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Abstract: One possible step for reducing humans’ use of fossil fuel due to transport tasks is to replace
diesel trucks with battery electric ones. This paper introduces the energy distribution diagram, which
makes it easy to visualise the trucks’ daily energy consumption over their full service life. The energy
distribution is used to investigate which driving patterns are suitable for cost-effective battery electric
trucks when compared to commercial diesel trucks. It is shown that the battery capacity that results
in the lowest cost per kilowatt-hour propulsion energy depends on the driving pattern, and an
algorithm for selecting the most cost-effective capacity is presented. In many instances, it was found
that battery electric trucks competed favourably with diesel trucks, especially when the trucks had
low variations in daily energy consumption. It is beneficial to determine the circumstances under
which they may be cheaper, as this will facilitate the transition to battery electric trucks in segments
with a reduced overall cost of ownership.
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1. Introduction

Society’s dependence on oil is problematic, since calculations show the reserve deple-
tion times are less than 30 years [1] and continued extensive use of fossil fuel will likely have
severe consequences for the Earth’s climate system [2]. Other downsides of greenhouse
gas emissions, such as pollution and negative health impacts, are also expressed in the
literature [3]. An attempt to partly solve this grave problem is to use battery electric trucks
instead of diesel ones. Another possible solution is using hydrogen trucks, but recently
published studies favour the battery electric type [4,5]. Yet another study declares the
promising feasibility of the battery electric trucks, but notes that fuel cells might be better
for heavy-duty trucks on extra-long journeys [6]. This paper aims to contribute to the
transition from diesel to battery electric trucks. It will do so by introducing a method to
help obtain the various important results needed to design cost-effective charging strategies
and battery and charger sizes. Cost-efficient solutions for battery electric trucks are vital,
as it is assumed they will accelerate the transition from diesel to battery electric trucks.
In presenting a systematic review of the cost of battery packs, Nykvist and Nilsson high-
light battery price as a crucial parameter for cost-competitive battery electric vehicles [7].
In their article the authors claim (with the support of a previous study [8]), that the price of
batteries must fall below 150 $/kWh if battery electric vehicles in general are to compete
with internal combustion vehicles. They also show that such a price can be achieved in
the near future. The present paper introduces a method facilitating cost comparisons,
taking vehicle usage patterns into account. It will be shown that, even at a battery cost of
200 €/kWh, many commercial battery electric trucks will be cost-competitive with diesel
trucks. This is because commercial trucks have a high utilisation rate compared to private
passenger cars. However, it is worth mentioning that, to be used, battery electric trucks
do not necessarily have to be cheaper than diesel ones. They simply have to be the most
cost-effective way of replacing fossil fuel transport.
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Previous research gives an example of the cost-competitiveness of battery electric
against commercial diesel trucks [9] and states that the cost-effectiveness of battery electric
vehicles is sensitive to driving patterns [10]. It is subsequently established that relatively
uniform driving patterns are favourable to electrification [11]. This paper further inves-
tigates the cost-effectiveness of battery electric trucks across a wide variety of driving
patterns. Previous studies have used probability density functions for the daily driven
distance of battery electric vehicles [10,12]. This paper takes a different approach, basing
its analysis on the daily energy consumption of all operating days in a vehicle’s service
life. The daily energy consumption in a battery electric truck’s service life is visualised in
an energy distribution diagram. The energy distribution includes more information than a
probability distribution for the daily distance travelled, but generally allows for similar
types of analysis. However, we suggest that the energy distribution diagram is more of a
practical tool as it can visualise the information needed to perform the analysis more di-
rectly. Moreover, analysing the daily consumed energy instead of the daily distance travelled
has the advantage that the outcome can also be useful for battery electric vehicles that do
not use all their energy to move; an excavator, for example.

In a previous study of a commercial electric vehicle, a battery-ageing model is used to
consider the effects of ageing due to battery size [13]. That study found that an oversized
battery could lead to a lower total cost of ownership because it reduced battery ageing.
The fact that larger batteries prevent deep battery cycles and thus reduce battery ageing is
also stated in another study [14]. Due to the battery ageing and safety margins, this paper
assumes that a maximum of 80% of nominal battery capacity can be used. Using vehicle
batteries as a means of grid energy storage can reduce the total cost of battery electric
vehicles, but this is not included in this paper. This theme has been analysed in such works
as [15], which finds that grid storage has only limited value for plug-in hybrids.

A study of electric delivery trucks concluded that battery sizing is essential for max-
imising profit [16]. However, there is no unambiguous answer to the question of which
power train results in the lowest total cost of ownership, as this will depend on how the
vehicle is used [17]. This paper investigates cost-efficient battery sizing for different driving
patterns with the aim of finding when battery electric trucks are competitive to diesel
trucks. From the work done in this paper, it is clear that the energy distribution diagram
is a useful tool for determining the most cost-effective battery capacity. The study also
indicates that battery electric trucks are competitive with diesel trucks in many different
driving patterns. This paper focuses on battery electric trucks, but its analysis is general
and can easily be applied to other types of battery electric vehicles by making the right
changes to the parameters.

2. Designing Electromobility Systems Using Energy Distribution Diagrams

Finding the best system design for battery electric vehicles is a very complex issue, as
many compromises can only be made on a high system level. What may be an improvement
in one part of the system (such as a cheaper truck) may lead to drawbacks in a completely
different part (such as reduced reliability in the logistics chain). It is, therefore, not possible
to build the most cost-effective system by designing all its parts to meet fixed specifications
at minimum cost. Because one needs to make such system-level compromises, evaluating
which system is the best must be done on a transport system level. This requires domain
experts from many different areas to cooperate on finding the best system trade-offs.

