflecting aggressiveness during acceleration phases.

P, = u,P, (Equation 2)

(A4) Engine speed for BEV powertrain: In BEV, which typically have a single gear, oggy is
constant. Neglecting tire slip, the engine speed of BEV (Ngg) becomes proportional to the
vehicle speed and can be expressed by equation 4.

Npgy = OpgyVsec: (Equation 4)

(A5) Engine speed for ICEV powertrain: For ICEV, transg(t) varies based on the engaged gear:

(A5a) In urban areas, gear shifts maintain a steady engine speed modeled by equation
5, where N, represents the typical urban engine speed recommended for the engine, adjusted
by the driver's aggressiveness factor py.

N, = uyN, (Equation 5)

(A5b) In rural areas, the highest gear is assumed remain engaged, making the engine
speed proportional to vehicle speed and dependent solely on the gearbox ratio g; as shown
by equation 6.

N; = 0fVsece (Equation 6)

(A5c) During acceleration, engine speed N, is considered constant. This parameter

depends on the driver behavior.

(A6) Squared Torqgue and Power: According to the literature, torque is significant during
acceleration phases but negligible during cruising "*%. Equation 8 simplifies the squared torque
setting it equal to the squared torque at acceleration (T?). Moreover, power demand
differentiates between cruising and acceleration, following equation 9 to account for
substantial power demands during acceleration (P?) compared to cruising (P,;ise) Which is
averaged, obtaining a rectangular target function %%,
2

T?(t) = T? = (@) (Equation 8)

a
Pz(t) = Pa2 + (Pcruise)z (Equation 9)

(A7) Slope and Wind: The model accounts for the average road slope (h) and wind speed (w)
impacting the vehicle in each section.

3.2 - Computed Parameters
Here some useful computed parameters used in the following is calculated.

2.1) Inertia integration

K, = fdt—l o L [,
1= Wwa=q3 ) a&"™ 24 | ar

P>0 P>0 P>0
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The path is modeled as a succession of cruise speed (vpq:1,) and incidents (speed reduction
to Vi) Kj is calculated by summing the variation of v along the journey. When focusing on
the path solely first, we obtain K ;, which is the dynamic variables integrals evaluated for the
target function. The result is given in the equation S41.

. 2 2
Ky p = 2R P0E) (£ ation $41)

When considering driver behavior all speeds are increased by the driver aggressiveness
factor (A1), the real function is integrated and K; is obtained in Equation S42.

(22 . 212
K, = 2nelahTHne) _ 2 g, (Equation $42)

In the same way, K , is calculated with equation S$43.

= i 2 — i d_v3 _ Zinc(Vgect_V?nc) .
Kop = = Jpsoavidt = —— [, —dt = SRE=2—0 (Equation $43)

And K,in equation S44.
K, = u3 K (Equation S44)

2.2)  Braking Distance

During braking, the deceleration B is supposed constant (A2). According to Newton’s laws
applied to the car for one incident:

a=-B
SV =V, — Bt
& x = xg + Vipet — 0.5Bt?
The duration of braking for one single incident can be calculated as:

V="V — Bt & Ubk,inc = E (17 - vinc)

_ _ 2 _ 1,2 2
Thus, dbk,inc =X — Xg = Vinitpx — 0.5Bty, = E(U - vinc)

By summing all incident, we obtain the equation S45 of the distance of braking during the
path.

dpi = =+ (Equation 545)

2.3)  Acceleration distance and duration

During braking, the power P, is supposed constant (A3). According to Newton’s laws applied
to the car for one incident is:
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Iy dv p 1, 1, N P, .
—v = S —vi==-vo +—
dt @ 2 2" M
The duration of acceleration can be calculated with equation S46.

t, = (d’;ﬂ (Equation S46)

= / 2 _ 2%Pa =M 33
Then, v = v} Mt(:)x—3pa (v° — Vi)

In other words, we obtain:

M
da,inc = E (USect - vi3nc)
So that by summing, we obtain the distance of acceleration during the journey (eq. S47).
d, = @ (Equation S47)

2.4) Average speed during acceleration and deceleration

As showed for deceleration, the square speed increases proportionally to the distance
traveled. Thus, the average square speed during the deceleration is {7}2 — v?,:C with V¢ is the
average square speed of the vehicle after the end of the acceleration weighted by the
intensity of the given incident and v,,,. is the average square speed of incidents weighted by
the intensity of the given incident. Estimation of these average speed is given by equation
S48 and S49.

vE. = V2, kzw (Equation 5$48)

k

17? = v, Z‘C (Equation $49)

The ratio 7. is introduced as a measure of the speed reduction between the path target
speed function and the real speed during acceleration and deceleration (Eq. S50).

