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Abstract: The increasing market share of electric vehicles and the politically intended phase-out of
the internal combustion engine require reliable and realistic predictions for future consumption and
greenhouse gas emissions as a function of technological solutions. This also includes the consumption-
and emission-intensive transport of goods. We consider both passenger vehicles and commercial
vehicle traffic in our study and have investigated whether there are drive alternatives to the battery
electric vehicle that enable uninterrupted trips with a long range, especially for regional delivery
services and internationally active freight forwarders. To this end, we have analysed three system
architectures and their expected technological progress until 2050: battery electric vehicles (BEV), fuel
cell electric vehicles (FCEV), and internal combustion engine vehicles (ICEV) running on compressed
natural gas (CNG). The latter case serves as a best-practice reference from a combustion technology
perspective. The analysis is based on a validated and proven physical model and predicts that the
BEV2050 will consume 3.5 times less energy and emit 15 times fewer greenhouse gases than the
ICEV-CNG2020, whereas the FCEV2050 will consume 2.5 times less energy and emit 6.5 times fewer
greenhouse gases than the ICEV-CNG2020 on the road (hilly terrain, transition season, and WLTP
triple-mixed drive cycle). The advantages of the BEV result from the shorter drive train with lower
total losses. Our results thus confirm the expected role of the BEV as the dominant drive technology
in the future, and light vehicles with low-to-medium-range requirements will especially benefit from
it. On the other hand, since the greenhouse gas emissions of the FCEV2050 are lower by a factor of
6.5 than those of the ICEV-CNG2020, it is reasonable to conclude that the FCEV can play a significant
role in transport until 2050 when long distances have to be covered. Our model-based approach
also allows us to determine the energy fractions of the acting physical forces and thus calculate the
consumption shares: electric drive recuperation increases BEV and FCEV range by about 15% in 2020
and will increase it by about 20% in 2050, depending on drive technology and vehicle type. Air and
rolling resistance contribute 20% each to the total consumption. The consumption of the accessories
of modern vehicles with a share of about 10% of the total consumption cannot be neglected.

Keywords: battery electric vehicle; electric motor; fuel cell; hydrogen; truck; greenhouse gas emission;
real-world conditions; physical model; range prediction; consumption shares

1. Introduction

Electric drive technology for vehicles is more than 100 years old. It lost the competition
with gasoline-powered internal combustion engines back then because the ranges that
could be realized with the very limited battery capacities of the time were not sufficient.
The question of greenhouse gas (GHG) emissions would have been better asked back
then, too—but it was not. This has changed drastically in the meantime, with several
governments in Europe, North America, and Asia, as well as major vehicle manufacturers
such as VW, Renault and Volvo, having decided to ban or stop the sale of vehicles with fossil
combustion engines before 2040 [1-4]. The sector of traffic and transport is thus supposed
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to make its contribution to the reduction in GHG emissions, which has not happened so
far [5-8].

For the user of automobiles, be it private or business, this raises several questions that
have not been fully clarified: Is the range of today’s batteries sufficient for long-distance travel?
What GHG emissions does a future vehicle produce per distance travelled? What drive options
are available to the freight forwarding company serving its international customers to be able
to comply with the strict requirements of the legislator in the long term?

Such questions are all the more justified as some of the claimed impressive advantages
of modern drives do not stand up to scrutiny. For example, the German government
considers battery electric vehicles (BEVs) to be completely emission-free and therefore
gives them preferential treatment under tax law [9,10]. Of course, this definition is based
on political intentions rather than scientific objectivity. There is no doubt that the manufac-
turing process of modern automobiles with new drive technologies involves a considerable
input of raw materials and energy, which in some cases goes well beyond what would
be used to produce conventional automobiles. Just think of the raw-material-intensive
lithium-ion batteries or the rare-earth magnets used in electric motors [10-12].

Even in operation, there is no question of real CO, neutrality because the electricity
required for operation is not generated completely by regenerative energy in any current
economy [13]. The same applies to hydrogen needed for fuel cells [14,15]. Manufacturers’
data on consumption and emissions of the new drive technologies do not reliably answer
critical consumer questions. Past and present experience has shown repeatedly that real-
world consumption significantly exceeds manufacturer’s figures. There is evidence that
this is also true for electrically powered vehicles [16-18]. This is because very favourable
conditions are generally applied on the test benches of the manufacturers: no height profiles,
warm summer temperatures, accessories turned off, etc.

In this respect, the new drive technologies represent a broad field of application
for scientific reappraisal. Only the broad application of scientific methods can create
transparency about the current performance and usability of electrically driven vehicles
and lay the foundation for future development.

Despite the extensive global research efforts, the scientific database is incomplete
and obscured by economically or politically motivated statements that do not stand up
to objective scrutiny. In order to rule out erroneous developments in vehicle technology,
the expected technological trends to 2050 have to be derived more systematically from
available data. The GHG emissions of the various drive technologies are directly related to
the generation of the associated energy fuel—in our case electricity and hydrogen. Both the
paths of production and their efficiencies are subject to dynamic development and require
continuous evaluation.

The emission factor for electricity generation varies strongly from country to coun-
try [19]. However, even within a country such as Germany, on which we focus, the
emission factors predicted today for the year 2050 diverge by a factor of 12 [20,21]. Even
for a medium-term horizon to 2030, there are differences of 100% in predicted numbers. It
is evident that there is an urgent need to reduce these large differences based on objective
data that are based on scientific reasoning (see Section 3.4.1).

There is also a lack of scientific data regarding the extent to which the BEV will be
suitable for use in commercial vehicles over long distances. Hopes for this are being fuelled
by the assumption of major advances in the power density of batteries and the available
charging power along the main transport routes. To gain well-founded insight into this core
issue of future mobility, on the one hand, the expected battery technology development
needs to be included more consistently in consumption calculations (see Section 3.3.1), and
on the other hand, it must be examined without prejudice, whether the goals cannot be
achieved more realistically with alternative technologies. This can only be accomplished by
an objective system comparison of BEVs and FCEVs both for passenger and commercial
vehicles to 2050, a comparison that cannot be found in the open literature as of now.
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This study aims to investigate the relative merits of future drive technologies in traffic
and transport and the expected progress until 2050. We determine the specific consumption
and GHG emissions under real-world conditions by simulations that allow sound, objective,
and practically relevant predictions for mobility groups as opposed to individual vehicles.
The simulations are based on a physical model involving the main components of a vehicle
powertrain, all of the forces acting on the vehicle, and real-world conditions. The model
has been described in [16]. It has been demonstrated that the simulations based on this
model agree very well with other scientific investigations, with practical consumption
tests of recognized testing institutes/organizations [22] and with our own road tests [16]
(see Appendix A). Such comparison with available experimental data is ample reason to
consider the model as validated. We now apply the model to investigate future vehicle
behaviour, which is impossible through experiments because the vehicles have not been
built yet.

