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Abstract

The need to reduce carbon dioxide emissions from motor vehicles
pushes the European Union towards drastic choices on future
mobility. Despite this, the engines of the "future" have not yet been
defined: the choice of engine type will undoubtedly depend on the
type of application (journey length, availability of
recharging/refueling facilities), practical availability of alternative
fuels, and electricity to recharge the batteries. The electrification of
vehicles (passenger and transportation cars) may be unsuitable for
several aspects: the gravimetric energy density could be too low if the
vehicle has to be lightweight, must achieve a high degree of
autonomy, or needs a very short refueling time. To compare the
sustainability of various partially or fully electric propulsion systems
equipped with thermal engines powered by alternative fuels (e-fuels,
hydrogen, green methane, etc.) or powered by fuel cells, it is
necessary to consider the entire life cycle of the vehicle, including the
production stage of the "propellant". This methodology, the well-
known Well-to-Miles analysis, is the basis of the energy model
presented in this work and developed with Matlab code. The energy
model is able to consider the overall energy cost required by a vehicle
to complete a specific journey starting from the production of the fuel
that powers it (electricity included). The model is validated by
comparison with reported carbon dioxide emissions and fuel
consumption data for two modern cars, one powered by a petrol
engine, the other plug-in. Finally, a comparison between the declared
data and the simulation results for a fuel cell vehicle and a pure
battery vehicle is reported. The model is a valuable tool for energy
assessment (consumption, emissions) of various propulsion units
suitable for making a specific trip.

Introduction

Modern society makes extensive use of road mobility for the
transport of goods and people. Worldwide road vehicles are
responsible for 11.9 % of GHG emissions, or 73.5 % of the emissions
of the entire transport sub-sector [1] (which is responsible of 16.2 %
of GHG emissions, data for the year 2022). It is also true that the
production of electricity accounts for 37 % of GHG emissions. It
makes little sense to think of forced electrification, at least of
passenger vehicles, if the electricity production phase is not first
decarbonized. The European Commission has recently changed the
limits for CO, emissions from car and van exhausts (together
responsible for 15% of CO, emissions, the main greenhouse gas): in
particular, it increased its CO, emission reduction targets for 2030
and set a new 100% target for 2035 [2]. All new cars or vans sold in
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the EU from 2035 must be zero emission vehicles (in this sense, only
hydrogen could be used in internal combustion engines): the
European Commission has also specified that these zero emissions
refer to vehicle exhaust, but there is the possibility that the use of
synthetic fuels (also called sustainable fuels) in modern internal
combustion engines will be accepted.

Overview of E-fuels, Synthetic fuels and Biofuels

The traditional energy sources make the energy supply more
predictable than the renewable energy resources, which have to
overcome the challenge of their intermittency (there are periods
where no energy can be harvested), i.e., they depend on the weather
conditions. This makes them unsuitable as the unique source of
energy. Also considering the mean restart time of traditional energy
production systems (a steam thermal power plant takes about 24
hours), it is not possible to program a sudden switch-on of these
traditional systems to deal with unexpected "holes" in energy
production from renewable sources. Thus, the idea could be to make
both plants work together and to use in a different way any surplus of
energy deriving from renewable sources.

Synthetic fuels are fuels not derived from petroleum but specially
created with hydrogen (produced in various ways, more or less
sustainable, such as methanation and electrolysis for example) and
carbon (for example from the capture of CO,). Synthetic fuels
generated using electricity produced from renewable sources and
carbon from carbon capture procedure are called "e-fuels". They are
the only fuels that the EU could accept as fuel for modern internal
combustion engines because the CO, balance is zero by capturing it
from the air and combining it with green hydrogen (i.e., hydrogen
produced from electrolysis using renewable electricity sources).
Thus, synthetic fuels produced with renewable surplus electricity
depict an interesting solution for the decarbonization of mobility and
those transportation applications which are not suited for
electrification. Green hydrogen is counted among the e-fuels: all
might be thought as chemical energy carriers.

Biofuels are fuels derived from living materials using renewable
energy, so they could be thought as chemical energy carriers too.
However, biofuels have important shortcomings, first the fact that the
production of ethanol creates a net energy loss and increases food
prices.



All these fuels must have a formulation that allows them to be used in
internal combustion engines already in production, without
modifications.

Present work

At a research level the authors of the present work deem it necessary
to carry out energy analyzes also including synthetic fuels, whose
CO; balance can be zero in the overall cycle from production to
vehicle emissions. In fact, it is necessary to consider that the entire
road transport cannot become electric for various reasons:

1. Need for an increase in the electricity produced (see Falfari et al.
[3]) and the creation of a capillary infrastructure capable of bringing
the necessary power to every part of Europe. In [3], the authors found
that, in 2050, the surplus of electricity to be produced compared to
the current production in Italy (year 2021) will be equal to +27.6 %.
Furthermore, the demand for electricity availability is concentrated in
specific time slots for both domestic and industrial uses (including
the need to recharge electric vehicles). Therefore, in specific areas of
the country with a high population density, this percentage, in relation
to availability, could increase significantly, while it would decrease in
less populous areas.

The request of electricity would increase if two extreme scenarios
were considered [3]: (i) it would become +40.0 % in an extreme
scenario in which the entire private car fleet consisted of pure electric
vehicles only; (ii) it would become +100.6 % if the entire car fleet
consisted of fuel cell vehicles powered exclusively by green
hydrogen.

2. Not all vehicles are suitable for purely electric traction: in the case
of long journeys or vehicles that require to be particularly light in
terms of weight-to-power ratio or with very short recharging times,
purely electric traction is not suitable.

As far as the authors know, no forecast to date provides for a
complete transition of road transport to the electric propulsion
system. In [3], the authors proposed a methodology to predict the
number of future vehicles in Italy and the different types of
propulsors that will power them. They found that, in the time frame
2030-2050, there will be a reduction of ICEVs (Internal Combustion
Engine Vehicle) with a progressive increase of PHEVs (Plug-In
Hybrid Electric Vehicle), BEVs (Battery Electric Vehicle) and FCEVs
(Fuel Cell Electric Vehicle). HEVs (Hybrid Electric Vehicle) will be a
major transition point until 2040 and will then be gradually replaced
by PHEVs, BEVs and FCVs. The authors of the present work believe
that the type of vehicle (and therefore its traction system) should be
chosen according to the "primary typical journey" of the vehicle, i.e.,
the prevailing characteristics of use. It is, therefore, necessary to
compare the energy performance (consumption, efficiency) of
different modern powertrains on different types of travel to choose
the optimal one (depending, as mentioned, on its primary use).

In this work, some modern powertrains have been compared, starting
from the more classic gasoline-powered ones (which represent the
reference case): ICEV, HEV, PHEV, FCEV, BEV. For FCEV, the only
fuel considered is green hydrogen. For HEV, PHEYV, and ICEV, the
fuel could be hydrogen or e-fuel (synthetic fuel in general). The
model is an energy model based on the Well-to-Miles (WtM) analysis
and was developed with Matlab code: to compare the energy cost of
each powertrain, it is necessary to consider the life of vehicle from
“cradle to grave”, including production, transport, and storage
processes of the fuel or electricity. The model is based on the work by
Guzzella et al. [4] and by Hénggi et al. [5]. Guzzella et al. [4]
presented the WtM analysis, considering the different steps from the
primary energy source (necessary for fuel production, transportation,
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and storage) to the final energy necessary at wheels for performing a
given driving profile (altitude included). Hanggi et al. [5] derived a
WM analysis for five synthetic fuels: hydrogen, methane, methanol,
dimethyl-ether (DME) and Fischer—Tropsch Diesel. They started with
renewable electricity, water and carbon dioxide captured and
computed the fuel production process (including fuel storage and
distribution) based on a literature study and their own research data
plus data from available technologies. For the Tank-to-Miles (TtM)
analysis, the authors used the Willans approach. Finally, they
combined the powertrain model with the dynamic vehicle chassis
model by Guzzella et al. [4] to simulate a WLTP class 3b cycle for
deriving the mean fuel energy demand per kilometer. They found,
comparing the energy consumption of the five fuels, that fuel cell
vehicles have the most significant advantage over vehicles powered
with methane, methanol or DME. They did not consider BEVs in the
analysis because they focused on synthetic fuels.