However, since the investigated system is so big, with so many different aspects
to consider, it will be impossible to carry out a cross-disciplinary system analysis that
includes the full complexity of each subsystem. Rather, there is a need to find which aspects
of a subsystem are critical to the way the rest of the system is designed and which are
not. For the system-level analysis, one must try and find simplified models which can be
understood by experts from different domains. They can then link these models to their
own domain expertise and draw conclusions that transcend their specialist domain.
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The energy distribution diagram (EDD) is such a tool. It aims to explain important
mechanisms linking the usage pattern of a specific vehicle to battery size, charging strategy
and total cost of owning the vehicle. Using the EDD, it is possible to understand many
important design decisions from the vehicle owner’s perspective. By itself, the EDD cannot
tell us what the overall optimal system design is, but it will provide key information to
help make system trade-offs. This paper introduces the energy distribution diagram and
explains how it can be used to determine several important values. The EDD is also used
to find cost-effective battery sizing for some different usage patterns. Note that, in this
paper, the analysis is made purely from a vehicle perspective. Thus, what this paper finds
to be the cost-effective solution it is not necessarily the same as the optimal solution for the
whole system. However, the results still show several very important aspects of battery
sizing and these will also be important for the system level.

3. Cost of a Battery Electric Truck

In this analysis, some of the main costs of operating a truck have been assumed to
be equal for diesel and battery electric trucks and have thus been omitted from the cost
comparisons. This is not because of any limitations when using the EDD to size batteries
and estimate charging costs. Rather, the simplification has been made to focus this paper
on how the EDD can be used to analyse the effect of varying driving patterns. Costs which
this analysis assumes to be equal for both battery and diesel trucks are: the cost of the
vehicle (excluding the battery in the electric case), the second-hand value of the vehicle and
the cost of maintenance and insurance. Naturally, differences in these costs can influence
the cost comparison to some extent. However, it is unclear whether their combined effect
will favour electric trucks or diesel ones.

Assuming that trucks are charged during existing driver breaks, the charging will
not increase the working hours of the driver. Thus, the driver’s salary also remains the
same. Should the charging not be done during driver breaks, the EDD can also provide
the number of charging instances and the amount of energy charged from different type of
chargers. This makes it possible to estimate the time required for charging and thus any
extra driver salary.

Furthermore, this paper assumes that an electric truck can carry the same goods as a
diesel truck. This will be true if the goods are not heavy or the driving distance is short
(resulting in a small battery). This is the case for most local and regional, as well as some
long-haul trucks. So, for them, the results of this analysis are accurate. The main exception
is trucks that are driven long distances without charging, in combination with carrying
heavy goods. For these, there will be a need to estimate the cost of the reduced payload,
and the optimal battery size may be smaller than suggested in this paper.

In this analysis, some costs differ between electric and diesel trucks. These include
the fact electric trucks have additional costs for batteries, chargers and grid connection.
Additionally, the cost of diesel is replaced with the cost of electricity. In this paper, the costs
are normalised and expressed in EUR per kWh of propulsion energy. Whenever the word
energy appears in this paper, it stand for propulsion energy. The fuel cost for diesel trucks is
estimated at 0.30 €/kWh. This cost is based on a diesel price of 1.2 €/L (excl. VAT) and
a high powertrain efficiency of 40%. This cost estimate is low, especially given the recent
surge in diesel prices. However, the calculations were made before the strong diesel price
increases of 2021 and 2022 and it is not impossible that the current diesel price may only
be temporary. Moreover, the authors wanted to be sure that the reference value of diesel
was not too high. Based on this price picture, if it can be shown that electric trucks are
competitive, then the conclusions should be quite reliable. Thus, for electric trucks to be
cost-competitive, the cost of the electricity, battery, grid and charger should not total more
than 0.30 €/kWh. A realistic electricity price, excluding grid tariffs, is 0.08 €/kWh when
using a privately owned charger. The price of using a public fast charger is uncertain, but
around 0.4 €/kWh. The estimated average charge and discharge losses and efficiency of
the electric powertrain have been indirectly included, as an increase in the price of the
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electricity per kWh of propulsion energy. This is similar to the way in which the average
efficiency of the diesel powertrain has been included in the cost of diesel. The cost of a
complete battery system is set at 200 € /kWh and the battery is assumed to last as long as
the truck. In this analysis, the economic life is assumed to be seven years. The price of a
charger increases with its power and is about 400 €/kW, the annual grid fee can vary but
is around 60 €/kW /year. Even the charger is assumed to have a service life of only seven
years, due to the rapid development of the charging technology.

To make the analysis more general, variables for the different costs and their assumed
values are introduced in Table 1. To make the following equations more readable, a com-
bined parameter for the price of the charger and grid has also been introduced in the table.
The combined parameter can be seen as the total cost for the charger depreciation and
annual grid fee. This generalisation is advantageous, as the parameter values will probably
change with time.

Table 1. Notations for the different costs and their assumed values. Please keep in mind that the cost
refers to the cost of propulsion energy.

Costs Notation Typical Value
Diesel Cost Cy 0.30 €/kWh
Electricity Cost, Private Charging Ce 0.08 €/kWh
Electricity Cost, Public Fast Charging Cepuv 0.4 €/kWh
Battery Cost Cp 200 €/kWh
Price of Charger Ceharger 400 €/kW
Grid Fee Ce 60 €/kW /year
Service Life of Truck, Charger and Battery T 7 years
Combined Price of Charger and Grid Cop = CCh%rg" +C; 117 €/kW/year

To calculate the cost of operating a truck, one only needs to know a few parameter
values for how that truck is used and charged. These include the amount of propulsion
energy consumed over the vehicle’s service life, E;; (which applies to both diesel and
electric trucks). For the electric trucks, one also needs to know the ratio r.;, which is the
energy derived from the truck owner’s private charger, divided by the total amount of
energy (Eot). The cost will also be influenced by the battery capacity B, and power of the
private charger P,. These parameters are summarised in Table 2.

Table 2. Notations for parameters.