In the present continuation of [16], we explore two electric powertrain architectures:
(1) all-electric vehicles (BEVs) and (2) fuel cell electric vehicles (FCEVs), with a hydrogen
fuel cell and a small battery as combined energy storage. In both cases, lithium iron
phosphate batteries are assumed, as this battery technology is the most promising due to
its high cycle stability and short-circuit resistance, coupled with a relatively high power
density. Compared to the battery, the fuel cell, with its hydrogen tank, has a much higher
power density (Figure 1). This would allow significantly longer ranges for electric vehicles,
especially for heavy trucks. However, the electrical energy for the FCEV must additionally
be converted into hydrogen in an electrolyser and later back into electricity in the vehicle
by the fuel cell. These conversions involve losses. The investigation of such trade-offs is the
essential objective of our present work. To this end, we will expand known data [14,15,23]
with additional insights into the specific consumption and the GHG emissions of the electric
drive variants under real-world conditions.
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Figure 1. The energy density of Li-ion batteries in comparison to CNG and hydrogen (for the
predictions, cf. Section 3.4).

In order to be able to make a better comparison with the state-of-the-art technology of
internal combustion engines (ICEs), we have examined the combustion drive with com-
pressed natural gas (CNG) as a third drive variant. This combustion engine is economical
in consumption, with relatively low GHG emissions and should not be ruled out in long-
distance operation, all the more so as the energy density of CNG is high when compared to
batteries (Figure 1).

All three drive technologies (BEV, FCEV, and ICEV-CNG) have been studied according
to their current performance and according to their likely further development until 2050.
The results are intended to help assess the feasibility of the political objectives at the
milestones of the Kyoto Protocol and the supra-regional and national agreements based on
it (e.g., European Green Deal 2019) [24]—the years 2020, 2030 and 2050.
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2. Material and Methods
2.1. Experimental Approaches

The energy consumption and driving range of a vehicle can be determined experimen-
tally on a test bench, test tracks, or on the road. Statistical models can be developed for all
three test conditions. The more influence that variables such as road gradient or ambient
temperatures are taken into account, the better the results will match the true values in
everyday operation [25]. Such experimental approaches have been successfully used to
quantify the difference between type approval characteristics and road characteristics of
vehicles [18,26]. However, such statistical methods have three drawbacks. First, they only
describe the tested vehicles under particular test conditions. The transfer of the results
to other vehicle types or driving conditions is not straightforward. Second, there is no
invertible relationship between a statistical detail and the underlying physics. Statistics
cannot provide answers to questions such as “What would be the consequences if the elec-
tric machine efficiency increased from 85% to 92%?” Third, experiments and statistics can
only describe past or current systems, never systems to be developed and not yet existing.

2.2. Model-Based Approach

For the background, details, and validation of the physical model that we used to
evaluate the performance of vehicle system architectures, the reader is referred to [16,27].
The model essentially takes into account all consumption-relevant effects (forces acting
on a vehicle, recuperation, engine efficiency, temperature dependence of batteries, terrain
characteristics, driver behaviour, etc.). It is parameterized in a way that allows one to
investigate a much broader variety of technological scenarios than experiments or statistical
observations on existing vehicle fleets would allow. We could, thus, achieve our prediction
goals in a better, faster, and more meaningful manner than by any other method.

In the present work, this model is extended to the effect that the complete powertrain
can be changed in a model-compatible manner for each vehicle type (see Section 3.1).

The model was set up in such a way that the vehicle type in each case consisted of an
empty vehicle (without drive and energy storage/tank). On one hand, this ensures that
the external dimensions, which are relevant for air resistance, for example, always remain
the same. The weight, on the other hand, naturally changes when the heavy transmission
of an ICEV is replaced by the significantly lighter one of a BEV; or, the battery of a BEV
or the battery, the fuel cell, and the hydrogen tank of an FCEV are considerably heavier
than the tank of an ICEV; or, no alternator is needed for BEVs and FCEVs, and so on. These
effects have been integrated into the vehicle model. The corresponding vehicle data can
be studied under the following link [28]. For passengers and payload, the statistical mean
values of the German road and freight traffic were used [29].

This approach enables us to combine different vehicle types and drive technologies in
a system-compatible way, without losing the characteristic features of each vehicle type.
The programming has been carried out in Excel, Matlab, and VisualBasic.

2.3. Technology Development from 2020 to 2050

The Kyoto Protocol, referring to the year 1990 and the supra-regional and national
agreements based upon it (Paris—2015; IPCC-2018: reducing greenhouse gas emissions
by 45% by 2030 relative to 2019; European Green Deal 2019: complete decarbonization of
emissions by 2050). There, the years 2020, 2030, and 2050 have been defined as key points
on the timeline to which GHG emission targets have been assigned. For this reason, our
work considers the expected development states of the various drive technologies on the
same dates. The expected further development of the essential drive components is based
on extensive literature research. The power density of batteries as well as the possible
change in battery technology are included as examples (see Section 3.4).
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2.4. Specific Consumption, Consumption Shares

The physical model yields the effects of the environmental influences and the forces
acting on a vehicle. With the motor operating points also calculated from this, we were
able to determine the specific consumption and GHG emissions of vehicles and individual
consumption-relevant components. We have used component-specific temperature models
for batteries, tires, and fuel cells [27,28]. For the electric motor, no temperature model
was used as the permanent-magnet machine has quite stable performance. Consumption
and emission values relate, in each case, to the operation of the vehicle and are, therefore,
so-called tank-to-wheel values. The raw material and energy requirements for the manu-
facturing process (well-to-tank) have not been considered. This is a part of independent
scientific studies [7,10,14,30].

One aspect of our work that should be very helpful for the future development of
electromobility is related to the consumption shares, i.e., the relative contribution of physical
effects such as rolling resistance, air resistance or inertia to the energy consumption. In
practical tests, the shares can only be determined with great effort and hardly without side
effects. In the simulations, they result from the energy fractions of the physical forces acting
on the vehicle (see Section 4.4).

3. Theory and Model Details
3.1. Vehicle Types and Main Parameters

In order to allow correct decisions for the entire mobility and transport of an economy,
the view must be broadened to include all emission-generating vehicle classes. This must
also include trucks, which have received little attention so far in the literature, even though
they contribute significantly to GHG emissions [31]. For the further purposes of this work,
we have defined three generic vehicle classes, and to each of them, we assigned the three
different drive technologies, as described in Table 1.

Table 1. Definition of vehicle classes (further parameters are given in Appendix A).

Vehicle Class
Drive Technology Parameters Units
Passenger Vehicle Small  Passenge Vehicle Big Truck Light

rated motor power kW 80 120 160
motor type permanent magnet motor (rare-earth)

BEV total weight t 1.6 21 47
battery type Li-FePO4
battery capacity kWh 60 90 120
rated motor power kW 80 120 160
rated FC power kW 57 99 132
fuel cell type PEM (proton exchange membrane)

FCEV rated battery power kW 31 33 44
total weight t 1.6 2.0 4.6
battery capacity kWh 20.5 22 29.3
tank volume kg Hy 5 8 10
rated motor power kW 100 140 200

ICEV-CNG total weight t 1.4 1.7 42
tank volume kg CNG 15 20 40

3.2. Investigated Drive Technologies

When operating small passenger vehicles in urban traffic, the advantages of the BEV
are obvious. This may also be true for use in regional delivery traffic with light commercial
vehicles. However, whether the battery electric drive is also suitable for transporting heavy
loads over long distances remains uncertain. In this case, there is much to suggest that the
combination of an electric motor and fuel cell, with a hydrogen tank of suitable size, could
gain importance [12,32]. To be able to investigate this borderline area, which is essential for
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the future composition of traffic, we have defined three generic drive technologies (Table 2),
which we combine in our simulations with the vehicle classes shown in Table 1. Here, the
latest ICEV-CNG engine serves as the state of the art in terms of combustion technology. Its
comparatively good efficiency with relatively low emissions makes it suitable as a reference
technology [32,33].