The novelty of the model presented in this work lies in its integration
with other sub-models for the computation of:

1. Charging efficiency of battery vehicles (BEVs, PHEVs),
always considering a global approach from the electricity
production phase to the electricity stored in the battery [6].
In [6] the authors proposed a physical-based statistical
method for evaluating the effective electric energy
consumption of a BEV (including brake regeneration
efficiency), using the relationship between the driving cycle
and vehicle parameters.

2.  State of Charge (SoC), which can be varied to prefigure
different energy scenarios. The State of Charge is a
parameter that expresses the ratio between the capacity
available in the battery and the nominal capacity as a
percentage. There are several models to evaluate the SoC
estimation: the Coulomb method has been chosen (counted
among the conventional methods), as in [7-10]. Both
Coulomb Counting Method (CC) and Enhanced Coulomb
Counting Method (ECC) have been implemented in the
present energy model.

3. For BEVs and FCEVs, the power required to cool and heat
the passenger compartment, as in [11, 12]. The power of
the auxiliaries is assumed to be constant and is an input to
the energy model. To this power is added the power
required for heating and cooling the passenger
compartment, which requires the external temperature as
input data.

In addition, the authors added in the work gasoline as a reference
fuel. The model was validated by comparing the main results with
available data for four cars on the market: one is powered by a
gasoline engine, one is a plug-in vehicle, one is a fuel cell vehicle and
the last one is a pure battery vehicle. The model has proven to be a
valid tool for energy assessment of various propulsion units suitable
for making a specific journey. Finally, an overall energy comparison
was performed between the four vehicles.

Paper Structure

The manuscript is organized into two macro-sections, which are in
turn divided into sub-sections:

1. Description of the energy model:
a.  Wheel-to-Miles (WhtM) analysis, which
calculates the required mechanical power to the
wheels based on the chosen test cycle;



b. Tank-to-Wheels analysis: computes the
conversion of the chemical power stored in the
tank into the required mechanical power.

i. Modeling of conventional ICE;

ii. Modeling of the hybrid powertrain
(HEV and PHEV):

o  Control scheme for hybrid
vehicles: regenerative
braking and SoC
computation.

iii. Modeling of the pure electric
powertrain (BEV) and fuel cell
powertrain (FCEV).

c.  Well-to-Miles analysis: it computes the electric
energy necessary to produce, store and transport
some synthetic fuels. In this paragraph, for BEVs
and PHEVs, was added the evaluation of the
actual electric energy consumption of a BEV or a
PHEYV, thus the electricity that must be produced
to meet the mechanical power required at the
wheels (which is greater than what is actually
loaded into the battery).

2. Validation of the energy model: the model is validated by
comparison with reported carbon dioxide emissions and
fuel consumption data for two modern cars:

a. BMW 3184, fueled by gasoline only.

b. BMW XS5 45e, which is a plug-in vehicle fueled
by gasoline.

And consumption data only for:

c. HYUNDAI NEXO 2021;

d. MERCEDES-AMG EQE 295 series.

3. Energy comparison between the four vehicles to state
which is the most convenient to travel the WLTP cycle
(which is the reference cycle in the analysis).

The four vehicles were chosen first of all because all the data
necessary for the model was found for them. In particular, the
gasoline-only car and the plug-in one come from the same company
(BMW) so as to compare two vehicles with the same alleged
"combustion" technology. The BMW X5 45e represents the typical
plug-in vehicle, which is usually a SUV due to the need for space to
house the electrical components. The Hyundai Nexo is the only FC
vehicle available on the market, except for the Toyota Mirai. The
MERCEDES-AMG EQE 295 represents a high-segment vehicle. The
purpose of the comparison is to demonstrate: 1. vehicle by vehicle if
the model captures the average consumption and emissions of the
vehicle in the WLTP cycle of reference; 2. check that the results
obtained with the model are in line not only with what is declared for
each vehicle but make sense in comparison with other types of
powertrain. The comparison between vehicles in the same segment is
ongoing and will be published later.

Finally, the conclusions are reported.

Energy Model

The model, which was developed in Matlab code, calculates the
power demand needed to fulfill a specific mission profile for a given
vehicle. Based on the specific mission profile (which also includes
the type of trip, i.e. speed and slopes of the road) and the type of
vehicle, the energy model calculates the power to the wheels to meet
this profile (Pueess), including the power of the auxiliaries to cool or
heat (Pheascoor) the passenger compartment.

From the computed power to the wheels, the model calculates:
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1. The mechanical energy needed to fulfill the specific
mission profile.

2. The chemical energy to be stored in the tank or the
electrical energy to be charged in the battery (TtW
analysis). In the case of vehicles also or only equipped with
an electric motor, it calculates the energy recoverable
during regenerative braking and considers the actual SoC.

3. The amount of fuel needed.

4. Inthe case of BEVs, the gross electrical energy that must
be made available from the electricity grid to charge the
vehicle battery to fulfill the specific mission profile.

SoC, power required to heat and cool the cabin, and regenerative
braking power calculations are new compared to energy models in [4,
5].

The model inputs are:

1. Vehicle characteristics: mass m.ar, type of fuel, front surface
Ay, rolling ¢ and aerodynamic drag coefficient c;

2. Engine and transmission data: final drive gear F., rated
power P, and corresponding speed w.(Pmax), rated torque
Twax and corresponding speed w.(Tmax), engine
displacement V,, piston stroke S, driveline efficiency
Ndrivelines

3. Electric motor and battery data: initial SoC, SoC maximum
(SoCx) and minimum (SoCyy), rated power of the electric
motor Ppgrecuicmonr, €fficiency of electric motor Mgiecuicmonr and
battery 7y, charger efficiency 7 and electric vehicle
supply equipment efficiency 1zysz;

4. External temperature 7;

Auxiliary power Paucons; SUpposed to be constant;

6. Tire data (width W, aspect ratio AR, wheels diameter D);

()}

The meaning and unit of measurement of the physical quantities
reported in the following equations can be consulted at the end of the
manuscript.

WhtM analysis

From the specific mission profile considered (the WLTP cycle, the
NEDC cycle or a constant speed cycle) it is possible to determine the
speed, power and torque required at the wheels. The basic equations
derived from [4, 5] are reported below.

The wheel power P, Which is the mechanical power to the wheels
required by the chosen driving cycle, is dependent on:

1. Specific characteristics of the vehicle: rolling friction
Proi_fiie, aerodynamic drag Poeroa areg and vehicle mass mar.

2. Power of gravity load Py, linked to the slope a(?) of the
route traveled during the driving cycle.

3. Power of auxiliaries. The auxiliary power P cons 18
assumed to be constant and is an input to the energy model:
it usually varies between 200 and 700 W. To this power is
added the power required for cooling [11] and heating [12]
Pheaconrthe passenger compartment, which requires the
outside temperature 7 as input data.

ProII (t)+Paeroddmg(tJ+Pveh (tJ+Pgrav(t)}

Pwheels ( t ) = = 1000 -

(M

+P

aux



Proll.(t):mcar'g'cr'v(t) (2)

fric

The term v(?) stands for the speed profile of the chosen driving cycle.

Paeroddma(t):o-S'pair'Af'Cd'V(t)3 (3)
dv|t)
Pvehl,ﬂ.e,(t):mcar. dt V(t)
“)
Py lt/=m, - g-sin (a(t))-v(¢)
(5)
P _Pheat cool Paux.const (6)
—6 24
Pheat,coolzg.T 7—15 C<T<20°C
Pheat,coolzi'T_6240C<T$44°C @
Powt o =020°C<T<24°C

It is assumed that the external temperature 7T of the ambient is
constant and equal to the operating temperature of the battery.

compartment [kW]
N w » w o

[y

Power for heathg and cooling the passenger

-20 -10 0 10 20 30 40 50
Outside temperature [°C]

Figure 1. Outside temperature and power curve for heating and cooling the
passenger compartment.

The thermal power is assumed to be zero for operating temperatures
between 20°C and 24°C (comfort temperature). The dependence with
the temperature is assumed to be linear, with a maximum of 6 kW for
T=-15°C in the heating phase and a maximum of 5 kW for T=44°C in
the cooling phase. The power curve for heating and cooling the cabin
is shown in Figure 1 versus outside temperature.