Parameters Notation
Total Propulsion Energy Consumed Over the Trucks Service Life Etot
Ratio of Private Charging to the Total Amount of Energy Ten
Battery Capacity B.
Charger Power P

One aim of this paper is to find solutions for battery electric trucks so that they are
cost-competitive with commercial diesel trucks. This means that the total cost for the
electric truck should be less than or equal to the cost for a diesel truck. In other words,
the sum of the cost per kWh for:

*  Energy from private charging;
*  Energy from public charging;
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*  Battery;
¢ Charger;
e Grid fees;

should be less than or equal to the cost per kWh for diesel. Thus, the following inequality
should be satisfied:

Cy - B; + Ccharger'Pch LT Cg'Pch

<Cq 1
Etot Etot Etot d

ten - Ce+ (1 - rch) ’ Cepub +

To make the discussion and calculations clearer, the left-hand side of inequality (1) is
expressed as a cost function, fpry, according to:

C,-B Cen - Py, Ce-P
fBEV:7ch'Ce+(1_rch)'Cepub+ b ¢ St +T- s_ch
Etot Etot Ejot )
C T Py, { Cen
=7t Cet (1—ren) 'CepthrEtZJrEt:h(ciufrgerJrcg)
B 0
Defining the battery utilisation factor, I'y, as:
Eiot
Iy := , 3
b B, 3)

the battery utilisation factor has the dimensionless unit equivalent full cycles and describes
the number of full discharge cycles that can deliver the total amount of energy consumed.
Additionally, the charger utilisation factor I, is defined as the total energy delivered by the
charger over its service life divided by the maximum possible amount of energy that can be
delivered from the charger over its service life. The charger utilisation factor is, therefore,
a dimensionless scalar with possible values from 0% to 100%. Thus:

E
Lep ch

= @

where E j, is the total amount of energy delivered by the charger over its service life.
By using the notation for the combined prices for charger and grid according to Table 1
together with E ., = 1y, - Ei it is now possible to express the cost function as:

Cp , 1 C
fBEV:rch'C€+(1_rch)'Cepub+l+u-

5
Ty e ©)

The cost parameters in Table 1 will be determined by the market and technology develop-
ment, while the total energy consumed for a vehicle during its service life will depend on
the truck’s transport task. However, the parameters for battery capacity, charger power
and ratio of private charging are of special interest, as they will change depending on the
charging strategy. As seen from Equation (5), one should aim to choose the battery capacity
and charging power so that they increase the utilisation factors, but simultaneously avoid
too much public fast-charging, which decreases r.;, and therefore increases the cost. If the
relationship between these parameters can be expressed, it may be possible to optimise
these parameters and determine the lowest total cost per propulsion kWh. This paper will
show that the relationship depends on the shape of the energy distribution diagram for the
truck. This will be introduced in the next section.

4. The Energy Distribution Diagram

A truck’s daily energy consumption will differ each day due to such things as varying
transport tasks and weather conditions. The daily energy consumption data for a truck
can be presented in an energy distribution diagram. Consider a truck’s daily energy
consumption over a week, as shown in the left-hand part of Figure 1. The length of each
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bar on the y-axis represents the energy consumed for that day. A truck’s service life consists
of many days and, if these are sorted according to energy consumption, starting with the
highest figure, a curve is derived. This is called an energy distribution diagram (note that
the curve should actually be a discrete number of points, but for convenience, it appears
as a continuous curve), see the right-hand part of Figure 1. The total number of days in
the vehicle’s service life is Ny, and the number of days the vehicle is operational is Nyp.
Rearranging the days according to energy consumption does not pose a problem, since the
truck is charged at night and thus the energy needs of the coming day are independent of
the previous day’s consumption. Sorting the days by energy consumption has advantages.
For example, it is easier to read the highest daily energy consumption, or estimate the
mean energy consumption. It is also possible to approximate the sorted EDD using a
monotonically decreasing mathematical function. Note that for vehicles that are charged
after each trip, it is possible to change the x-axis to show the number of trips rather than
the number of days.

By plotting the useful battery capacity in the EDD, the number of days can be deter-
mined for which the battery is too small to run an entire day on a single charge. On these
days, the vehicle will need to fast charge during the day. Assuming that fast charging only
adds the minimum energy needed to carry out the rest of the day’s driving, the energy
which needs to be fast charged can be determined as the red-striped area in the diagram.

Daily Energy Daily Energy
Consumption Consumption E ¢
[kwh] [kWh] ~ Energy from

" Fast Charging

A
r // Energy Charged
>00 >00 /) from Private Charger
Useful
Battery
. Capacity = i
Mon Wen Fri Sun No. Days Nop Niot
with Fast N [No. Days]
Charging

Figure 1. The daily energy consumption for five working days appears on the left and the energy
distribution diagram for a truck’s full service life is on the right. In the right-hand part of the figure,
the number of days that needs fast charging and the amount of fast charging needed are marked in
red, while the energy from private chargers for a given useful battery capacity is marked with blue.

The EDD gives a lot of concentrated information on the full service life of a vehicle.
This information is listed below:

¢ The total energy consumption is the area under the curve.

¢  The total number of operational days is found from the curve’s intersection with
the x-axis.

*  The mean consumed energy for the days when the truck is used equals the total energy
divided by the number of operational days.

¢  The highest consumed energy can be read off from the curve’s intersection with
the y-axis.

*  The number of days that need fast charging and the amount of fast charging needed
for a particular useful battery capacity.

*  The shape of the EDD gives a quick picture of the size of the variation in daily
energy consumption and the respective share of days with high, medium or low
energy consumption.

When considering the right-hand part of Figure 1, it may look as though the optimal
charging strategy is strongly influenced by the shape of the EDD. For example, can it be a
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good idea to select a battery capacity that can handle the majority of the trips, but not the
slender EDD peak? In that case the battery cost is greatly reduced compared to a battery
that can handle all the trips, while only requiring a small amount of public fast charging.
Subsequent sections will investigate the most cost-efficient charging strategy for different
shapes of EDD, with the aim of finding which EDD shapes give cost-efficient solutions
for battery electric trucks. All the analysis is made under the assumption that the battery
capacity and power of the charger are continuous variables (spanning from zero to arbitrary
high values) and that charging is possible exactly when needed.