Table 2. Major drive and energy storage technologies used in the simulation model.

Acronym Drive Energy Storage
BEV Electric motor Battery
FCEV Electric motor H; fuel cell with tank and battery
ICEV-CNG ICEV running on CNG CNG tank

3.2.1. Battery Electric Vehicle and Physical Model
The physical vehicle model first contains a description of the forces acting on the vehicle:

Air resistance
Rolling resistance
Mass inertia
Gravity.

Furthermore, important temperature dependencies are taken into account in our
model. These depend on the season, and, secondly, on the duration of the journey. They are
taken into account in the rolling resistance, battery behaviour, and accessories in the model.

The key element of the drivetrain is the electric motor. Its efficiency over the widest
possible speed and torque range is decisive for the resulting consumption and emission
values of the vehicle. For this reason, state-of-the-art technology with a permanent-magnet
motor based on rare-earth metals was selected for our model. It has efficiencies of over 90%
in large parts of the operating range and shows very low-temperature dependence. These
outstanding features of the PM motor are the backbone of electric drive technology.

The inverter supplies the motor with power from the battery and converts the DC
voltage into AC. The selected inverter technology represents the state of the art, equipped
with silicon carbide power semiconductors that allow very high switching frequencies.
This enables the current to be impressed on the motor in a near-sinusoidal manner without
having high harmonic components, which are responsible for most of the losses. The
efficiency is 96%.

Another key element is the battery. Here, enabling the greatest possible energy storage
density with low volume and weight is important. For this reason, we have opted for
the Li-FePOy battery. It has very good cycle stability and is ecologically advantageous
due to the use of the noncritical FePO4 anode material. In addition, the high short-circuit
resistance includes a much lower fire risk than is the case with the Li-NiMnCo batteries
that are currently widely used. For these reasons, Tesla has announced its intention to use
Li-FePOy battery technology in its next generation of vehicles.

A detailed description of the physical vehicle model is part of our former already
published work and given in [16], here also in Section 3 and Appendix A The technological
facts are described in detail and several references are given as well as details of the physical
vehicle model are also described in [16].

3.2.2. FCEV Drive Cycle Model: Electric Motor, Inverter with Battery and H; Fuel Cell

The H;-fuel cell drive appears to be a very promising technology for future vehicles [6,34].
As with the BEV, the actual drive concept consists of an electric motor with an inverter and
battery (Figure 2). The fuel cell converts the chemical energy in the hydrogen stored in a
high-pressure tank into electrical energy. Since the energy density of hydrogen is much
greater than that of an electric battery, it allows heavy vehicles to cover long distances on
the same tank filling. In this respect, the FCEV appears to be an attractive long-distance
alternative to the BEV for both passenger cars and commercial vehicles [30,35,36]. It could
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replace the ICEV with a very important benefit: hydrogen can be produced by electrolysis
from regenerative electricity and would then be almost CO,-neutral. There exist tank systems
today that can store hydrogen safely under high pressure for long periods [37]. For this work,
we have assumed that the fuel cells use proton exchange membranes (PEM; cf. Table 3). The
PEM-FC can be operated at low temperatures (less than 100 °C), has a response time of a
few seconds, and shows good dynamic behaviour [38—41]. This makes it very well suited for
mobility applications. Leading car manufacturers also use the PEM-FC technology in their
FCEVs [30,31].
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Figure 2. Energy flow diagram of the BEV- and FCEV drive cycle model.

Table 3. Types of fuel cells and their characteristics [6,42].

FC Type Fuel Power Range (kW) Temperature Range (°C)  Efficiency Range (%)

A-FC H, 10-100 150-200 40-60
PEM-FC Hp 0.1-500 10-100 35-60
DM-FC CH;OH 0-100 60-130 40

PA-FC H, —10,000 110-220 38-40
MC-FC H,, CHy —100,000 550-700 48-70
SO-FC H,, CHy >100,000 450-1000 47-70

Layout and Dimensioning of the FC

The power supply from the battery and FC has to always cover the power demand
of the electric motor [43]. Thus, the electric motor power ratings given in Table 1 guide
the power ratings of the battery and FC. The sum of the two was selected to exceed the
rated power of the electric motor (see Table 1) by 10%. Simulation tests have shown that
a power ratio of 3:1 between the FC and the battery leads to good results. A somewhat
higher battery share was selected for the city cycle where frequent acceleration and braking
are necessary (FC-to-battery power ratio of 7:3 instead of 3:1). For long highway trips at
a constant speed, it is advisable to go even higher with the FC share (power ratio of 17:3
instead of 3:1). Simulations have also shown that the permanent energy supply by the
FC makes it possible to dimension the capacity of the battery significantly smaller than in
the BEV. We obtained the best results with a battery having only I of the capacity of the
BEV battery.

FC Control

The electric motor-inverter-battery—FC drive block was dimensioned and controlled
in such a way that the acceleration demand resulting from the driving cycle could always
be met. The FC and the battery, respectively, covered the base load and the peak loads.
For efficiency reasons, the FC was operated between 15 and 70% of the maximum current
density. PEM-FC have their best efficiency at about 25% of the maximum allowable
package current density [38,44]. In this power range, the efficiency is nearly constant (see
Section 3.3.2 below, Figure 7).



Energies 2023, 16, 3591 8 of 29

The second requirement of the control system is to keep the battery charge within a
specified tolerance band. This makes it possible to avoid power limitations of the drive,
even in phases of strong acceleration. Examples of the control of a fuel cell, as used in the
simulations, are given in Figures 3-5.
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Figure 3. Example for the operation of the FCEV (truck light, hilly terrain, and WLTP triple-mixed
drive cycle) (FC power = blue, FC max. power = red-dashed, FC optimal power = green-dashed, and
FC min power = yellow-dashed).
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Figure 4. Example for the battery power (blue line) of an FCEV during operation (truck light, hilly
terrain, and WLTP triple-mixed drive cycle); (positive values mean discharging, negative mean
charging, rated discharge power = red-dashed, and rated charge power = yellow-dashed).
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Figure 5. Example of the state of charge of the battery in an FCEV (truck light, hilly terrain, and
WLTP triple-mixed drive cycle).
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The battery is supplied with current by the fuel cell and, on the other hand, delivers the
current to the drive components converter/electric motor when required. In other words,
the battery is charged by the fuel cell and discharged by the inverter with an electric motor.
In our calculations, the dynamic values of the drive (speed and acceleration) are specified
by the WLTP driving cycle (see Section 4.1 below, Figure 9). This driving cycle, thus, also
determines the temporal demand for torque and current in the powertrain. The FCEV drive
cycle is designed in such a way that it can meet these requirements at all times. The control
system also uses suitable setpoint specifications to ensure that the battery cannot become
overfull or empty. For this purpose, the fuel cell is activated or deactivated in time and
with suitable power to generate electricity.

What can be seen in Figure 5 is that the initial state of charge of the battery SoC (t = 0)
in an FCEYV is less important for the operational readiness of the vehicle than in a BEV.
This is because the battery can be recharged quickly at any time from the fuel cell, even
while driving. In the example shown, the so-called worst-case scenario of an almost empty
battery at the start time was deliberately chosen in order to show that even in this critical
case, the journey can be carried out without interruption. This is ensured by the appropriate
dimensioning of the fuel cell and the battery.