2
Vf—Vinc
o5’

(Equation S50)

2.5)  Engine dynamic during acceleration

To model the impact of driver behavior during acceleration, it is assumed that the driver
used a fraction p, of the maximum power available from the engine P, (A3). We assume the
following distribution of u, over N, and T,, knowing that N, cannot be lower than N4, (Eq.
51 and 52).
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T, = /g Tinax (Equation S51)

N, = v Ha (Nmax — Nigie) + Nigie (Equation S52)

3.3 - Integration Variables Calculation

The calculation of dynamic variables integrals follows a two-step approach: first, the path
target functions are integrated (Figure S4a), and then the results are adapted to the real
functions (Figure S4b).

Total Distance (d)
17.5
15.0
—
12.5
= 10.0
£
(@ 3,
5.0
2 /
1!p
0.0 v avd /I
0 200 400 bistance [m] 600 800 1000 - :Target Speed
Braking (dpi) : Real Speed
17.5 ¢ >
o — _U1,accdacc+]1,crdcr+]1,bkdhk) o)
J1= )
125
7 10.0
(b) =
g 75
5.0
2.5
J1,acc Jier J1,pk |
0.0

[ 200 400 600 800 1000
Distance [m]

Figure S4: Graphical Representation of the speed integration (J1). First (a), the rectangular
target function (in blue) is integrated. The integral calculated is represented in hashed lines
under the blue curb (] ). Second (b), the real function (in orange) adapted from the target
function is integrated with specific calculations for acceleration (], 4.), cruise (], ) and
braking (], px). The hashed orange area represents the result of this calculation (J;).

Since target functions are rectangular, they can be integrated manually by weighting the
dynamic parameter values by the length of each segment (dgect) -

For real function integration, separate calculations are done for cruising, acceleration, and

deceleration. Assumptions Al to A9 enable to model the impact of the driver behavior
during these phases. As shown in section 2, acceleration, deceleration and cruising lengths
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. M(dK:
are respectively d, = (dKz)

dK K, MK .
s dpr=—; der =d (1 -2 —2) These distances are
a B B Py

used as weight coefficients to obtain the final dynamic variables integrals values (Figure
S4b).

3.3.1) Vehicle Speed

For all ] integrals (related to the speed) the following preparation is made based on the
definition of speed v = %.
Fora =(0,1,3), J, = %fv“dt = %f v® 1(vdt) = %f v®1dx (Equation S53)

For the path target speed.
A constant speed vy, is assumed (Al). For a section, we obtain J sect = Vg;t%l and for the

a-1
Z dsecthath
sect

complete path, Jop = d

For the real speed function.

For cruising, the speed is adapted to driver aggressiveness with Vg‘e}%=(uvvpath) a1

d d tV t a-1 _ -1 Kl MKZ
Thus, ]a,cr =-= Zsect% ]ocp(l - B P, )
For acceleration, the target speed is adjusted with the ratio r,. calculated: v =

-1 _ -1 MK,
(TaccVsect) %% Thus, ]oc,acc = uy- I-acc ](xp P,

The braking phases are excluded from the integral bounds for GV. Thus, the integral is null
during braking: J, px = 0. For BEV, due to regenerative braking, the losses are evaluated
during braking as all this energy dissipated will not be recovered by the regenerative system.

Similarly, to acceleration, Jq px = My~ raccljap

These three terms are summed to obtain the final real speed integration (Eq. 54 and 55).
Specific results for « = (0,1,3) are given in the table S5.

K MK
]a v = Up 1]ap ( - ;1 - _2 (1 - ra"écl)>(Equat|on S54)

— K MK
JapEv = Uy 1]a,p (1 - (El 2)(1 - raaccl)>(Equat|0n S55)

Table S5: Equations used in the methodology to parametrize the dynamic variables integrals
linked to speed (] ,). The value for the target functions (] o) and for the real functions for
both GV and BEV are given.

24



Var. Target function Real function for GV Real function for BEV

Ky
- Jagev = 5 ap|1— (o
Z dsectvpat}l o Kl MKZ - a,BEV v a,p B
_’a d ]a,GV— Ky ](x,p 1_3_ P (1_racc ) MK
¢ +—-901 —r&zl))
a
K,
J1 1 Jiev = (1 - El) Jipev = 1
K, MK, K, MK,
] Z dsectv;ath ]3,GV = #5]3,1) (1 - E - Pa (1 - razcc)) ]3,BEV = #5]3,17 (1 - (E + P_a)(l - razcc)
3 d
sect
dsect 1 K, MK, 1 1 K, MK, 1
v J = — ] 1——- (1——) J = — ] 1—(—=+ (1——)
]0 sect @Vparn i u, op ( B Py Tacc OBEV K, op (B P ) Tacc

3.3.2) Engine Speed

For BEV, engine speed is proportional to speed based on (A4). Consequently, we obtain the
equation S56 for calculating the integrals of the engine speed (£; pgy) for BEV.