5. A Rectangular Energy Distribution Diagram

This section investigates a rectangular EDD, which represents a truck using the same
amount of energy each day during its whole service life. Of course real trucks never
consume exactly the same energy each day, but it is rather common that trucks are used
in very similar ways most days. So, although an extreme case, the rectangular EDD is
interesting to study.

Let E(N) be the total amount of energy consumed by a truck during day N, i.e., E(N)
describes the EDD’s envelope and is, therefore, called the “energy function”. Let the highest
energy consumption for a day be E;;4y. Thus, the energy function for a rectangular EDD is
given by:

E(N) = Emax, N € [0, Nop], 6)

where N, is the number of operational days for the truck. This energy function gives a
rectangular EDD, see Figure 2.

E A Energy from Fast Charging

Emax |
__ Energy Charged
from Private Charger

Useful
Battery
Capacity

11
No. Days Nop N [NO DEIYS]
with Fast
Charging
Figure 2. A rectangular EDD. In the figure, the number of days that need fast charging and the
amount of fast charging needed is marked in red. The energy delivered by private chargers for a
given useful battery capacity is marked in blue.

The most cost-effective battery capacity, charger power and the share of public fast
charging will now be determined. Due to battery ageing and safety margins, it is assumed
that only a share of the battery capacity, rs,c, can be used. This paper assumes that up to
80% of the battery capacity may be used and therefore:

rsoc = 0.8. (7)

Thus, at the start of a day, the available energy charged during the night is rg,¢ - B.
The rest, up to Eux, must be charged at public fast chargers. By dividing the energy
charged using the home charger over the truck’s service life by the total energy it uses over
its service life, the result is:

_ Tsec - Be
Ten = Eonax 8)
or equivalent:
B, = Dmax Teh ©)

r'soC
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for a rectangular EDD. From the definition of the battery utilisation factor, one obtain:

Etot  7soc " Etot
Iy=— =2~ 10
b B Enax - Ten (10)

As one want the cheapest possible charger that can charge the maximum daily energy
consumption in one night, the charger power should be:

-B
Poy = X, 1
ch

where T, is the time for which the charger can be used every night (the charger runs on
full power). The charger utilisation factor can now be expressed as:

_ Ew _rai-Ewt _ taiEwt Nop - Tep
ch — = = 7B = ’ (12)
Py - T Py - T = . T T

ch

r

where the last equality is obtained by Equation (8) and the fact that EW = Ny for a rectan-
gular EDD. Using the above equations in Equation (5) produces the followmg expression
of cost function:

Cp ren - Cen
fBEV =Ton - Ce+ (1 - rch) ) Cepl’b + Tsoc-Etot Nop- Ty,
Emax-ren T (13)

CpTen T-Cep-1ep

=71, -C 1— .C
Tep - Ce + ( rch) epub + FsoC - Nop Nop o,

The cost function is now expressed as a function solely of the variable r,. Thus,
the derivative of f = f(ry,) is studied in order to find the lowest cost:

dfpev

Cp T-Ce
chh ’

=+
TSoC - Nop Nop “Ten

= Ce - Cepub +

(14)

By assuming that T;;, = 14 h, Ny, = 1750 (corresponds to 5 days per week, 50 weeks
per year over 7 years) and inserting the parameter values from Table 1 one obtains:

dfsev
drch

<0, (15)

which implies that the lowest cost per kWh has been obtained for the highest possible value
of r., which is r., = 1. Inserting 7, = 1 in Equation (13) with the same parameter values
as previously produces:

fggv(l) = 0.26 €/kWh < Cd' (16)

In this case, the cost for the battery is the largest proportion; 0.14 €/kWh compared
to the other costs (cost of electricity from home charging, 0.08 €/kWh, cost of public fast
charging, 0 €/kWh and cost of the charger and grid, 0.03 €/kWh). (Due to rounding,
the individual costs do not seem to add up to the total cost). Since r.;, = 1 corresponds to
charging all the energy at home, it may be concluded that, with the EDD as a rectangle,
the most cost-efficient charging strategy is night charge only and that the battery should
be sized so that rg,c - B = Eygy. In this case, an electric truck will be more cost-efficient
than today’s commercial diesel trucks. Note that the total cost is the same, irrespective
of the highest energy consumption for a day, but that it reduces if the total number of
operational days is increased. Add1t1ona11y, note that with r, = 1, Equation (10) now gives
[y = rsoc - Nop since Nop = M - for a rectangular EDD. This is intuitive, since all the useful
capacity is used exactly once every day.




Energies 2023, 16, 779

90f19

6. A Triangular Energy Distribution Diagram

The previous section showed that the charging strategy night charge only was cost-
efficient when the EDD was rectangular. A triangular EDD will now be similarly investi-
gated. A triangular EDD represents a truck, which uses different amount of energy each day,
between zero and a maximum value E;;y and all the levels of daily energy consumption
are equally common. This is an unusual way of using a truck, but is interesting to study as
it results in a more difficult trade-off when selecting battery capacity. The triangular energy
function can be expressed as:

E
E(N) = - IGZ:N‘*’ Enax, N € [0, Nop}- 17)

The energy function is illustrated in Figure 3. In the figure, the available energy stored
in a full battery is marked in blue on the y-axis and the number of days charging with a
public fast charger is marked in a red N, on the x-axis.

E Energy from Fast Charging

VN Energy Charged

p ~ from Private Charger
Useful ‘
Battery <i7
Capacity :

N_p, Nop, N [No.Days]

Figure 3. A triangular EDD. The available energy stored in a full battery is marked on the y-axis in
blue and the number of days charging with a public fast charger is marked as N, in red on the x-axis.
The amount of fast charging needed is marked in red and the energy delivered by private chargers is
marked in blue for a given useful battery capacity.