The efficiency of the FC is receiving a great deal of attention in the development of new
drive technologies [29,34-36]. In the entire chain of energy conversion from solar radiation
or kinetic wind energy to mechanical drive energy, the FC plays a determining role. For the
PEM-FC, maximum efficiencies between 55% and 65% are quoted in the literature as the state
of the art [34,45]. Since the leading manufacturers are unlikely to report their most recent
improvements that have not yet been introduced into mass-fabricated products, we have
assumed maximum efficiencies of just over 60% as state of the art for 2020 (Figure 6). The
mathematical model used to describe the physical behaviour of the FC can be found in [28].

100% I [ — 100%
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a 80% 8000
2 o e e N o,
g 70% / — + 70% >
< 60% / 60% ¢
& so% / 50% 2
© e
E  40% 40% 2
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< 30% ~ 30%
(@] / 3
= 20% / 20%
10% — 10%
0% '— ! 0%
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

relative current density

Figure 6. PEM-FC normalized power (orange) and efficiency (blue) over the relative stack current
density, as expected for 2050 [44,46-48].

The functionality and effectiveness of the FCEV also depend on temperature [30,49,50].
This has to be taken into account for resource-saving operations, especially in regions with
distinct seasons. In our simulations of drive cycles in the cold season, a minimum operating
temperature of 25 °C was established by the suitable preheating of the FC. It has been
shown in the simulations that this mode of operation is more efficient than a cold start [49].
We will see whether these characteristics will also occur in future generations of the FC.

3.2.3. ICEV-CNG Drive Model

The ICEV with CNG as fuel is a proven and highly developed technology. Nowadays,
it is regarded as a bridging technology as fossil raw materials are often used as a starting
point for fuel. The European Parliament has recently banned ICEVs by 2035, possibly with
the exception of ICEVs that use regenerative fuels. However, the production of methane
and CNG utilizing wind or solar power is currently still energy-intensive and hardly
available on a large scale. Nevertheless, we decided to include ICEV-CNG in our studies.
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The CNG was assumed to be produced using the currently typical electricity generation
mix in Germany (see Section 3.4.3).

As the technology of the ICEV is well known, there is no need to describe it in more
detail. Table 4 shows the main technical data of the ICEV-CNG used in the simulations.

Table 4. ICEV-CNG technical data used in the simulation (2020 state of the art).

Drive Technology = Parameter Unit Passenger Small  Vehicle Big Truck Light
rated motor power kW 100 140 200
max. torque Nm 125 175 250
max. motor speed 1/min 6000 6000 6000
max. efficiency 39% 39% 39%
total weight kg 1362 1689 4210

ICEV-CNG payload kg 25 40 1750
reduction in axle gearbox 3.0 3.0 3.5
number of stages main gearbox 9 9 9
reduction range main gearbox 1-6 1-6 1-7
tank volume kg CNG 15 20 40

3.3. Expected Progress of Drive Technologies until 2050

We structured the complex task of predicting future drive technology performance
based on physical modelling as follows:

(1) The identification of the technology areas that significantly influence the performance
of the vehicle.

(2) The identification of the technology areas that still have significant potential for devel-
opment up to the level of technological maturity.

(38) The selection of technology areas that will make significant contributions to saving
primary energy and pollutant emissions.

(4) An assessment, based on sound quantitative data, of the extent to which new technol-
ogy can lead to improvements in the subareas.

The technology areas listed in Table 5 were selected and examined for their develop-
ment potential. For the sake of conciseness, the states of the art assumed in the years 2020,
2030, and 2050 are presented in [28] and the focus in this Section will be on battery and fuel
cell technology.

Table 5. Technology areas to be examined.

Physical Force Motor Technology Motor Control Energy Storage
Rcﬁllirnreizesstii?:rfce Electric motor Inverter Battery
& CNG engine Fuel cell

Weight

3.3.1. Battery Technology

In order to achieve acceptable ranges for the BEV, the vehicle industry is making great
efforts in researching and developing new storage technologies. The current state of the art
is the lithium-ion battery, within which, LiFePO, technology currently appears promising
(see also Table 6). Graphite cathodes are used, while the anode consists of LiFePOy. This
has many advantages: the ecologically and socially questionable metals cobalt, nickel,
and manganese are no longer needed. For the operational safety of the battery, the high
short-circuit resistance of the LiFePOy battery has proven to be a major advantage. The
risk of fires that are difficult to extinguish is thus much lower. In addition, the LiFePO,
battery offers high cycle stability, enabling a long battery life. For the aforementioned
reasons, one of the world’s leading BEV manufacturers, Tesla, has recently published its
intention to equip the next generation of vehicles with this very battery technology [51].
With a current power density of 200 Wh/kg, the battery weighs 250 to 500 kg in passenger
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vehicles and up to 800 kg in light trucks. The battery thus accounts for 15 to 25% of the
total weight and is the main reason why modern electric vehicles are about 15 to 20%
heavier than comparable combustion-engine vehicles. The mass of the vehicle plays a
major role in the physical forces acting on it. Mass inertia, gravity, and rolling resistance
all depend proportionally on mass. On the other hand, the capacity of the battery is
crucial for the range of the BEV. With increasing capacity, the mass of the battery also
increases in approximate proportion. These are the reasons why the battery is at the centre
of BEV developments. The battery decision is always a trade-off between mass savings and
sufficient range. Around the world, manufacturers, suppliers, and independent institutes
are working to improve battery technology to achieve more capacity with less weight. We
assumed improvements in battery technology as shown in Table 6. This is justified by the
following two expectations:

(a) Higher power density by replacing graphite as the anode material with silicon: The
graphite anode can only bind a few lithium ions (LiCe). Thus, the specific capacity of
current Li-ion batteries remains comparatively low at 370 mAh/g. If the graphite is
replaced by silicon, considerably more lithium ions can be bound at the anode via the
chemical equation Lij5Sis. The specific capacity could, thus, increase to 3600 mAh/g,
i.e., by a factor of about 10. However, the strong volume expansion of the silicon
(about 30 times more than graphite) leads to cracking at the solid—electrolyte interface,
which in turn leads to high consumption of lithium and the electrolyte, and, thus,
to premature ageing of the battery. Promising developments in recent years use
graphite-silicon mixtures to increase energy density while ensuring mechanical anode
integrity [30,52-55].

(b) The use of solid-state electrolytes by the simultaneous use of a metallic lithium anode
(solid-state LiB): By equipping solid-state electrolyte batteries with metallic lithium
anodes, the specific capacity could be increased to approx. 3900 mAh/g. In addition,
a solid electrolyte would reduce the risk of fire in the battery cells. In the long term,
experts and manufacturers expect energy densities of 1000 Wh/L or 750 Wh/kg. How-
ever, there are still considerable obstacles to this technology. For example, dendrite
formation on the metallic Li anodes, which can lead to short-circuits, and the low
diffusion coefficient of the known solid electrolyte materials for lithium ions at low
temperatures pose major problems. Nevertheless, the long-term option of higher
power density with increased safety is realistic [30,52,56,57].

Table 6. The expected increase in battery energy density.