L1 pev = 0gevJ1,8ev = 0ggy (EQuation S56)

For GV, a distinction is made between cities, where the engine speed is constant (A5a) while
on highway, the engine speed is proportional to speed (A5b). In both cases, the engine
speed during acceleration phases is constant (A5c). The share of the distance traveled in
urban area and in rural area are respectively given by the ratio 7,,.pqn and 1y = 1 —
Turban- FOllowing the same step than for vehicle speed integration, we obtain the table S6
which gathers the equation for the integrals linked to engine speed for GV.

Table S5: Equations used in the methodology to parametrize the dynamic variables
integrals linked to engine speed for GV (t,). The intermediary results for cruising (
L...)and for the acceleration (L) are also given. For cruising, a distinction between rural
and urban paths is done.

N, K, MK, K, MK,
L1,cr Ll,cr = Nu.]o,cr = EJO"’ (1 — E — P ) Ll,cr = U'rjl,cr = 0, (1 — E_ P, )
Nyt, N MK,
Ll,acc Ll,acc = Na]o,acc = (Zi 2 = aP
a
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3.3.3) Engine Torque and Power for electric vehicles

It is assumed that the torque is negligeable during cruising and braking (A6). Moreover, a
constant torque is assumed during acceleration T, = /g Tnax- Consequently, the equation
S57 is obtained for the integral of the square torque (73).

1 1 T(%ta IlaTr%laxMK :
T, = ngz dt = Efacc T2 dt = L8 = p X (Equation S57)

Regarding power, power during acceleration is separated from the rest of power demand (A6).
The power during acceleration corresponds to the power required for inertia, while the cruise
power corresponds to the power required for all other losses. We assume that the two are
decoupled.

1 1
Py = EIPZ dt = Ef(Paz +Pc2ruise)dt = Pazta/d + Pczruiset/d

PZ ,ise can be calculated using the overall energy consumption E.,,;s, over the travel

expressed in J/m.

Pczruise = (d- Ecruise/t) 2

Thus, we obtain the equation S58 characterizing the integral of the square power (P,).

PaZK M Eczruised .
P2 = Pa1 + t = (UaPeK:i M) + Eczruise/]O,el (Equation S58)

3.3.4) Wind and Grade

Environmental parameters like grade and wind speed are averaged over the travel (A7).

Based on this model, we obtain after calculations the equation S59 and S60.

1 . 1 rdxdh H .
H = Efvsm@ dt = Efd_:ﬂ dt = — = h (Equation S59)

With H the total ascent climbed by the vehicle during the journey. In other words, h=H/d
corresponds to the average slope of the road over the trip.

w = %f vvl,;,. dt = w?];(Equation S60)
with w the average speed of the wind along the journey.

26



4- Parameters Influence on Energy Consumption (PIEC)

4.1 — General definition

For any parameter P of the model, the PIEC can be derived from the energy consumption
equations for any automobile (both GV and BEV) as expressed in the Equation S60.

PIEC = % (Equation S60)

For instance, the Mass Influence on Energy Consumption (MIEC) is MIEC = % and the Drag

dEC

Coefficient Influence on Energy Consumption (CdIEC) is C4IEC = -
d

4.2 — Specific Case of the MIEC: secondary reduction

The specificity of the MIEC lies in the possible secondary effects due to the by reduction of
the weight of the car!¥3> . The principal secondary effects modeled by the authors
correspond to a reduction of the size of the engine. The main hypothesis of the authors is to
consider that the power of the engine is proportional to the car weight.

The power of the engine can be decomposed with the maximal torque (T},,4,) and the engine
speed (N, 4) Where the maximal power is reached following the Equation S61. As explained
by Ross, the maximal torque is proportional to the engine displacement for GV (D). The
engine speed of the engine is proportional to the gear ratio of the drivetrain (o).
Consequently, the power can be written as the third terms of the Equation S61, with x a
proportional coefficient.

P, = ThaxNimax = xDo (Equation S61)

Consequently, two options can be explored for secondary reduction in lightweighting
context: i- reducing the engine displacement (for GV)/ the maximum torque (for BEV); ii-
reducing the gear ratio.

The associated secondary effects (MIEC_SR) to be added to the primary MIEC when
considering a reduction of the engine displacement (Equation S62) and the gear ratio
(Equation S63) proportional to mass reduction.

MIECsg = % DIEC (Equation S62)
MIECsg = "% T4, IEC (Equation S62)

MIE Csp = =L 0£IEC (Equation S63)

It should be noted that the secondary reductions should be excluded from the LCA scope
when the mass reduction from lightweight glazing is not significant enough?>.
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