The aim is to find the battery capacity that gives the lowest value on the cost function.
Therefore, the cost function will be expressed solely as a function of battery capacity and
the parameters. The mathematical steps follow below. Figure 3 makes it apparent that the
amount of energy to be charged by public chargers corresponds to the area of the small
upper triangle of height E;;zx — rsoc - B and base Ny, with the rest charged at night using
a private charger. Thus:

Epax-Nop _ (Emax—7soc*Be) Ny
2

(Emax — TSoC - Bc) - Nepy

2
Tep = =1- 18
ch Emux2'Nop Epmax - Nop ( )
To eliminate N, Equation (17) and Figure 3 can be used, thus:
E Enax — soc - Be) - N,
_ Lmax N, + Epax = soc - Be Ny, = ( max SoC c) op (19)
Nop Emax
This gives:
Emax— 0 ‘B¢)-No
=1 (Emax_T’SoC'BC)' ( gmfx ) . —1_ <1_7’50C'BC>2 (20)
ch Emax ' Nop Emax .
Again, the definition of the battery utilisation factor is:
E
rb _ tot (21)

Bc
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and for the triangular EDD, the charger utilisation factor becomes:

Emax'No
T L= Ech Tt Etot o Teh * fp o Teh (22)
ch — . - . - TSol -B. o 0 -B¢ 2.T °
PCh T PCh T Sfﬁh T %r(v';nx ' Nop‘Tch
By inserting Equations (20)—(22) in Equation (5), one obtains:
2 2
rsoc - B Yoo - B
Fopy = (1 (1SECc) ) ot (1 [1 (126c> ) Copmp
max max
Cy-B r
"G
tot 750C'Bc. T
Emax  Nop-T,, (23)

.B.\?2 .B.\?2
<1_<1_750c c) >.C6+(1_750c c> Coput
Emax
-B 2-T
T'SoC * Dc Cop.

4 G Tsec-Be . _
r'S0C NZOP Emmax Emax Nop “Ten
For a clearer view, the substitution:
-B
= IsoC Pe, x € [0,1] (24)
Emux
is made. This gives:
C 2-T
fBEV: (1_(1_x)2) 'Ce+(1_x)2'cepub+ 7wa 'x+4N T Cen - x
SoC* 73~ op " ch 25)
Cyp 2-T
-C - Copub-
Nop + Nop - Ten Ch) X Cepu

= (Cepub —Ce) - X%+ (2 Ce—2- Cepub +
TSoC * 3

Note that x = 0 corresponds to B, = 0, which is not possible in reality. From the

known properties of quadratic functions, one knows that the cost function has a global

minimum for x, so that:
dfpev
= . 2
I 0 (26)
One must therefore solve the equation:
2-T
i Ca=0 @)

2 (Copup —Ce) " x+2-Co—2-Copyp + +
( epub e) e epub }’SOC-Nzop Nop'Tch

which is equivalent to:
C .
2'Ce_2’cepub+r7b7\lgp+%'cch
SoC 72~
x=— (28)
2. (Cepub - CE)

By inserting parameter values from Table 1, N;, = 1750 and T;, = 14 h one obtain:
(29)

x =045 € [0,1]

and the corresponding minimum cost:
(30)

min(fBEV) = 0.34 €/kWh > Cy.
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By computing r., and the utilisation factors, the individual costs can be worked out
using Equation (5) (be careful with the units). It becomes apparent that the battery still
represents the largest cost, 0.13 €/kWh, closely followed by the cost of public fast charging,
0.12 €/kWh, and that the price for home charging is 0.06 €/kWh. The smallest cost is the
charger and grid, at 0.03 €/kWh.

So, if the EDD is triangular, an electric truck has a higher cost per propulsion kWh
compared with that of a diesel truck. The battery capacity should be selected so that the
useful battery capacity equals 45% of the maximum daily energy consumption. In that
case, the cost per propulsion kWh of the electric truck is a little higher than for the diesel
truck. Note that (as with the rectangular EDD) the number of operational days influence
the result, while the daily maximum consumed energy does not.

A battery sized so that the useful battery capacity equals 45% of the maximum daily
energy consumption implies that the truck must charge with public fast chargers on 55% of
the days and that it must fast charge twice during the same day on 10% of the days. This is
illustrated in Figure 4.

__ Energy from
Fast Charging

TSOC : BC = 045 Emax <

Energy Charged

]/
from Private Charger

Tsoc * Be = 045 Epax 3|/ <

T T T
0.1Nyyp, 0.55N,, Nop

N [No. Days]

Figure 4. The charging strategy for a triangular EDD with Ny, = 1750. The figure illustrates that fast
charging must take place on 55% of the days and that there must be fast charging twice on 10% of
the days.

Although this is the most cost-efficient charging strategy, it can lead to inconvenience
and operational reliability problems. Luckily, for real commercial trucks, a triangular EDD
is rare.

7. A Two-Step Rectangular Energy Distribution Diagram

Imagine an EDD with a thin peak, like the one in the right-hand part of Figure 1.
In this case, one might surmise that it will be cost-efficient to size the battery to handle
most trips, but not those with the highest energy consumption. Naturally, this strategy will
require public fast charging. However, it allows a smaller, cheaper battery. This section will
explore how thin the peak must be before it is cost-effective to use fast charging to handle
peak demand rather than sizing the battery to fit the peak. To investigate this, a two-step
rectangular EDD is analysed. Such an EDD would correspond to a truck being used for
two different tasks, different days. Each task consumes exactly the same energy all times it
is performed, but the two tasks consumes different energy than each other. Additionally,
the number of days which the two tasks are performed can vary. The two-step rectangular
EDD appears in Figure 5 and the corresponding energy function can be expressed as:

E(N):{ Ewar, N €[0,M]

31
Eml‘n, N € (M, Nop], ( )



Energies 2023, 16, 779

12 0of 19

where E,,;, is the lowest daily energy consumption for the truck and M is the number of
days the truck consumes the maximum daily energy Ej;y.