E Densi Year
ner ensi Unit

8y 4 m 2020 2030 2050
Gravimetric Wh/kg 200 400 750
Volumetric Wh/L 500 750 1100

3.3.2. FC Technology

FC development started later than battery development and was similarly far from the
long-term technological and economic target. Correspondingly large advances in operation,
efficiency, and power density can be expected. These advances will most likely come from
the following areas:

(a) Preheating of the FC [49].

(b) Improved FC control algorithms [44,45].

() Intrinsic polymer film for the intermediate storage of hydrogen [58].
(d) Additional use of supercapacitors [43,59].

A comparison of simulation data with real-world consumption data for FCEVs on the
market [6,12,60,61] suggests that efficiencies of 60 to 65% are already available with the
current state of FC technology. Efficiencies of over 70% and a tripling of power density will
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be achieved in the medium term (see Table 7). In our opinion, FCEVs, therefore, are an
attractive complement to BEVs and rival the driving ranges of ICEVs.

Table 7. The expected increase in FC power density and efficiency.

Year
PEM-FC Feature Unit
2020 2030 2050
Power density kW/kg 0.5 1.0 1.5
Efficiency max. — 63% 71% 75%

The FC operating performance allows easy conversion of chemical energy into electri-
cal energy thanks to the almost constant efficiency in the operating window and power
that increases linearly with the current (Figure 7).

100% 100%
T 80% 90%
3 3
o 60% 80% G
2 S
o 40% 70% @
o Q
1 (N
QO 20% 60%

0% 50%

10% 20% 30% 40% 50% 60% 70% 80%

current density

Figure 7. Expected Progress in FC efficiency (blue-dashed line) and relative power (blue-solid line) in
the operating window (dark blue = 2020, medium = 2030, and bright = 2050).

3.4. Derivation of GHG Emission Factors

In order to determine the actual GHG emissions of a vehicle, one needs the objective
GHG factor associated with the energy source used. For the respective energy source
used, which is in the tank of the vehicle under consideration of its generation mix, the
associated time-variable emission factor is determined. In a tank-to-wheel balance, the
consumption value of the vehicle resulting from the model simulation is considered. Using
a direct multiplication of the previously determined emission factor yields the vehicle-
and tour-specific emission result. To limit the uncertainties in our predictions to 2050, we
proceed as follows:

(a) All values refer to the energy policy situation and its further development in Germany.

(b) The energy sources considered are electricity (BEV), hydrogen (FCEV), and CNG
(ICEV-CNQG).

(c) Transport and production losses need to be considered when regarding the energy bal-
ance of the energy sources. In addition, for the dominant renewable generation types
of photovoltaics and wind, the energy and raw material balance of manufacturing,
installation, and de-installation are also considered.

(d) Multiple independent data sources were used for each energy source to increase
statistical significance.

(e) The raw material and energy required for vehicle manufacturing are not considered
(tank-to-wheel).

Table 2 emissions of the various energy sources are listed in Table 8. The details of the
calculations are given in the following Sections 3.4.1-3.4.3.
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Table 8. Calculated GHG emission factors of the relevant energy sources/ fuels.

Emissions in g CO,-eq./kWh by Year

Energy Source

2020 2030 2050
Electricity 376 225 58
H; 301 256 95
CNG 230 195 76

3.4.1. GHG Emissions of the German Electricity Generation in the Years 2020/2030/2050

Since the Kyoto Protocol reference year 1990, average emissions from electricity gen-
eration in Germany have almost halved from 764 to 376 g CO»-eq./kWh in 2020. The
predicted further development of GHG factors is described in Tables 9 and 10. The decrease
in the GHG factor of natural gas is due to an expected increase in biomass and power-to-gas
systems. The decrease in the GHG factor of photovoltaic systems is due to an expected
increase in the conversion efficiency of PV modules (from 23% in 2020 to 25% in 2030
and 28% in 2050) [28]. Although less efficient low-cost technologies (polycrystalline and
thin-film silicon) will win market shares from monocrystalline silicon, technology advances
for all types of PV modules will still lead to higher average efficiencies [28].

Table 9. Generation mix of German electricity [20,31,62-66].

Share in the Electricity Production by Year

Primary Energy Source

2020 2030 2050

Lignite 19.2% 10.4% 0.3%

Hard coal 10.3% 4.8% 0.8%

Fossil Nuclear 10.3% 0.0% 0.0%

Natural gas (GST) 2.8% 2.9% 1.7%

Natural gas (CoGen) 11.1% 10.7% 9.9%

Wind onshore 17.4% 32.6% 40.4%

Wind offshore 4.0% 10.6% 12.2%

Regenerative Hydropower 3.4% 3.0% 2.4%

Biomass 6.0% 4.9% 4.5%

Photovoltaic 9.1% 18.0% 23.2%

Other 6.3% 1.1% 4.5%
Relative 100.0% 100.0% 100.0%
Total Absolute 593 TWh 740 TWh 997 TWh

Figure 8 shows the historical values of the GHG factors of German electricity gen-
eration until 2021 together with our numbers from Table 10 and predictions by other
researchers. Our forecasts for 2030 and 2050 are believed to be more realistic than the other
predictions in that they ignore counterfactuals (such as declaring BEVs as emission-free
although the electricity is still generated by burning fossil fuels) more consistently.
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Table 10. GHG emission factors by process [20,31,62-66].

GHG Factors in g CO,-eq./kWh by Year

Primary Energy Source

2020 2030 2050
Lignite 1142 1142 1142
Hard coal 815 815 815
Fossil Nuclear 32 32 32
Natural gas (GST) 370 365 205
Natural gas (CoGen) 370 365 205
Wind onshore 18 18 18
Wind offshore 17 17 17
Regenerative Hydropower 40 40 40
Biomass 0 0 0
Photovoltaic 50 45 34
Other 125 125 125
Total 376 225 58
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Figure 8. GHG emissions of German electricity generation over time. Grey circles—historical data [63].
Dark blue, light blue, and green circles—predictions from [9,20] and the present work, in this order.

3.4.2. GHG Emissions of Hydrogen Production in the Years 2020/2030/2050

Hydrogen is currently being produced using a wide variety of technological processes.
While fossil generation paths currently dominate, regenerative generation from photo-
voltaic and wind power via electrolysis will dominate in the future. Such emission-free, or
green, hydrogen would, on the one hand, solve the electricity storage problem and, on the
other hand, offer an almost CO,-neutral alternative for many energy-intensive applications.
For our investigations, we focused on six generation pathways (Table 11). Electrolysis
powered exclusively by regenerative sources (green Hy) still has to be distinguished from
electrically powered electrolysis, even after 2040, although political goals call for a regener-
ative generation of all electricity by then [53]. The details of the GHG calculations can be
found in [28].



Energies 2023, 16, 3591

15 of 29

Table 11. H; production shares [20,31,67] and GHG emission factors [67-69] by process and year.