It is worth mentioning that vehicles equipped by a different
powertrain and/or with a different mission profile (autonomy), do not
have the same weight (thus the same mass m..). The energy cost is a
function of the weight of the vehicle, as it depends on the mass of the
vehicle itself, which in turn is related to the amount of fuel (necessary
to fulfill the specific mission profile) in the tank, the size of the tank,
the volumes, etc. The program uses an iterative procedure to calculate
the effective mass of the vehicle (the choice of adopting it is
optional):
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1. The first simulation, for a fixed autonomy range, is
launched with a first attempt mass value (inserted as input
data);

2. The output results provide the weight of the vehicle;

3. New simulation is run with the insertion of the new weight
of the vehicle computed in the previous step;

4.  Verification of equivalence between the input weight and
the output weight.

The procedure is repeated iteratively until the condition at point 4 is
satisfied. Once convergence is reached, obtaining the energy cost for
a vehicle with the chosen autonomy range is possible. This part of the
model relating to the iterative calculation of the mass is new
compared to energy models in [4, 5].

From Eq. (1) the mean energy demand per kilometer E\ceisnom can be
computed:

p t)dt
E wheels norm J‘ ek ) ) 103
' f v(t dt
3
TtW analysis

The TtW analysis computes the conversion of the chemical power in
the tank to mechanical power at vehicle wheels. It depends on vehicle
and fuel characteristics. The equations used to model the different
powertrains are based on the Willans approach but extended to
negative range of power to model the regenerative braking phase in
electrified powertrains. The Tank-to-Wheel efficiency is reported in

Eq. 9).

p
%S() waheeIs( ) >0

Pchem(t)
Pchem(t)
Pwheels<t)

Nrew =

max|0, ifP_, . [t|<0

wheels

©

In the following subparagraphs, the chemical energy to be stored in
the tank or the electric energy to be stored in the battery are
calculated based on the adopted powertrain.

Modeling of the conventional powertrain (ICE)

The model used to describe the operation of the combustion engine,
in ICE, HEV and PHEV powertrains, is that of Willans [13]. It
consists in calculating the average pressures that occur during an
engine cycle in order to have simple equations for calculating the
average mass flow rate of the fuel used, therefore consumption,
emissions, and engine efficiency. The mean pressures considered in
the model are mean effective pressure pme, mean absolute pressure
pma and mean frictional pressure pu, ioss.

Before introducing the calculation of the various average pressures, it
was necessary to model the vehicle gearbox, in such a way as to
obtain the output of the engine speed during the entire driving cycle,
expressed in rpm, as required by the model of Willans.



In fact, once the speed profile v(?) of the driving cycle considered is
known, it is possible to obtain the relative rotation speed of the
engine, through the Eq. (10):
v[t]-30-Gear|t|-F
3.6-m-r,

drive

RPM (t|=
(10)

The wheel radius 7, is calculated once the tire input data is known:
width (W), aspect ratio (4R) and diameter D.

=1 (pos4sn WAR
2-1000 100

(1)

In Figure 2 is plotted an example of the engaged gear and of the
computed engine speed RPM(?).

2000
1800 |
1600
1400 H
1200

1000

n Wl | L L L i 0
0 200 400 600 800 1000 1200 1400 1600 1800

Time [s]
Figure 2. Example of the engaged gear and of the computed engine speed
RPM(t) - BMW 318i (fueled by gasoline).

To select the optimal gear to engage while driving, it was decided to
adopt an approach based on the same control strategy as a control
unit in a real vehicle, i.e., to associate a specific gear to each speed
capable of optimizing consumption and able to satisfy the torque
demand such that the pre-set speed profile is satisfied.

The user enters maximum torque and power as initial data, together
with the corresponding angular speeds. From these data it is possible
to calculate the torque and power curves by defining a range of
variation of the angular speed of the engine w.(?), from a minimum
(idle) to a maximum.

Once the angular speed of the engine RPM(?) is known, it is possible
to continue calculating the torque requested by the engine 7., (Which
depends on the instantaneous power P,yc.; required from the wheels
to complete the chosen cycle at the engine speed RPM). If the wheels
power Py is positive (the vehicle is in driving mode), the requested
torque is calculated, otherwise (the vehicle is in deceleration or
braking mode) the requested torque is assumed to be minimum and
equal to 15 Nm.
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_ 9548.8 P, e t]
lwaheels[t)>0 - Treq(t): RPM(:) l

elseT , [t|=15N-m
(12)

It is now possible to calculate the average pressures necessary for the
completion of the Willans model.

The mean effective pressure pme represents the mechanically
available effective pressure:

An

pre(0)=T 1) -4

(13)

The mean absolute pressure pma characterizes the mean pressure that

would be available if all chemical energy were transformed into
mechanical energy:

_ pme(t)+ P ioss(t)
pmalt)= e, (t)

(14)

The mean friction pressure p,,,,,, represents all mechanical friction

and pumping losses in the engine. The overall idea of the Willans
model is to approximate the mean effective pressure and the mean
frictional load losses with quadratic functions of the engine speed or
the piston speed:

1
me(t):s-RPM (t) =
(15)

Through the piston speed Vit is possible to calculate the efficiency
coefficient ey and p,, .
— . 172
eo(t)_ € teo Vpist(t )+ e Vi (t)

pm,loss [:t):pm,losso"-pm,lossl. Vpist (t>+pm,10552 ) Viist(t)
(16)

Values of parameters €oo, €1, €02, Pm.loss0> Pm.jossi aNd P joss2 are reported
in Table 1 [14].

Table 1. Values of the parameters of the Willans model [14]

Parameter Value Unit of measurement
€00 0.3528 [-1

€l 0.0108 [s/m]

€0 -4.4487-10* [sm?]

Prnjlosso 1.3-10° [Pa]

PrmJoss1 -351.3 [Pa-s/m]
Prmloss2 822.5 [Pa - s?/m?]




Now it is possible to calculate the average fuel flow rate expressed in
kg/s through the injectors:

1= 20T
e, 4n-LHV
17

‘[pme (6)+ P, s (t)]

The engine efficiency is:

_pme(t)

~ pma(t)
(18)

eng

Once the fuel flow rate is known, the fuel consumption of the vehicle
follows, expressed in kilograms:

t
mfuelzlf rhf-dt
0
(19)

Known the density of the fuel pse [kg/m’], the consumption can be
expressed in liters:

_ my,-1000

=
fue p fuel
(20

Then dividing the liters required by the length of the driving cycle
considered and doing the reciprocal gives the value in km/l. Once the
consumption is known, the emissions produced by the vehicle also
follow, starting from the calculation of the specific emissions of
carbon dioxide qcoq:

q :i_Mcoz
co2 h M,
(21

Finally, the chemical energy is calculated, expressed in kWh,
obtainable from the quantity of fuel used and stored in the tank to
complete the specific cycle:

Mgy -LHV

EChem ICE - 3 6
(22)

And the chemical power expressed in kW:

d

P 4
dt

t|==~(Echen,, -3600 23)

chem ( chem

The total kilograms of carbon dioxide emitted are therefore:
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Me02=qco2" Echem,,
(24)

Modeling of the hybrid powertrain (HEV and PHEV)

In this paragraph, reference is made interchangeably to HEVs or
PHEVs.

The model for the description of the thermal engine is analogous to
the model just described for conventional powertrains equipped with
a thermal engine only. The only difference lies in the torque delivered
by the engine.

In particular, two hypotheses were considered for hybrid powertrain:
1.The ICE can only work at full load conditions in the hybrid
powertrain; 2 The ICE maximum efficiency operating point is found
at full load. Therefore, the power delivered does not depend on the
power required from the wheels (function only of the speed of the
engine and its intrinsic characteristics): if the power supplied by the
internal combustion engine exceeds that required from the wheels,
the excess power is used to recharge the battery. The latter hypothesis
is dictated by the fact that it is not possible to predict the
manufacturer's strategy for each car in terms of the percentage of use
of the thermal and electric powertrain (it must also be said that the
management strategy could change according to some choices that
the pilot of the vehicle can make during the trip). This seemed to the
authors the most sensible option: other options of power management
will be considered in subsequent developments of the model. Then
the power supplied will be described by the relationship:

Pengine(t):Tengine(t).we(t,) (25)

Now the T.ugine, which is the torque delivered by the engine at its point
of maximum efficiency, must be calculated. The torque delivered by
the engine depends on the characteristics of the engine itself, which is
different for each car and manufacturer. It is not possible to obtain the
torque-power curves for every vehicle of interest. An alternative
method was therefore used to approximate these values, as reported
in [14].