E
Energy from Fast Charging
Emax™
- NiEnergy Charged
Emin T ' P from Private Charger
Useful - '
Battery
Capacity ] i S
No. Days M NOp N [NO Days]
with Fast
Charging

Figure 5. A two-step rectangular EDD. In the figure, the number of days requiring fast charging and
the amount of fast charging needed is marked in red, while the energy delivered by private chargers
is marked in blue for a given useful battery capacity.

Since the energy function is discontinuous at N = M, the calculations needed to
determine the most cost-efficient battery capacity are made in two steps. Firstly, it is
assumed that rg,c - B; < E,;;,, which leads to:

7soc * Be -+ N,
o= (32)
tot
and the battery utilisation factor becomes:
E soc * N
B. Teh
with the charger utilisation factor:
I, = Egp _ Ten- Eiot _ Teh- Esot _ Nop - Tch. (34)
Py T Py T rSf%CiBC .T T
ch

By inserting the expressions of the utilisation factors into Equation (5) one obtain:

foev = ren - Ce + (1= 7a) - Copup + Dy, (35)

hf .
r'SoC * Nop

which is the same equation as Equation (13). One thus obtains the lowest value on fpry

. . . . e . EyinNo
again by taking the highest possible value on r., which, in this case, is ., = =g . One

concludes that the battery should be sized to handle the low-energy-consumption trips
without day charging. The results may seem intuitive after studying the rectangular EDD.
Secondly, consider the case when rgy¢c - B; > E,j,,. This means that:

Epin - Nop + (rsoc - Be = Epin) - M

Tep = 36
ch Esor (36)

The charger utilisation factor becomes:
T, — Ecn _ Ten-Etot _ Ten- Erot _ Ten - Erot - Ten (37)

P - T Pep - T rs"fi'Bc-T rsoc *Be- T -

ch
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Inserting this charger utilization factor and the definition of the battery utilisation
factor into Equation (5), the cost function becomes:

Cp-Be | rsoc-Be-T

=71 Cot+ (1 —r1g) - Copup + - Cep- 38
foEv = ren - Ce+ (1 =7en) - Copub E Ep T, e (38)
Equation (36) gives:
dren _ rsoc - M
= 39
dBc Etot ( )
and therefore:
dfgev _ Tsoc-M . rgc-M Cp | rsoc T

- C Copup + ot 4 220€
dB, Etot ¢ Etot P " Eror ' Enor - T

rsoc [ Co T
- .Cy- —C)-M).
Etot <750c Ten Con = (Copu = Ce) )

Cch
(40)

It appears that the sign of the derivative depends on the parameter M. One can
see that:

Cb T

+ T, Cch d f
M > s o T ZJBEV 41
Cepub - Ce dBc ( )

and by inserting the same values as before, one obtains:

d
M > 964 = TBEV g (42)
dBC

This means that it becomes cost-efficient to have a smaller battery, one that can handle
only the energy needs of low-consumption days, if there are fewer than or equal to 964
days of high energy consumption. The remaining days require fast charging. In other
words, it is cost-effective to have a battery that can handle all trips using night charge only
if the number of high-consumption days is greater than 964 (note that this is valid for the
parameter values selected in this paper). The results confirm the intuition that when an
EDD has a peak, it is cost-efficient to have a smaller battery and fast charge the remaining
days, but only if the peak is sufficiently thin.

It is now clear how the battery should be sized, but is this electric truck competitive
compared to a diesel truck? To investigate this, the cost function is expressed as a function
of two variables as follows. Firstly, consider the case when M < 964, which implies that
the smaller battery should be chosen. Thus, rs,c - B = E,;i,, which gives:

Ein - Nop Ein - Nop r- Nop

Ten = = = 43
ck Eiot Emin . ng + M- (Emux — Emin) r- Nop + M- (1 — 7") ( )

where r = %2’; € [0,1]. Inserting Equations (33) and (34) into Equation (5) gives:

Cp T
M,r)=rg-Cot+ (1 —1) - Copupy +7ep - —————— +tep - —— - Cen- 44
fBEV( ) ch * e ( ch) epub ch FooC - Nop ch Nop Ty, ch (44)

Note that fBEV = fBEV(Mr T) since 7., = Tch(M, 1’).
Secondly, consider the case when M > 964 and thus rg,c - B = Ejax, which gives
e, = 1, and by Equation (5) one obtains:
Cp 1

fBev = Ce + T, + T, Cen- (45)
C
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The battery utilisation factor then becomes:

_ Etot _ 7soC * Etot _ TSoC - (Emin ’ Nop +M- (Emux - Emin))

B. Eax Eax (46)
=75oc - (1 Nop + M- (1—71))

I

and the charger utilisation factor is obtained from Equation (37):

Yep * Etot : Tch o (Emin : Nop +M- (Emax - Emin)) . Tch

Iy = =
o rsoc * Be - T Epmax - T (47)
_(rNop+M-(1—71)) Ty,
= = )
The above expressions of the utilisation factors give:
C T
foev(M, 1) = Ce + - - Con- (48)

+
rsoc - (1" Nop+M-(1—71))  (r-Nop+M-(1—71))- Ty

Equations (44) and (48) allow the cost function to be visualised. This is shown in
the left-hand part of Figure 6, in which the electric truck is more costly than the diesel
truck between the red curve and the M-axis. So, for which type of two-step rectangle
EDD is the electric truck competitive with the diesel truck? According to the left-hand
part of Figure 6, it is often possible to compete with diesel, but this becomes hard when
the EDD is L-shaped. In this case, the spike must be really thin if the cost is not to be too
high according to the lower left-hand part of Figure 6. It is also problematic when none
of the sides of any rectangle are thin (see centre of left-hand part of Figure 6). Finally, it is
problematic when none of the sides of the left-hand rectangle are thin, but the height of the
right-hand rectangle is small (like a thin tail). See the lower centre of the left-hand part of
Figure 6. The right-hand part of Figure 6 shows how the shape of the two rectangle EDDs
depend on M and r. For the shapes of the EDD inside the area enclosed by the red curve
and the M-axis, it is hard to compete with the diesel trucks. Note that this area should
not be seen as absolutely fixed, especially not those parts close to the red curve, since the
area depends on the values of many estimated parameters. The vertical, dashed black line,
M = 964, in the right-hand part of Figure 6 shows how to select battery capacity. On or to
the left of the black dashed line, the smaller battery should be selected and, to the right of

it, the larger battery.
. The Cost Function [EUR/KWh] 04 r )
. 1+ :
0.38
08 0.36 Small I Large
' Battery ! Battery
) - | ._
0.32
0.4 Hard to .
0.3 Compete witlh
Diesel
- o l
0 0.26 i :
0 500 1000 1500 964 N, M
M P