H; Production Share by Year, in % GHG Emission Factor by Year, in g CO3-eq./kWh

Process

2020 2030 2050 2020 2030 2050
Hard coal 10 10 0 570 570 570
Crude oil 15 10 0 360 360 360
Methane 35 15 0 329 312 312
Methane + CCS 30 20 20 152 130 130
Electrolysis-regenerative 5 20 0 31 30 27
Electrolysis—electricity 5 25 80 546 336 86
Total 100 100 100 301 256 95

3.4.3. GHG Emissions of CNG Production in the Years 2020/2030/2050

Today, 60% of the CNG consumed in Europe is obtained from fossil-based raw materi-
als. The remaining 40% comes from extraction from biomass. Power-to-gas, the electrolytic
generation of hydrogen followed by methanation, does not yet play a role but is expected
to increase to 34% by 2050. As the biomass share is to rise further to 60% in 2050, the
fossil share in 2050 will be a mere 6% [70]. The high biomass share, which has a low GHG
factor of 14 g CO;-eq./kWh, results in favourable GHG emission values overall (Table 12).
Precisely because of this, the GHG values turn out better than those for hydrogen. CNG
drive technology is, therefore, a viable candidate as a bridging technology until around
2040. After that, the significantly higher efficiency of the FCEV drive cycle will be able to
assert its advantages. Further details are given in [28].

Table 12. GHG emission factors of CNG by process [10,20,63,64].

GHG Emission Factor by Year, in g CO5-eq./kWh

Process

2020 2030 2050
Fossil 374 374 374
Power-to-gas 820 641 134
Biomass 14 14 14
Total generation mix 230 195 76

4. Results and Discussion
4.1. Scenario Description

We used three independent parameters for our simulations: vehicle class, drive system,
and technology status (Table 13). Each parameter could take on one out of three (mostly
categorical, i.e., non-numerical) values. This resulted in a total of 27 combinations that were
investigated by simulation. Other parameters that we took into account in principle were
kept fixed for the purposes of this presentation (Table 14). We repeat that we have based our
simulations on the technological parameters of permanent-magnet synchronous machines
and LiFePOy batteries (larger in BEVs, smaller in FCEVs) [16]. Commercial vehicles (trucks)
have been included because they are responsible for a large, non-negligible proportion of
pollutant emissions [31].

Table 13. Scenario parameters and their possible values used in current simulations.

Parameter Possible Values
Vehicle class passenger vehicle small, passenger vehicle big, and truck light
Drive system BEV, FCEV, and ICEV

Technology status 2020, 2030, and 2050




Energies 2023, 16, 3591

16 of 29

Table 14. Fixed scenario parameters used in current simulations.

Parameter Value

Drive cycle WLTP (see Figure 9)
Season Spring/autumn
Terrain character Hilly

In order to account for the temperature influence, the vehicle subsystems that show
an appreciable temperature dependence are represented by suitable temperature models,
as described in [16]. Intraday temperature variations taken into account were typical for
Germany [28]. This, and the duration of daylight, distinguish the different seasons (colder
temperatures and less daylight mean more energy consumption by the vehicle heating and
lighting systems).

Furthermore, the influence of the terrain character on consumption and range is
appreciable [13,62]. This is especially true for vehicles with large battery capacities and
correspondingly heavy masses. To include this effect in our simulations, we used randomly
generated artificial elevation profiles with a default mean inclination of 3%. The start and
end points of all trips had the same elevation. Thus, the net overall height difference was
zero for each simulation and across all selected profiles.
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Figure 9. Vehicle speed in a repeated WLTP triple-mix drive cycle [12,61].

4.2. Specific Consumption of Passenger Vehicles and Light Trucks

For the sake of comparability, we have converted all consumption values to the energy
unit kWh/100 km, but in the case of hydrogen and CNG, we have also added the more
common figures in kg/100 km. The simulation runs reveal the ecological superiority of
electric drives (BEV and FCEV) over the ICE (Figure 10). This is mainly due to the superior
conversion efficiency of the electric motor (90%) compared to the combustion engine (about
40%). As can be seen further, the pure BEV performs about 25% better than the FCEV
because of the losses in the fuel cell during the conversion of chemical energy into electricity.
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Figure 10. Specific consumption of large passenger vehicles in 2050 as a function of drive technology
(transition season, hilly terrain, and WLTP triple-mixed drive cycle).
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However, the expected reduction in consumption of future drive technologies should
be emphasized (Figures 11-13 for BEVs, FCEVs, and ICEVs—CNG, in this order). For
example, the most fuel-efficient combustion engine today consumes about 73 kWh /100 km
(ICEV-CNG-2020; orange bars in Figure 13), whereas we expect the BEV of 2050 to con-
sume only 21 kWh/100 km (orange bars in Figure 11). According to our calculations, the
transition from today’s combustion technology to the electric drive of the year 2050 thus
reduces energy consumption by about 70% for the large passenger vehicle. For ecological
reasons, combustion vehicles will, therefore, only have a certain but small market share
for large commercial vehicles with long-range requirements from 2040 onwards. In urban

traffic with small passenger vehicles, there will be no sensible ecological alternative to the
BEV in the future.
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Figure 11. Specific consumption of BEVs until 2050.

. 3
£ g
8 <
—
g > 2.5
80.0 =
: = 20
§ 60.0 E‘ 15
[=3 =1
40.0 2
5 5 1.0
< 20.0 et
8 gOS
g 00 2.0.0
& 2020 2030 2050 2020 2030 2050
M passenger vehicle small ~ m pass. veh. big  ®truck light W passenger vehicle small ~ m pass. veh. big  m truck light

Figure 12. Specific consumption of FCEVs until 2050 (in kWh /100 km and kg/100 km).
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From our point of view, the most interesting question will be what role the FCEV can
play in future traffic and transport. Due to the high energy content of hydrogen, similar
ranges will be possible with the FCEVs to those of today’s ICEVs. However, since the
specific energy consumption is 60% lower than with the ICEV-CNG, the FCEV can certainly
be considered an ecological alternative for large passenger vehicles and commercial vehicles
that have a large range requirement.

4.3. GHG Emissions of Passenger Vehicles and Light Trucks

It is not surprising that the simulated predictions for GHG emissions achieve similar
results as those for specific consumption (Figure 14). These results are not solely influenced
by specific consumption but also by the generation paths (see Section 3.4). We emphasize
again that we do not distinguish between fossil, renewable, or other generation paths for
2050 but use a suitable mix, which we expect to be renewable-dominated but not renewable
exclusively [6,50-55,57,58].
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Figure 14. GHG emissions of large passenger vehicles in 2050 as a function of drive technology
(transition season, hilly terrain, WLTP triple-mixed drive cycle, and tank to wheel).

Compared to today’s emissions from ICEVs, which under real-world operating con-
ditions are in the range of 130 to 340 g CO,-eq./km, there will be remarkable emission
reductions for all three drive technologies examined: for the BEV, by a factor of about 15 (or
down to 7%), for the FCEV, by a factor of 7 (or down to 14%), and for the ICEV-CNG, by a
factor of 3.5 (or down to 30%) (see Figures 15-17). On average, BEVs emit half as much
GHG as FCEVs and a quarter as much as ICEVs—CNG. Thus, the FCEV is also better than
the ICEV-CNG in the ecological balance, by a factor of two.
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Figure 15. GHG emissions of BEVs until 2050 (tank to wheel).
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Figure 16. GHG emissions of FCEVs until 2050 (tank to wheel).
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Figure 17. GHG emissions of ICEVs—-CNG until 2050 (tank to wheel).

From an ecological point of view, our results, therefore, suggest that the BEV will be
the dominant drive technology from 2040 at the latest. This is especially true for short-
distance traffic and transportation with passenger cars and light commercial vehicles. For
long-distance passenger and commercial vehicle transportation, the FCEV could very well
be considered an ecological alternative. ICEV-CNG can only be justified after 2040 if FCEV
technology cannot be realized, according to expectations, for technical or economic reasons.