T ongine(t) =00 (t)+b- w0, (t) +¢
(26)

Where Togine is the maximum torque that can be delivered by the
engine as a function of its velocity w.. a, b and ¢ are non-dimensional
parameters:

_ T =T oo Pou)
T =, P =270, Ty [0, T |~ 0, P
b=—2-coe(TmaX)-a
C=T [P~ @60, [P =D+, [P,

27
Control scheme for hybrid vehicles

In this sub-paragraph is presented the optimal energy control strategy
developed in the present energy model and partially deduced from
[15]. Based on the power request to the wheels, the control system
must manage the ratio between thermal power and electric power:




therefore, instant-by-instant knowledge of the battery's state of charge
(SoC) is essential. In fact, HEVs and/or PHEVs are equipped by an
endothermic engine which can come into operation when the battery
is close to discharge (low SoC values) or when the required power is
insufficient. For hybrids, therefore, two further input parameters are
defined:

a) The rated power Pgrcoicmonr that can be delivered by the
electric motor, which is an input of the model and is related
to the maximum power of the battery via the battery
efficiency 1

p

__ = ElectricMotor

et Mbatt
(28)
Pramrax s the maximum power that the battery can handle
and which cannot be exceeded. It limits both the delivery of
power by the battery and the recharging of the battery in the
regenerative phase.

b) The minimum value of the State of Charge SoC,uy below
which the electric motor is deactivated. This is to avoid
reaching too high Depth of Discharge (DOD) values which
could irreversibly damage the battery.

The control scheme is based on the SoC value at time ¢. In the driving
phase (Pueers (t) = 0):

1. Ifthe SoC(t) is less than the SoCyy value, the required
power is exclusively supplied by the endothermic engine.
In this case, the internal combustion engine works at the
fixed point of maximum efficiency: if the power supplied
exceeds that required, the difference in power recharges the
battery.

2. If'the SoC(t) is greater than the minimum limit value, the
analysis moves to the required power:

a. Ifthe latter is lower than the limit value that can
be supplied by the battery, it is supplied entirely
by the electric motor.

b. If, on the contrary, the electric motor fails to
cover the power requirement, the battery delivers
the maximum possible power (without going
below the value of SoCyuy to preserve the battery)
and the rest is supplied by the internal
combustion engine.

3. Ifthe SoC(t) is greater than the SoCy.x but the battery
power is not sufficient to cover the entire power demand
from the wheels, the required power is supplied by both the
endothermic engine and the electric motor. Also in this case
the internal combustion engine could work at the fixed
point of maximum efficiency: any excess power is
dissipated in the form of heat because the battery is fully
charged.

On the other hand, during braking/deceleration (P (t) < 0):

1. If the instantaneous SoC(t) is lower than the maximum
value set as SOCy.x, the negative power to the wheels is
used to recharge the battery (regenerative braking),
otherwise it is dissipated as heat by the braking system. See
the sub-section on regenerative braking for more details.

2. Battery rechargeable power is limited by battery power
(Pranmax). If the power available for recharging exceeds that
of the battery, the excess is dissipated as heat.
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Regenerative breaking

Regenerative braking (which also includes simple deceleration of the
vehicle) is the phase in which the power to the wheels is negative,
i.e., the vehicle "returns" energy rather than requesting it. Figure 3
shows the diagram for the electrical part of the powertrain that equips
electric cars or cars also equipped with an electric motor and a
battery.

MOTORING

Phatt Pusheels

MOTOR /
GENERATOR

BATTERY TRANSMISSION WHEELS

REGENERATIVE BREAKING

€ ----4
TR -
°

ACCESSORIES

Figure 3. Diagram of the electrical part of the power unit equipped with at
least the electric motor.

The battery power Py, in Figure 3 can be outgoing or incoming
depending on whether the vehicle is in the driving or braking phase.
In the first case the power flows from the battery to the wheels and is
assumed to be positive. During braking (or deceleration) the power
flows from the wheels to the battery and is assumed to be negative.

Poeas(t)
Pbatt ( t ): W.hé‘els lf Pwheels( t)Z 0
U driveline r, ElectricMotor

Pbatt [ t ) = Pwheels (t) ’ r’driveline ) nElectricMotor ) rlrb(t)
lf Pwheels(t )< 0
(29

Where 1, is the regenerative breaking efficiency. The regenerative
braking system is the braking energy recovery system that allows the
electric motor to operate as a generator to recover part of the negative
power to the wheels otherwise lost. The braking recovery efficiency
is defined as in [7]:

( E recoverable( t )
oy ] ==
n ’ ( Eavailable ( t)
(30)

Where Eecoveravic 18 the part of the energy recovered during braking
and Eiaee 18 the maximum energy recoverable during braking:

t
Eavailable(t,):f Pwheels(t).dtifpwheels(t)<0 (31)
0

Through the least squares method, an empirical relationship between

the vehicle deceleration module a(?) at instant ¢ and the efficiency of

the regenerative brake is obtained for each instant ¢ of the speed cycle
[12, 14]:

0.0411

-1
el } if Py, (£)<0

(32)

nrb(tJ:



From Eq. (32) the regenerative braking efficiency 7, is calculated:
from Eq. (30) the recoverable energy Eccoveranie(?) is derived, converted
into power, and added to the power of the battery during the braking
mode.

Finally, it is possible to calculate the total energy consumed by the
battery considering the recovery efficiency under braking, as follows

[7]:

t

1 f P, (t)-dt (33)

EC=——-
3600 |9

The parameters introduced represent the starting point for the classic
Coulomb method, aimed at calculating the battery SoC.

State of Charge evaluation

The calculation of the SoC is necessary for vehicles equipped with
electric engine, in order to be able to calculate the instantaneous state
of charge of the battery and therefore the active propulsion system. In
electric vehicles, the calculation of the instantaneous SoC allows the
control of the state of charge of the battery. The SoC expresses, as a
percentage, the ratio between the available capacity in the battery
Qawitanie and its nominal capacity Qy:

SOC — Qavailable
Qo

(34

In this work only the classical Coulomb method for the estimation of
the SoC [8] for BEVs, HEVs and PHEVs is presented. Once the input
or output power from the battery has been defined, for each instant of
time of the cycle it is possible to update the SoC:

Pbatt(t)

0

SoC (t|=SoC [t—1|— -At-100

(3%)

Where SoC(t), SoC(t-1) are expressed as a percentage, Pp (1) is
expressed in kW, O, in kWh, At in hours. The estimate of the SoC for
each instant 7 of the cycle requires the knowledge of the initial state
of charge SoC,. The measurement of the initial state of charge is
difficult to achieve, as it is not a direct measurement, and depends on
the State of Health of the battery at the time of measurement. In this
work the knowledge of the initial SoC is assumed a priori (model
input) and the aging and self-discharge processes, as well as the
temperature effect, are neglected.

The calculation of the chemical power P.n(?) useful for defining the
TtW efficiency is done as for the ICEVs if the thermal engine is
active (Eq. (23)), otherwise as for the BEVs (see next paragraph, Eq.

(36)).

Modeling of the pure electric powertrain (BEV) or fuel cell
powertrain (FCEV)

A Tank-to-Wheels approach was adopted to model the propulsion
units without internal combustion engines, starting from the energy
required of the wheels per kilometer E\ceisnorm (Eq. (8)). The chemical
energy that needs to be stored in the tank in the form of fuel
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(hydrogen in this case) or the electric energy in the battery is
calculated starting from the power required at the wheels.

Cl,pos.Pwheels(t)-'-c‘(),posif PWheels(t)ZO
6
1’_|("'PWh"«EIS(t]+C0,ﬁ(,iwahee,5w}t}<0 (36)
.
Pchem t):[’

Coefficients € pos, Coposs Cineg AN Coneg are set to value reported in [5].
The term Peen(?) is then used in the expression of TtW efficiency (Eq.

(€)X

Once the value of the SoC has been estimated for each instant of
time, following the classic Coulomb method as for hybrid vehicles, it
is possible to calculate the input and output power from the battery
from Eq. (29).