Figure 6. The cost function as a function of M and r in the left-hand part of the figure. The battery
electric trucks are more expensive than the commercial diesel ones in the area enclosed by the red
curve and the M-axis. The right-hand part of the figure shows how the shape of the EDD depends
on the parameters M and r. If there is an EDD on or to the left of the dashed vertical black line,
the smaller battery is the most cost-efficient and, to the right of it, the larger battery.
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As seen from Figure 6, the cases when EDDs tend to be a rectangle, or a rectangle
with a thin spike are best suited to battery electric trucks. Note that the same cost function
value (0.26 €/kWh) is obtained when the two rectangles tend towards forming a single
rectangle, as obtained for the rectangular EDD. The cases when the EDD is L-shaped with a
really thin spike or when none of the sides of any rectangle are thin show when the electric
trucks could compete with diesel trucks. As a rough guide, the closer one gets to the point
(M =750, r = 0), the harder it is for electric trucks to be competitive, compared with the
left-hand part of Figure 6.

From the left-hand part of Figure 6 and the studies of the rectangular EDD, the ex-
pectation might be for the rectangular EDD to give the lowest cost per propulsion kWh
compared to any EDD for a fixed number of operational days. There now follows a series
of arguments showing that a rectangular EDD gives the lowest cost function value.

Take a non-rectangular EDD. The analysis starts by considering the unrealistic case
of the battery capacity being zero. The cost function then has the value of C,,,, = 0.4 €/
kWh > f5%,,, where fp%,, = 0.26 €/kWh is the cost function value when the EDD is
rectangular. To try to find a lower cost function value, the battery capacity is increased and,
if an EDD is found that is better than the rectangular one, the cost function must begin to
drop at some point as battery capacity increases. That being the case, the cost drops because
the benefit of charging the majority of the total energy with a home charger rather than
a fast public one exceeds the increasing costs of battery, charger, and grid. The required
power for the charger is directly proportional to the battery capacity. This means that the
extra cost for the battery, charger and grid is the same for any EDD (even the rectangular
one) when increasing the battery capacity by a given step according to Equation (2), while
the increase in energy that can be moved from public fast charging to home charging is
greatest when the EDD is rectangular. Since this maximum decrease in the cost function
continues right up until the battery capacity reaches the highest possible value (assuming
the battery size is no larger than it needs to manage the trip at the highest daily level of
energy consumption), the rectangular EDD must be the most cost-efficient EDD provided
the number of operational days is fixed. Or, more simply and less stringently, when the
battery size increases, the extra cost of the battery, charger and grid increases equally,
independently of the shape of the EDD. However, the most energy will be moved from
public fast charging to home charging if the EDD is rectangular. Thus, a rectangular EDD
will result in the lowest cost function provided the number of operational days is fixed.

8. Importance of the Number of Operational Days

So far, the number of operational days has been fixed at 1750. However, from the
equations, it is apparent that the number of operational days often influences the result.
Naturally, if the number of operational days is too low, this makes it impossible for battery
electric trucks to compete with commercial diesel trucks because the utilisation factors will
be very low. Thus, it is interesting to investigate the lowest necessary number of operational
days for battery electric trucks to be competitive. Since the aim is to find a lower bound
for the number of operational days, the most preferable EDD is used—the rectangular one.
Firstly, from Equation (14), it is clear that:

d f Cp T-Cop
BEV soc  Ton

<0 < Ny > T (49)
drep r Cepub —Ce

for a rectangular EDD and by inserting the previous values, one obtains:

dfpev
d?’ch

<0 < N, > 964. (50)

Note the similarity with Equations (41) and (42). This means that, if the number of
operational days is 964 or less, the lowest value of 7, i.e., r., = 0, should be chosen. This
gives the lowest cost function value, which would be C,,,;, = 0.4 €/kWh. So, in this
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case, the battery electric truck is not competitive. Furthermore, in this context, r,, = 0
corresponds to having a battery capacity of zero kWh, something which is not possible in
reality. Thus, one now knows that the number of operational days must be greater than
964, which implies that r.;, = 1.
Secondly, the minimum number of operational days will be determined by solving
the inequality:
fBEV(Nop) < Cd' (51)

Equation (13) with rp, = 1 gives:

Cp T-Cy
Nop > - _? (52)
and by inserting the typical values, one obtains:
Nop > 1402. (53)

This means that the number of operational days must be at least 1400 if a battery
electric truck is to compete with diesel trucks. This corresponds to approximately five-and-
a-half years if the truck is used every weekday. This is exceeded in most commercial trucks.

9. An Algorithm for Sizing the Battery of a General EDD

So far, the most cost-efficient battery size has been determined for a few specific EDD
shapes. These cases approximate most of the possible EDDs and give insights as to which
EDD shapes are best suited to electric trucks. However, for a specific EDD, it may be
necessary to determine the most cost-efficient battery size of that particular EDD rather than
just the best battery size for an approximation of it.