4.4. Consumption Shares and Recuperation

The electric motor of the BEV and FCEYV is capable of converting the vehicle’s kinetic
energy into electricity and thus charging the battery. Combustion engines are fundamentally
unable to do this. This also applies to the ICEV-CNG. This so-called recuperation reduces
the effective energy consumption and increases the range. Recuperation can only be fed by
the physical forces of mass inertia and gravity, as all other forces act exclusively against
the direction of speed. For this reason, the amount of energy recuperated only reduces the
consumption components of mass inertia and gravity. According to this procedure, the
consumption shares result as shown in Figure 18.
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Figure 18. Consumption shares of the investigated drive technologies in 2030 (large passenger vehicle,
WLTP cycle, transition season, and hilly terrain).

Figure 18 and Table 15 show that the recuperated energy reduces the consumption
shares of mass inertia and gravity. The consumption shares caused by rolling resistance and
air resistance remain unaffected by recuperation and, thus, play a more important role in
BEVs and FCEVs than in the consumption balance of the ICEV. Their relative consumption
shares are increasing. Future development of BEVs and FCEVs must take this finding into
account. Based on these results, the following statements can be made:

e  The consumption shares of accessory units (power steering, air conditioning, commu-
nication, display, etc.) cannot be neglected in modern vehicles. Due to the increasing
safety requirements and higher comfort demands, the range of the vehicles is reduced
by 7 to 10%—depending on the vehicle class. This also corresponds to the results of
practical field tests [71].

e Asmuch as 70% of the available kinetic vehicle energy can be fed back into the battery
through recuperation. The effective consumption of BEVs and FCEVs is thus reduced
by 15 to 20%.

Table 15. Reduction in consumption by recuperation from 2020 to 2050 (large passenger car, WLTP
triple-mixed cycle, transition season, and hilly terrain).

2020 2030 2050
It
e BEV FCEV BEV FCEV BEV FCEV
Recuperation factor 67% 67% 70% 69% 73% 72%
Recuperated energy (kWh) —3.0 -29 —2.6 -2.7 —2.5 -2.6
Total energy consumption (kWh) 18.5 26.2 16.3 21.0 14.8 18.5
Share of recuperation 16% 16% 16% 13% 17% 14%

4.5. Discussion of the Results, Validation of Model
4.5.1. Consumption

The results obtained extend and confirm our earlier physics-based simulation results
on BEV, which revealed the tendency of datasheet consumption values to be lower than
real-world (on-road) values [16]. This deviation, which can almost be considered systematic,
is not unknown for combustion vehicles. In numbers, Figure 12 in reference [16] showed
deviations in the range of 10 to 30%, with an average of 16%. This agreed very well with
large-scale field tests [22] and other scientific work [25,26]. Figures 10 and 11 corroborate
these findings with current values. In the past two years, a large number of field tests and
scientific studies have been added that are useful for comparison (Table 16). Our model
predictions agree astonishingly well with the field data, given that the model parameters
were never tuned a posteriori to improve the agreement between simulation results and the
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experimental findings for an individual vehicle. The state of the art (engines, batteries, etc.)
and the effects of real-world influential variables (driving behaviour, temperature, altitude
profiles, etc.) are obviously described correctly by the model. This allows predictions for the
future and for vehicle fleets that cannot be obtained by road trips with individual vehicles.

Table 16. Comparison between experimental data on BEV consumption from the literature and

this work.
Benchmark Data Model Predictions (This Work)
No.
Vehicle Type Consumption (kWh/100 km) Data Source Parameter Settings Consumption (kWh/100 km)
. Passenger vehicle small,
1 Toyota bZ4X 20.1 Field [72] year 2020, WLTP 19.3
. . Passenger vehicle small,
2 BMW i4 21.8 Field [72] year 2020, WLTP 19.3
. Passenger vehicle large,
3 Tesla Model Y 23.0 Field [72] year 2020, WLTP 26.4
. Passenger vehicle medium,
4 BEV 100 kW 23.0 Field [73] year 2020, WLTP 19.3-26.4
It is difficult to find reliable data about the on-road characteristics of FCEV as today’s
vehicle population is quite small. Nevertheless, some data on individual vehicles have been
published. A comparison between these data and our model predictions is summarized in
Table 17. The excellent agreement of our model, again in no way tuned a posteriori, with
the measurements of the U.S. Environmental Protection Agency is further validation of the
physical model. There can be no doubt that the effects of the technological details of the
powertrain and the effects of real-world influence quantities are correctly captured by the
model, both for BEV and FCEV.
Table 17. Comparison between experimental data on FCEV consumption from the literature and
this work.
Benchmark Data Model Predictions (This Work)
No.
Vehicle Type Consumption (kWh/100 km) Data Source Parameter Settings Consumption (kWh/100 km)
. . Passenger vehicle large,
1 Hyundai Nexo 36.7 Field [72] year 2020, WLTP 375
2 Toyota Mirai 23 Field [72] Passenger vehicle medium, 275-37.5
y ' 2020, WLTP o
. Passenger vehicle medium,
3 Toyota Mirai 24.0 Lab. [74] 27.5-37.5

2020, WLTP

Reference [74] not only gives experimental data for a Toyota Mirai but also models
the energy consumption of the vehicle. The reference finds somewhat lower individual
vehicle consumption values than our model predicts for the vehicle class (see benchmark
case no. 3 in Table 17). This is attributed to two factors. First, [74] assumed a different
driving behaviour (NEDC instead of WLIP); we have already shown that the NEDC
consumption values are approximately 15% lower than those resulting from the WLTP [16].
Second, we simulated statistically important environmental influences (hilly terrain and
transient seasonal temperatures), which were not considered in [74]. With this in mind, the
differences between our work and [74] can be seen as validation of both model approaches.

4.5.2. GHG Emissions

A sound technical or scientific database for GHG emissions is difficult to find. This is
because in the tank-to-wheel balance, which we always apply, vehicle consumption has to
be multiplied by the CO; factor of the respective fuel used:

GHG emission (g CO,-eq./km) = vehicle consumption (kWh/km) x CO,-factorg,e (g CO-eq./kWh)
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This specific CO, factor of the fuel used (electricity, hydrogen, or CNG) varies from
country to country because the electricity generation mix varies from country to country.
This applies to hydrogen production in the same way. Hydrogen can be produced purely
from renewable sources or predominantly from fossil fuels. Fossil generation, in turn, can
be made more environmentally friendly through carbon capturing.

Similar to the German government, the U.S. Environmental Protection Agency as-
sumes the emission factors of electricity and hydrogen to be 0, i.e., it assumes genera-
tion from renewable sources only [72]. Even if this optimistic assumption were correct,
the CO; factor would have to take on a value greater than 0 for the renewable gener-
ation paths as well (see Table 10). In complete contrast, ref. [75] assumes a value of
10,600 g CO,-eq./kg H; or 315 g CO,-eq./kWh for the hydrogen production. This corre-
sponds to 100% derivation from fossil sources. In Sections 3.4.2 and 4, we have followed the
reasoning that the long-term use of Hj as a fuel for transport only makes ecological sense
with a predominantly renewable production. Based on these premises, our predictions are
consistent and valid, but of course, some may challenge the premises. We refer the reader
to further relevant literature: [10,75,76].