WtT analysis

Finally, following the WtT approach, in the model it is possible to calculate
the electrical energy necessary to produce some synthetic fuels: methane,
methanol, Dimethyl ether and hydrogen. This can be useful because the
European Union is opening a window to the use of synthetic fuels in internal
combustion engines or when it is necessary to calculate the energy
expenditure to produce green hydrogen to be used in a FCEV. In addition, the
authors added in the work gasoline as a reference fuel (supposed to be a
synthetic fuel too): in the present WtM analysis, the same production process
of DME was considered for simplicity but this part of the model will be
improved in the next future. The authors in [5] report the amount of electricity
necessary for the production (electrolysis), transport and storage of some
synthetic fuels. Starting from these values and calculating with the model
presented above the chemical energy required to travel a kilometer with a
specific propulsion unit, it is possible to calculate the electrical energy
required for the production of synthetic fuels.

Table 2. Percentage losses of production, transport and storage of synthetic
fuels per kilometer [5] in relation to the total electricity required.

Percentage losses of
Fuel electrical energy for
production, transport and
storage of synthetic fuels
Hydrogen 47%
Methane 54%
Methanol 56%
Dimethyl ether (DME) 54%

In particular, Table 2 shows the percentage losses of production,
transport and storage as the type of synthetic fuel varies [5]. The
required electricity for the synthetic fuel production, transport and
storage is calculated by dividing the required chemical energy in the
vehicle's tank per kilometer by one's complement of the percentage
losses.

In the WtM analysis for BEVs and for PHEVs (for the electrical part
only) it makes sense to compute the total electrical energy that must
be supplied to the grid socket to charge the battery (E,4). In [6] the
authors proposed a physical-based statistical method for evaluating
the effective electric energy consumption of a BEV (including brake



regeneration efficiency), using the relationship between the driving
cycle and vehicle parameters.

Charging efficiency of BEVs and PHEVs

The energy consumption of EVs is obtained from standardized
driving cycles (NEDC, WLTP, etc.) or simulations, which however
are insufficient because they do not consider multiple factors such as
traffic, infrastructure, topography and the way guide. Thus, getting
real data is one of the biggest challenges in analyzing EVs. The
objective of this part of the program is to calculate the actual
electricity consumption of a BEV (or a PHEV), i.e., the amount of
alternating current electricity required by the grid to charge the
battery and thus satisfy the power demand to the wheels. The
methodology adopted was found in [6].

The model employed starts from the energy flows in the BEVs,
which can be summarized in the following equation [6]:

Egrid ( t) - Elc%s;rg ( t) = Elliftst (t )+ ElEolSesctricMo[or (t )+ E it?s;smission

(37)
Where:

E

grid is the total electricity consumption from the grid.

Elcilsjrg is the electricity lost during charging.

E LZS; is the electricity lost by the battery.

loss

Ecoricrmoror 1S the electricity lost by the electric motor.

loss

E, orsmission 18 the electricity lost by the transmission.

Eéorzsk o is the electricity lost during the braking phase.

E ggzz is the load, which is equal to E,.s in the present paper:

t

_ 1
Ewheels(t)_ 1000 : f Pwheels(t] dt (38)

0
Eq. (37) can be converted if each energy loss term (E) is written as
the product of the available energy (£:,) by the complement to one of
the relative efficiency (/-1). Therefore, Eq. (37) becomes:

Ebrk (t)+E§Z<SJSd (t): (Egrid (t) ) r’g2b+Ebrk (t) ) nrb (t) ) ntransmism

(39

Where 1uansmission does not coincide with 74iveime because electric
vehicle transmissions (1yamsmission) can be more efficient than
traditional vehicle transmissions (Maiverine)-

The braking energy is:

t
Ebrk(t]:max Edec(t)_J‘Fload(t)'v(t).dt ’O
0
(40)
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Braking energy includes deceleration energy Eq.. and load losses Fioaa.

E,.[t|=max L vitP=vie+1P),0| @

2 car )
In accordance with what is reported in the article [16], the load loss
Fioaa can be traced with a good approximation to a two-term semi-

quadratic equation, as reported here, neglecting the linear term
because it is linked only to the effect of the wind.

Fload(t):A+C'v<t)2
(42)

The coefficients A and C were set constant and equal to the mean
value of the results in [16]:

A=22.19 kg
C =0.0609 kg/(m/s)? (43)

The efficiencies of the electrical part of the vehicle are summarized in
a single term:

npow = ntransmission ’ nEIectricMotor ’ n batt (44)

The grid to battery efficiency 7,2» can be evaluated from [17]:

rngb = ncharger ) nEVSE (45)

Where 1ejarger andneyse are inputs of the model. Their typical values
are respectively 0.90 and 0.98, therefore 7,2, value is 0.882. The term
Nenarger Tepresents the charger efficiency: although chargers can
operate at peak efficiencies of 92-95% [17], most available chargers
have much lower efficiencies.

The efficiency 1:vs: considers that domestic sockets cannot be used
directly but must be completed by the Electric Vehicle Supply
Equipment (EVSE). The losses that occur through this system are
about 1-2% of the energy transmission capacity [17].

Finally, it is possible to get the expression of the total electricity
consumption from the grid:

Ewheels(t)+ 1 —’Trb(t)'npow '|(Ebrk(t))‘

n pow n pow

Egrid(t): n
2b
(46) ’

Energy Model Validation

The energy model has been validated by comparison with reported
carbon dioxide emissions and fuel/electricity consumption data for
four modern cars:

1. BMW 318i, fueled by gasoline only.
2. BMW XS5 45e, which is a plug-in vehicle fueled by
gasoline.
3. HYUNDAI NEXO 2021.
4. MERCEDES-BENZ AMG EQE 295 series.

The vehicles do not belong to the same segment. The choice of the
car manufacturers was dictated by the fact that the declared technical
data are very exhaustive in relation to the inputs of the model.

All technical data was taken from [18].



The iterative computation of the mass of the vehicle was not switched
on in these cases because it would have sense only for vehicles of the
same segment.

Inputs of the energy model for the cars
This paragraph shows the input parameters for the modelled cars:

1. BMW 318i, fueled by gasoline only.

2. BMW XS5 45e, which is a plug-in vehicle fueled by
gasoline.

3. HYUNDAI NEXO, fueled by hydrogen (fuel cell vehicle).

4. MERCEDES-BENZ EQE 295 series, which is a pure
battery vehicle.

Table 3 shows the input values. The chosen cycle was the WLTP. The
external temperature was fixed at 15°C and the auxiliary power to
200 W for all cars. The SoCy.x value has been set to 80% to preserve
the battery.

Table 3. Inputs of the energy model

Parameter pvwarg | PMWXS | HYONDAL | MERCEDES
Vehicle front surface [m?] 222 29 2.52 2.46
Drag coefficient [-] 0.24 0.32 0.32 0.239
Rolling coefficient [-] 0.013

Mass of vehicle [kg] 1575 2135 2340 2880
Final drive gear [-] 2.813 3.636 -

Rated power [kW] 115 290 -

RPM at rated power [rpm] 4500 5000 -

Rated torque [Nm] 250 450 -

RPM at rated torque [Nm] 1300 1500 -

Driveline efficiency [-] 0.92

Displacement [cm’] 1998 2998 -

Stroke [mm] 94.6 -

Tire characteristics 205/60 R16 265/50 R19 225/60 R17 255/50 R19
H: pressure in the tank [bar] - - 700

Mass of H; per unit mass of - - 57

the tank [%)]

Starting SoC [%] - 80/25 80 80
SoC max [%] - 30 80 30
SoC min [%] - 25 25 25
Rated power of electric motor - 83 120 180
[kW]

Electric Motor efficiency [-] - 0.85

Battery efficiency [-] - 0.90

Charger efficiency [-] - 0.90 - 0.90
EVSE efficiency [-] - 0.98 - 0.98
Battery capacity [kWh] - 24 1.56 89

Model results and discussion

Table 4 shows the CO, emission values and consumption data
compared between the declared data (based on WLTP cycle) and the
result of the simulations for the cars. The results of the BMW 318i
are almost identical to the declared data, however for the BMW X5
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45e the CO, emission data and the fuel consumption are
overestimated in the simulation results compared to the declared data.
The difficulty in modeling a hybrid or plug-in vehicle lies in the fact
that it is not possible to predict the manufacturer's strategy for each
car in terms of the percentage of use of the thermal and electric
powertrain. The authors thus made the hypothesis of always making
the internal combustion engine work, if it is on, at the point of
maximum efficiency: any excess power recharges the battery.