As mentioned earlier, three parameters can change when the charging strategy is
changed. These are: B, 1., and P,. This is apparent from Equation (2). However, based on
the analysis so far, it is apparent that the three parameters are strongly connected. Since
the aim is to use the home charger as much as possible for a given battery capacity and
to have a charger powerful enough to supply the full capacity in one night (but no more
than that), the choice of B, directly determines r, and P,j,. Thus, a battery capacity may be
chosen which determines ., and P, and the corresponding cost function value. By sys-
tematically testing enough battery capacity values, the most cost-efficient battery capacity
can be selected. The most cost-efficient battery capacity will depend on the energy function.
This insight allows us to establish an algorithm to determine the most cost-efficient battery
capacity for an EDD of arbitrary energy function E(N). The algorithm follows below.

Algorithm Description

1. Choose a sufficiently small battery capacity value, such as B.
Nop

2. Compute the total energy, Eror = | E(N)dN.
0

3. Find the smallest Nj so that rs,c - B;; = E(Np). The number of days needed to fast
charge is Nj.
4. Compute

Nop
YSUC'Bcl'NlJ" f E(N)dN
_ Ny
(a) Teh = Frot ’
— Bt
(b) rh ~ Ba
and
— rch'Etot
(C) rCh  rsec'Ba ~T.
Ten

5. Compute fgpy1 = f(B1) from Equation (5).
6. SetBgp =B, +AB:., AB.should be sufficiently small.
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7. Repeat steps 3—6 but increase each index by one until rg,c - Bc(n +1) > Eax, then set
rSoC * Be(ny1) = Emax, repeat steps 3-5 and then jump to step 8.

8.  One now have the cost per kWh of useful energy expressed as a function of battery
capacity. Select the battery capacity that gives the lowest cost.

10. Conclusions

This paper demonstrates that an energy distribution diagram is an effective tool for de-
scribing the usage pattern of a vehicle and making it easy to analyse the cost-effectiveness of
battery electric vehicles. An algorithm has been presented for determining a cost-effective
battery size, charger power and amount of public charging using just the EDD and some
cost parameters. This paper focuses on battery electric trucks, but the method could also
be used for other battery electric vehicles by making appropriate changes to the parame-
ter values.

How Usage Pattern Influences the Cost-Effectiveness of Battery Electric Vehicles

A rectangular EDD (with no variation in daily energy consumption) gives the lowest
cost per kWh propulsion energy compared to all other possible EDDs, for a fixed number
of operational days. This is due to making the greatest use of private chargers and no need
for fast charging without having an unnecessarily large battery. In this case, night charging
only will be the most cost-effective charging strategy. When an EDD is rectangular and
has 1750 operating days, an electric truck clearly competes with a diesel truck. However,
given the assumed cost parameters, if the number of operational days is fewer than 1400,
the diesel truck will cost less.

A triangular EDD leads to a higher total cost than a rectangular one. This is because
there is no battery size which can lead to a high level of battery utilisation without also
requiring a lot of public fast charging—and vice versa.

In the case of a two-step rectangular EDD, in many of the cases electric trucks can
compete with diesel ones. With this EDD, the lowest cost is obtained either by having a
battery so large that it can handle all trips without fast charging, or one that can handle
solely the low-consumption trips without fast charging. If there are sufficiently many
high-consumption days, the large battery should be chosen; otherwise, the choice should
be the small one. In this context, “sufficient” means just under 1000 days. The EDDs best
suited to electric trucks are those close to a single rectangle, or a rectangle with a thin peak
on top. The worst EDDs are L-shaped ones (if their peak is not really thin) and EDDs with
a long, thin tail.

For any EDD, provided the shape is fixed, the total cost is reduced by increasing
the number of operational days while the maximum daily energy consumption is not
influencing the cost.

These conclusions are drawn under the following assumptions:

1.  Battery capacity and charger power are continuously variable, from zero to arbitrary
high values.

Charging is always possible, precisely when needed.

Charging is done on planned breaks and requires no extra time.

A battery electric truck has the same payload capacity as a diesel truck.

Parameter values are selected according to Table 1, the vehicle is operated for 1750 days,
the home charger can be used for up to 14 hours per night and there is 80% of the
battery capacity available.

G LN

Some of these assumptions are not always true for real trucks. However, the results
still allow an increased understanding of how cost-efficiency and charging strategy depend
on how a vehicle is used. Typically, the assumptions are reasonable for local trucks and
most regional trucks, if they are not carrying very heavy goods or driving very long daily
distances. These assumptions favour the battery electric trucks over diesel trucks. However,
it should be borne in mind that the price picture will likely change to favour electric trucks
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as the production volume increases. Additionally, the assumed fuel cost for diesel trucks
is intentionally low. Even without these assumptions, the EDD is still a useful tool for
determining the cost-effectiveness of battery electric trucks.
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Abbreviations

The following abbreviations are used in this manuscript:

EDD  Energy distribution diagram

Nomenclature
B, Battery capacity [kWh]
Gy Battery cost [€/kWh]
Cen Combined price for charger and grid [€/kW /year]
Ceharger  Price of charger [€/kW]
Cq Diesel cost [€/kWHh]
Ce Electricity cost, private charging [€/kWh]
Cepub Electricity cost, public fast charging [€/kWh]
Cq Grid fee [€/kW /year]
E Energy function [kWh]
Enax Highest daily energy consumption in the truck’s service life [kWh]
E.in Lowest daily energy consumption in the truck’s service life [kWh]
Etot Total propulsion energy consumed over the truck’s Service life [kWh]
fBEV Cost function [€/kWh]
BEV Lowest value of the cost functions when the EDD is rectangular [€ /kWh]
Iy Battery utilisation factor [equivalent full cycles]
| Charger utilisation factor [—]
M No. of high energy consumption days for a two-step rectangular EDD [—]
N Number of fast charging days [—]
Nop Number of operational days [—]
Niot Number of days in the truck’s service life [—]
P, Charger power [kW]
Teh Ratio of private charging to total amount of energy [—]
rSoC Share of battery capacity that could be used [—]
T Service life of truck, charger and battery [year]

Ten Available time for charging during night [hours]
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