Similar remarks apply to the fuel consumption and emissions of commercial vehicles:
it is difficult to obtain benchmark data. In this respect, our results on light trucks may prove
valuable as benchmark data in future work.

5. Conclusions and Outlook

The increasing market penetration of electric vehicles and the politically intended phas-
ing out of ICEVs requires extensive knowledge of the consumption and GHG emissions of
the electric drive for vehicle development and production. In this context, the investigation
cannot be limited to passenger traffic alone. The consumption- and emission-intensive
transportation of goods must also be taken into account. For our work, it was, therefore, on
one hand, important to examine passenger and commercial vehicles. On the other hand,
with a medium-term time horizon of 2030 and 2050, the question arises as to whether
there are drive alternatives to the BEV that are capable of enabling uninterrupted trips
with a long range. As a result of the phasing out of combustion technology, commercial
distribution services, internationally active freight forwarders, or companies with a large
number of field employees, in particular, requires technically reliable and, at the same time,
ecologically justifiable drive options. Therefore, besides BEVs, we have also examined
FCEVs and ICEVs—CNG and analysed the foreseeable technological progress of these tech-
nologies up to 2030 and 2050. We used the advanced ICEV-CNG as a reference technology
against which to benchmark BEVs and FCEVs. The greatest progress is expected to come
from developments in the fields of battery and fuel cell technology.

As both the BEV and the FCEV use new on-board energy sources—electricity and
hydrogen—we placed particular emphasis on investigating the equivalent GHG emissions
of these concepts over time. While international standards can be applied without major
restrictions to hydrogen production, the country-specific generation of electricity required
us to take a national approach. We have analysed the German electricity market and
obtained the following values as important interim results:

e  The GHG factor for German electricity generation decreases by a factor of 6.5 from
376 to 58 g COy-eq./kWh from 2020 to 2050.

e Hydrogen production by 2050 will improve by a factor of about 3, ecologically, from
301 (2020) to 95 g CO;-eq./kWh.

e (NG production by 2050 will release only a third of the GHG emissions compared
to 2020.

Based on these results, we determined the associated emissions from the consumption
values that resulted from the model-based simulation. The following picture emerges
for the specific consumption values until 2050 (hilly terrain, transition season, and WLTP
triple-mixed drive cycle; average values for all vehicle classes; see Figures 11-13):
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e  The BEVyp5p will consume 3.5 times less energy than the ICEV-CNGggyp.
o  The FCEVy)59 will consume 2.5 times less energy than the ICEV-CNGgy.

In a direct comparison, the BEV is thus 20% more economical than the FCEV. The
advantages of the BEV clearly result from the very high energy efficiency of all units and
components involved in the powertrain. As far as GHG emissions by 2050 are concerned,
this differentiation between the drive types becomes even more relevant (hilly terrain,
transition season, and WLTP triple-mixed drive cycle; average values for all vehicle classes;
see Figures 15-17):

e The BEVyg5¢ will emit 15 times less GHG than the ICEV-CNGqyg.
e  The FCEVyg5 will emit 6.5 times less GHG than the ICEV-CNGyy.

In a direct comparison, the BEV is thus better than the FCEV in terms of GHG emissions
by a factor of 2.2. This is caused by the additional conversion losses of the hydrogen in the
electrolysis and the back-conversion into electricity in the fuel cell.

On the one hand, this confirms the expected role of the BEV as the dominant drive
technology in the future. In particular, this predominant role is mainly related to light
vehicles with low to medium-range requirements. On the other hand, since GHG emissions
for the FCEVy(s50 will be lower by a factor of 6.5 compared to the ICEV-CNG;qy, the FCEV,
too, could play a significant role in traffic and transportation until 2050. In all applications
that have large range requirements and cannot allow hour-long interruptions for refuelling
stops, the FCEV is an ecologically and, because of its low energy consumption, probably
economically rational alternative.

The physical model for the different vehicle types and drive technologies not only
allowed us to determine the total consumption of the vehicles but also enabled us to
separate consumption according to the acting physical forces. Such a separation cannot be
readily derived from practical tests. The following results were obtained:

Electric drive recuperation increases the range of the BEV and FCEV by 15 to 20%.
The consumption share of the accessories is about 10% of the total consumption
and is caused by the increasing demand for comfort and safety. Servo steering, air
conditioning, seat heating, and lighting and display were considered.

We intend to extend the findings on consumption and GHG emissions of BEVs,
FCEVs, and ICEVs—-CNG to large commercial vehicles. The results found so far for the
generally defined vehicle types (passenger vehicle small/large and truck light) will be
refined in an application-specific way. In particular, we want to target trips carried out
for professional /commercial purposes with passenger and commercial vehicles and put
particular emphasis on the long-range and time-efficient execution of the tours.
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Abbreviations

ADAC Allgemeiner Deutscher Automobil Club (General German Automobile Club)
BEV Battery electric vehicle

CCS Carbon capture and storage

CNG Compressed natural gas

CoGen Combined heat and power generation

FC Fuel cell

FCEV H; fuel cell vehicle (with electric motor and battery)

GHG Greenhouse gas

GST Gas and steam turbine

ICEV Internal combustion engine vehicle

PEM-FC  Polymer electrolyte membrane fuel cell

WLTP Worldwide harmonized light-duty vehicles test procedure

Appendix A. Vehicle Parameters

Table Al lists the numerical values of all parameters pertaining to BEVs in our simula-
tions of state-of-the-art vehicle behaviour [77,78]. All parameters can be varied to study the
effects of expected improvements in the future.

Table Al. Vehicle parameters used for state-of-the-art BEVs.

Vehicle Class
Parameter Pa;:::l%er Veéliigcle Small Truck
Weight/kg
Empty vehicle 1183 1467 2247
Battery 300 450 600
Driver + Co 112.5 1125 75
Payload 25 25 1750
Total 1610 2070 4672
Air resistance
Drag coefficient cy, 0.2 0.25 0.325
Effective cross-section A/m? 2.2 2.5 45
Rolling resistance
Number of wheels 4 4 4
Rolling resistance coefficient C, /102
on asphalt 12 1.3 1.0
on concrete 1.3 1.4 1.1
on cobblestone 1.7 1.8 1.5
on unpaved road 4.0 4.0 4.0
Transmission
Transmission ratio
Differential gearbox 2 2 2
Main gearbox 2.5 2.5 3
Total reduction 5 5 6

Transmission efficiency /%
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Table Al. Cont.

Vehicle Class
Farameter Pa;ls;,;%er Ve];Iiigcle Small Truck
Wheel bearings 98
Differential gearbox 92
Main gearbox 95
Total efficiency 85.7
Electric motor
Rated power/kW 80 120 160
Nominal speed /min~ 1 4000 4000 4000
Speed at corner point/min~! 4000 4000 4000
Maximum speed / min~! 9000 9000 9000
Rated torque/Nm 191 286 382
Maximum efficiency /% 93.5 93.5 93.5
Maximum efficiency point
Speed/min~! 5300 5500 5000
Torque/Nm 144.1 208.4 305.6
Base efficiency/% 58 58 58
Inverter
Rated power/kW 85 125 165
Peak power/kW 106 156 206
Efficiency /%
Motor mode 96 96 96
Generator mode 96 96 96
Battery
Rated capacity/kWh 60 90 120
Minimum SoC/% 5 5 5
Maximum SoC/ % 95 95 95
Usable capacity/kWh 54 81 108
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