The simulation results for HYUNDAI NEXO are close to the
declared data, while for MERCEDES EQE there is an error of about
25%. The latter is attributable to the Willans model (Eq. (36)), which
should be reviewed in the light of the most modern electric cars.
There is also to say that the model underlies many hypotheses: the
numerical results are not always superimposable but, in any case,
they maintain a trend of validity extended to all powertrains. For a
more accurate modeling it would be necessary to go into more detail
about the definition of each single car, but the generality and usability
of the model would be lost.

Table 4. Comparison between declared data and simulation results

WLTP cycle COZ[:/EZ‘S;O“S Fuel coT(s)gr;&tion per cmfsﬁ:]gs)t/ion
[KWh/100 km]
Declared Sim Declared Sim Declared Sim
BMW 318i 148.0 146.9 6.51 631
BMW XS5 45¢ 27.0 35.6 1.201 151
HYUNDAI NEXO - - 0.95 kg 0.94 kg -
MERCEDES EQUE - - - - 15.9 20.0

Regarding plug-in vehicles, it is necessary to understand how fuel
consumption and CO, emissions calculations are performed. The
method is standardized by the WLTP test according to the ECE R101
standard and requires the vehicle to undergo two tests: the first with
the battery charged (SoCuux = 80%) and the second with the battery
completely discharged (SoCyiv=25%). The first test, with a charged
battery, requires the vehicle to undergo the normal WLTP driving
cycle of 23.26 km, this until the powertrain control turns on the
endothermic engine and goes into battery recharging mode: from this
moment on, emissions and consumption will be measured, and it is
ascertained the autonomy of the car in e-drive mode. Generally,
modern PHEV cars are able to complete the entire driving cycle with
electric propulsion alone, thanks to the large batteries: in this case the
test will be repeated several times until the intervention of the
combustion engine. For the second test, with the battery discharged,
the vehicle is expected to travel the driving cycle in Charge
Sustaining control mode, i.e., maintaining the State of Charge level
constant, therefore the internal combustion engine will be on during
the entire test. Once all the data is known, the emission levels and
fuel consumption to be declared will be provided by the following
equation:

Mlt)

av

:Ml(t)-De+M2(t)-D

De+ Dav
(47)

Where M1 and M2 are the mass of emissions or fuel consumption
during the first (SoC set to SoCy..x) and second WLTP test for PHEVs
((SoC set to SoCyw), respectively. Generally, M1 value is null for
modern PHEV vehicles. D,, is a constant value set to 25 km and D.
is the vehicle autonomy in E-drive mode (90 km for BMW X5 45¢).



BMW 318i: simulation results

0.4 T T T T T T T T

Below are some graphs relating to the simulation of the car with 035 - )
traditional powertrain.

Figure 4 shows the chemical power stored in the tank, i.e., the
available power, and the mechanical power requested at the wheels.
The available power is always greater than the mechanical requested i 1
power. Where the mechanical requested power is negative (vehicle is
braking but regeneration is not possible with an ICEV), the engine 015 1
torque is minimum (set to 15 Nm), as in Figure 5. The engine speed
of BMW 318i was shown in Figure 2, together with the engaged gear.
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Figure 6. Tank-to-Wheel efficiency trend.
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Figure 4. Power stored in the tank (available power) and power required at
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Figure 7. Mass flow rate of gasoline.
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Figure 5. Engine torque. o2
Figure 6 shows the TtW efficiency trend for the chosen ICE vehicle 0 . . . . . . . w .
during the WLTP cycle. The efficiency is equal to zero when the e
vehicle is braking (P, neeis(f) < 0), as no energy is supplied to the
wheels. During the acceleration phase, on the other hand, the Figure 8. Total mass of gasoline (corresponding to 1.4716 liters of gasoline).

efficiency grows rapidly with the requested power, to then settle on
an almost constant value equal to about 0.35.
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Figure 9. Mass of carbon dioxide emitted during the WLTP cycle.

Figure 7 shows the mass flow rate of the gasoline necessary to
complete the cycle and Figure 8 the total mass of gasoline necessary
to run the WLTP cycle. Figure 9 plots the mass of carbon dioxide
emitted during the WLTP cycle by the thermal engine.

BMW XS5 45e: simulation results compared to those of the
BMW 318i

Below are some graphs relating to the simulation of the plug-in car.
The case analyzed is the one having initial SoC set to 25% because is
more interesting than the one with fully charged battery and is used
for computing the actual fuel consumption and carbon dioxide
emissions over the WLTP cycle (Eq. (47)). In this case, the control
strategy implemented by the vehicle is represented by the Charge
Sustaining, i.e. the strategy that allows to maintain the SoC of the
battery constant, as shown in Figure 10, in order to operate the
combustion engine at a more efficient fixed point, to meet the power
demand from the wheels and recharge the battery to power the
electric motor. To fully understand this control, it is interesting to
compare the power required to the wheels to complete the cycle and
the power made available by the internal combustion engine, as
shown in Figure 11.
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Figure 10. SoC trend - initial SoC 25%.
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Figure 11. Mechanical power requested at wheels and power available from
ICE - initial SoC 25%.

There is a significant difference between the powers and this
difference can be used to recharge the batteries, so that the electric
motor can start and work in support of the conventional one. In this
control, the internal combustion engine can operate at a point of
higher efficiency, a behavior that would not be possible in a purely
combustion powertrain. It follows, therefore, that in every instant in
which the ICE intervenes, it produces the maximum available torque
as shown in Figure 12, while in the other points the torque demand is
satisfied by the electric motor (the engine torque is null). From
Figures 10 and 11 it is to note that, where the power requested to
wheels is negative, i.e., during regenerative braking phase, the SoC
increases (it is clearly visible towards the end of the cycle, in Figure
10, where it is highlighted by a black circle).

Figure 13 shows the mass flow rate of the gasoline: it is non-zero
only when the ICE is switched on.
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Figure 12. Torque delivered by the thermal engine - initial SoC 25%.
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Figure 13. Fuel mass flow rate trend - initial SoC 25%.
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Figure 14. Mass of carbon dioxide emitted during the WLTP cycle by the ICE
- initial SoC 25% for PHEV.

Figure 14 shows the mass of carbon dioxide emitted during the
WLTP cycle by the thermal engine alone (in the label BMW X5 45¢)
compared to the result of the conventional vehicle (thermal only
propulsion) previously simulated (in the label BMW 318i). It can be
seen how the CO, emissions, and therefore consumption, are lower
for the plug-in version up to just before 1600 s in the WLTP cycle
(point marked by a black vertical line with dotted lines): after this
time, there is a power request (Figure 11), the SoC is at least 25%
(Figure 10), therefore the battery cannot help with traction and the
internal combustion engine must supply all the energy necessary to
move the vehicle. The stretch of constant horizontal line, marked by a
black circle with dashed line in Figure 14, is due to the fact that the
CO; emissions are calculated with an integral, therefore the last
calculated value is conserved over time. Furthermore, the strategy
adopted of having the engine, when turned on, always work at the
point of maximum efficiency (recharging the battery) also leads to an
increase in CO2 emissions for PHEV. Overall, the specific
consumption BSFC is lower for the plug-in vehicle (Figure 15).
Figure 16 shows the total mass of gasoline for both BMW 318i and
BMW XS5 45e: it follows the trend of carbon dioxide emissions in
Figure 14.
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Figure 15. BSFC trend - initial SoC 25% for PHEV.
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Figure 16. Total mass of gasoline necessary to fulfill the WLTP cycle.
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Figure 17. Tank-to-Wheel efficiency trend - initial SoC 25% for PHEV.

Figure 17 shows the trend of the TtW efficiency towards the
mechanical power required from the wheels. When the mechanical
power is negative, the vehicle is in "REGENERATIVE MODE", i.c.,
there is recovery of energy towards the battery because the vehicle is
decelerating or braking. When the power is greater than zero, the
vehicle is in "DRIVING MODE", i.e., it needs power to move. The



two "MODES" are separated in Figure 17 by a blue dotted line
located at zero mechanical power required to wheels. For a negative
power demand to the wheels in Figure 17 (“REGENERATIVE
MODE”), the TtW efficiency increases since the power is recovered
through regenerative braking. This energy recovery is a great
advantage for this type of powertrain compared to the conventional
one (BMW 318i), which shows a null TtW efficiency (no
regenerative braking allowable). During the driving phase
(“DRIVING MODE”), the TtW efficiency of the traditional engine
(318i) is shown in red. The efficiency of the BME X5 plug-in is
visible in black: the efficiency varies depending on whether the
thermal engine or the electric motor is working (efficiency above
85%). This result shown in Figure 17 confirms that the plug-in
vehicle is worthwhile because the battery helps propel the vehicle.
Therefore, the specific consumption of the plug-in vehicle (BMW
X5) is lower overall (Figure 15). However, the TtW efficiency trend
for the BMW X5 might seem strange. In fact, Eq. (36) replaces Eq.
(9) when the electric motor is running.
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Figure 18. Required energy at wheels - initial SoC 25% for PHEV.
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Figure 19. Chemical energy in the tank and / or stored in the battery
(including the regenerative energy from braking) necessary to fulfill the
WLTP cycle - initial SoC 25% for PHEV.

Figure 18 shows the energy required at the wheels for the two
vehicles. The BMW X5 plug-in vehicle has a higher demand than the
traditional vehicle because it weighs more (it has more equipment to
be a hybrid vehicle) and has a larger frontal surface (lower
aerodynamic performance).
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Figure 19 shows the chemical energy in the tank and / or stored in the
battery (including the regenerative energy from braking for PHEV)
necessary to fulfill the WLTP cycle: the energy stored in the battery
was computed by Eq. (33). Overall, the PHEV has a lower specific
consumption (Figure 15) but uses a share of electric energy which in
part comes from regenerative braking.

HYUNDAI NEXO: simulation results

This paragraph shows the simulation results for the HYUNDAI
NEXO FUEL CELL 2021, fueled by hydrogen. It is equipped with 1
gears and automatic transmission CVT. The main inputs of the energy
model are visible in Table 4.

In Figure 20 the TtW efficiency trend is shown: the regenerative
efficiency is very important for this type of car because the battery
capacity is very limited (1.56 kWh). In this case, Eq. (36) was used
for the calculation of the chemical power.

The absolute value of the TtW efficiency is greater than the one
typical of a conventional thermal engine (about 35% but even less).
Figure 21 shows the chemical power stored in the tank, i.e., the
available power, and the mechanical power requested at the wheels.
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Figure 20. Tank-to-Wheel efficiency trend.
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starting from 80% (initial SoC), the SoC of battery decreases during
the cycle but very slowly because of the high battery capacity. Finally
Figure 25 plots the comparison between the mechanical energy
required at the wheels and the consequent electrical energy that must
be supplied by the grid: the electricity of the grid (Eq. (46))
represents the actual energy cost of the BEV.
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Figure 21. Chemical power stored in the tank (available power) and power
required at wheels.

MERCEDES-BENZ AMG EQE 295 series

This paragraph shows the simulation results for the MERCEDES-
AMG EQE 295 series (2022): it’s a pure battery vehicle. It is
equipped with 1 gears and automatic transmission. The main inputs
of the energy model are visible in Table 4.

O HYUNDAINEXO
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Mechanical power required to wheels [kW]

Figure 22. Tank-to-Wheel efficiency trend.

Figure 22 shows the TtW efficiency trend compared to that of the
HYUNDAI NEXO. It can be seen that the efficiency of the electric
vehicle is always decidedly higher even compared to a fuel cell
vehicle. The too high TtW efficiency value (0.95) of the BEV during

the driving phase is attributable, as the significant difference between

the declared consumption and the simulated consumption (25%
excess error in Table 4) to the Willans' model for BEVs, which
presents critical issues that require a revision, as already mentioned.
Figure 23 shows the power stored in the battery and the mechanical
power requested at the wheels. In Figure 24 the SoC trend is visible:
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Battery power and power required at wheels.

Figure 24.
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State of Charge trend.
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Figure 25. Comparison between the mechanical energy required at the wheels
and the consequent electrical energy that must be supplied by the grid.

Comparison of the energy consumption of the four vehicles
to travel the WLTP cycle

Finally, in this paragraph, were compared the mechanical energy
required by the wheels for the four vehicles (Figure 26) and the
effective energy expended to complete the WLTP cycle (Figure 27). It
is clear that the vehicles do not belong to the same segment, but this
comparison helps to verify that the model, despite the strong
assumptions and limitations of the Willans model (for BEV
modeling), is able to predict a global trend which is in line with what
can be expected, i.e., BEVs are the cheapest vehicles in terms of
energy costs.

In Figure 26, the BMW 318i (traditional vehicle) does not differ
much in the demand for mechanical energy on the wheels compared
to other vehicles The other vehicles have a comparable energy
demand. It should be remembered that the mechanical energy
required from the wheels is independent of the initial SoC for
HEV/PHEV or FCEV or BEV.

BMW 318
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Figure 26. Energy required at wheels.
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Figure 27. Effective energy expended to complete the WLTP cycle.

In Figure 27, the actual energy consumption (to satisfy the energy
demand to the wheels of Figure 26) is least for the BEV vehicle
(MERCEDES EQE) and maximum for the PHEV (BMW X5). In the
BEV, the electricity needed by the grid to recharge the vehicle has
been calculated so that it can travel the WLTP cycle. In the ICEV
vehicle (BMW 318i) the chemical energy stored in the tank is
considered. In the PHEV (BMW X5) the chemical energy in the tank
is added to the electric energy of the battery: remember that the case
outlined is the one with the initial SoC set to 25% to reproduce the
switch-on of the thermal engine during the WLTP cycle. Therefore,
the PHEV vehicle consumes less fuel, with the same mission profile,
than a traditional ICEV. However, the overall energy expenditure is
higher: electricity (partly from charging and partly from regenerative
braking) must also be included in the total energy consumption. For a
more complete comparison, the case of the PHEV with an initial SoC
equal to 80% has been reported in dotted black line (same initial SoC
of BEV and FCEYV, as in Table 3): in this case the energy cost is just
higher than the BEV. This is to say that the PHEV (like the HEV) has
an energy rating strongly dependent on the initial SoC. To align with
the real test case (with internal combustion engine running), the case
with initial SoC at 25% was analyzed for the BMW X35, as previously
explained. The BMW X35 vehicle (like all modern PHEVs) can carry
out an entire WLTP cycle without power on the internal combustion
engine (whose case is shown here in the dotted black line). The initial
limit of the battery SoC to run the WLTP cycle in electric mode only
is 55%. In fact, with SoCi set to 50%, the SoC drops to 25% at the
end of the WLTP cycle (Figure 28 in red line) while it remains above
25% for the initial SoC set to 55% (Figure 28 in black line). Then the
thermal engine starts (as shown by the non-zero torque in the red line
in Figure 29).
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Figure 28. SoC trend - BMW X5.
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Figure 29. Thermal engine torque trend - BMW X5.

Finally, in Figure 27 the FCEV (HYUNDAI NEXO) has a higher
chemical energy consumption (hydrogen) than the BEV but lower
than the ICEV (as already highlighted in [4] in comparison with
vehicles powered by thermal engines but fed by many fuels).
Therefore, the maximum absolute efficiency in terms of energy,
defined as the ratio between the mechanical energy at the wheels
(Figure 26) and the energy expended (either chemical, electrical or
both, shown in Figure 27) is of the BEVs, while the least is from the
ICEV, which has an efficiency very close to PHEVs only if its initial
SoC is set to 25%.

Assuming to synthetically produce gasoline (assimilated to DME in
this work) or hydrogen (Table 2, WtT analysis), a quantity of
electricity equal to:

1. 104.4 MJ for the BMW 318i;
2. 117.0 MJ for the BMW X5 with initial SoC set to 25%
(BMW X5 45e 25% in the x-axis label);
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3. 59.0 MJ for HUYNDAI NEXO

would be spent on the production of the mass of fuel necessary to
complete the WLTP cycle. Conversely, the electricity from the grid
required for the MERCEDE EQE to run through the WLTP cycle is
only 19.1 MJ (as Figure 22). For the BMW X5 with initial SoC set to
80%, 0.0 MJ of electricity would be spent because the thermal engine
is always turned-off during the WLTP cycle. Instead, the electrical
energy required to complete the WLTP cycle in electric-only mode
would be equal to 26.2 MJ (BMW X5 45e 80% E-MODE in the x-
axis label).

Figure 30. Final electricity costs for the production of the synthetic fuels
(compared to electricity needed by the MERCEDS EQE).

All these electricity costs are reported in Figure 30. From the point of
view of the electric cost alone and considering the electric cost of the
production of synthetic fuels, the most energy-efficient vehicle
between the four vehicles under consideration is the BEV, as one
would expect.

Conclusions

In the present research work an energy model has been presented that
is able to calculate the total cost of the energy required by a vehicle to
make a specific journey starting from the production of the synthetic
fuel that powers it (electricity included) or including the recharging
efficiency from the grid. The followed methodology is based on the
Well-to-Miles analysis. By the energy model is possible to compare
the sustainability of various fully or partially electric propulsion
systems equipped with thermal engines powered by alternative fuels
(e-fuels, hydrogen, green methane, etc.) or powered by fuel cells.

The model was validated by comparing the carbon dioxide emissions
(if applicable) and fuel consumption data of four modern cars: one
powered by a traditional gasoline engine, another plug-in, one
powered by fuel cells and the latest pure electric. The BEV shows the
greatest discrepancy between declared and simulated energy
consumptions: the Willans model needs to be revised, also in
consideration of the too high value of the TtW efficiency (close to
95%).



The model showed that the most energy-effective vehicle between the
four vehicles in analysis, for a given mission profile, is the BEV,
followed by the PHEV with SoCj.: set to 80% and then FCEV. The
least convenient is the ICEV because it has the highest fuel
consumption of all.

Therefore, the model is a useful tool for the energy evaluation of
different powertrains in terms of consumption and therefore
emissions. The model underlies many hypotheses: the numerical
results are close to the actual ones. The model demonstrates to
maintain a trend of validity extended to all powertrains. For a very
accurate modeling it would be necessary to go into more detail about
the definition of each single car, but the generality of the model
would be lost. Therefore, the model is a valuable tool for energy
assessment (consumption, emissions) of various propulsion units
suitable for making a specific trip.
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Definitions/Abbreviations

BEV Battery Electric Vehicle
CC Coulomb Counting Method
CVT Continuously Variable Transmission
DOD Depth of Discharge
DME Dimethyl ether
ECC Enhanced Coulomb
Counting Method
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FCEV Fuel Cell Electric Vehicle

HEV Hybrid Electric Vehicle

ICEV Internal Combustion Engine
Vehicle

PHEV Plug-In Hybrid Electric
Vehicle

SoC State of Charge

WtM Well-to-Miles

WtT Well-to-Tank

WhtM Wheels-to-Miles

TtM Tank-to-Miles

TtW Tank-to-Wheels

Nomenclature

a(t) vehicle acceleration/deceleration [m/s?]

A Coefficient of load losses = 22.19 kg

Ar Frontal area of the car [m?]

AR Tire aspect ratio [%]

Cq Aerodynamic drag coefficient [-]

Cr Specific carbon content in the fuel [kgc/kgnel]

Cr Rolling friction coefficient [-]

Ci.pos» Copos Coefficient based on Willans approach

Ci.nee> ConcgCoefficient based on Willans approach

C Coefficient of load losses = 0.0609 kg/(m/s)*
d Distance [km]
D Wheels diameter [mm)]
D.y Constant value = 25 km
D. Autonomy in E-drive mode [km]
Eavaitabte Max energy recoverable during braking [kWh]
EC Energy consumed by the battery [kWh]
Eg;stst Electricity lost by the battery [J]
Epx Braking energy [J]
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loss
E brake

phase [J]
Eloss

charg

Echcmil(IE
Edec

Eloss
ElectricMotor

Egrid
loss
E load
paper [J]

Erccovcmblc

loss
E

transmission

Electricity lost during the braking

Electricity lost during charging [J]

Chemical energy stored in the tank [kWh]

Deceleration energy [J]

Electricity lost by the electric motor [J]
Total electricity consumption from the grid [J]

Load, equal to Eyneess in the present

Energy recovered during braking [kWh]

Electricity lost by the transmission [J]

Euwneelsnom Mean energy demand per kilometer [kJ/km]

Euwnees
Farive
Fioa

g
Gear(t)
h¢

kg
Myyel

Mmco2

LHV
mcar

M1

M2

MCOZ

Mm

my

Paerodidmg

Mean energy demand [J]

Final transmission ratio (drive gear) [-]

Load losses [N]

Gravitational acceleration [m/s?]

Transmission ratio of the gear engaged
Specific energy content in the fuel [kWh/kgs.l]
Kilograms of hydrogen [kg]

Fuel consumption of the vehicle [kg]

Mass of carbon dioxide emitted by the thermal
engine during the test cycle [kg]

Lower Heating Value [MJ/kg]

Car mass [kg]

Mass of emissions [g/km] or fuel consumption
[I/100km] during the first WLTP test for PHEVs

(SoC set to SoCyix). Generally this value is null
for modern PHEV vehicles.

Mass of emissions [g/km] or fuel consumption
[/100km] during the second WLTP test for
PHEVs (SoC set to SoCyy).

Molecular weight of carbon dioxide [kg/kmol]

Molecular weight of carbon [kg/kmol]
Mean fuel flow rate [kg/s]

Power lost due to aerodynamic drag [W]



Pau
Paux,const
Pbatt
PbanMAX
Pchem
PE]ec(ricMmor
Pengine

Pgrav

Phcal,cool

Pinax
pme
pma
Pm,loss
Pron_fric
Puen_accet

Pwhccls

qJco2

Qo

Tw

AT

T

Tengine
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Total power of the auxiliaries [kW]
Constant power of the auxiliaries only [kW]
Battery power [W]

Maximum battery power [W]

Chemical power [kW]

Rated power of the electric motor [W]
Power supplied by the engine [W]

Power of gravity load [W]

Power for heating and cooling the passenger
compartment [KW]

Maximum power deliverable by the engine [W]
Mean effective pressure [Pa]

Mean absolute pressure [Pa]

Mean frictional pressure [Pa]

Rolling friction power [W]

Power needed for vehicle acceleration [W]

mechanical power to the wheels required by the
chosen driving cycle [kW]

Specific emissions of carbon dioxide [kg/kWh]
Nominal battery capacity [kWh]
Vehicle wheel radius [m]

Engine velocity [rpm] defined by the Willans
model

Piston stroke [m]
Time [s]

temporal amplitude between the instants of time t
and (t-1) [h]

Outside ambient temperature [°C]

Torque delivered by the engine at its point of
maximum efficiency [Nm]

Tmax

Tmax(Pmax)

Treq

v(t)

A

Vit

A

Greek letters
a(t)

Noatt

T charger

T driveline

Neng

Maximum torque deliverable by the engine [Nm]

Maximum torque that can be delivered by the
internal combustion engine at the speed
corresponding to the maximum power [Nm]

Engine torque requested by the engine [Nm]
Vehicle speed profile [m/s]

Engine displacement [m®]

Piston velocity [m/s]

Tire width [mm)]

Slope of the route [rad]

Battery efficiency [-]

Charger efficiency [-]

Driveline efficiency (classical vehicle) [-]

Engine efficiency [-]

TNEkeriemotor ElEctric Motor efficiency [-]

NEVSE
Ne2b

nrb
nlmnsmissinn
Nrew

pz\ir

pfuel

e

We( Trmax)

®e(Prmax)

Electric Vehicle Supply Equipment [-]
“Grid to Battery” efficiency [-]
Regenerative breaking efficiency [-]
Transmission efficiency for BEV [-]
Tank to wheels efficiency [-]

Air density [kg/m’]

Density of the fuel [kg/m®]

Engine angular velocity [rad/s] defined by the
user between a minimum (idle) and a maximum
value

Angular speed of the motor corresponding to the
maximum torque that can be supplied [rad/s]

Angular speed of the motor corresponding to the
maximum power that can be supplied [rad/s]
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