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Abstract

One possible step for reducing humans use of fossil fuel due to transportation is to replace diesel
trucks with battery electric ones. This thesis focuses on effective system solutions for battery electric
trucks but not the ones which can charge while driving on so called electric roads. The energy distri-
bution diagram is introduced which makes it easy to visualise the daily energy consumption for the
trucks full service life in a compact way. The energy distribution diagram is used to investigate which
driving patterns that are suitable for cost effective battery electric trucks and the cost is compared to
commercial diesel trucks. These analyses are done both for several simple shapes of the energy distri-
bution as well as for a special case of electrification of long-distance line-haul trucks. An investigation
about how to select the total power of a charging station with a given demand of charging is also pre-
sented. Finally, the charging needed for trucks, the charger utilization and the problems with queuing
at chargers along a highway in Sweden is investigated with an agent-based model based on traffic data.

The results indicates that the utilization of the chargers along the investigated highway could be high
and at the same time the system will have good ability to resist queues. Regarding the total power of
a charging station, it is found that it is not always optimal to meet the maximum charging demand if
the goal is to maximize the net income for the charge point operator.

Further on, the battery electric trucks are, in many cases, found to be competitive to the commercial
diesel trucks, especially when there is low variation in the daily energy consumption for the trucks. It
is useful to find under what circumstance they may be cheaper, as it will be much easier to transition
into battery electric trucks in segments in which the total cost of ownership is reduced. Cost-effective
solutions for battery electric trucks are therefore highly important to find, and this thesis explores
some of the main factors and trade-offs which influence the effectiveness of the whole system.
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2 Introduction

Humans’ dependency on oil is problematic since calculations shows that the reserve depletion times
is less than 30 years [1] and an continued extensive use of fossil fuel will likely cause severe conse-
quences on the earth climate system [2]. In addition, other downsides of greenhouse gas emissions
such as pollution and negative health impacts are expressed in the literature [3]. An attempt to partly
solve this grave problem is to use battery electric trucks instead of diesel ones. Hydrogen fuel-cell
trucks is also a possible solution but recently published studies favours the battery electric trucks
[4][5]. Even though the feasibility of the battery electric trucks seems promising, fuel cells might be
better for heavy-duty trucks on extra-long journeys [6]. Still, there is no unambiguous answer to the
question which powertrain that result in the lowest total cost of ownership, since it will depend on
how the vehicle is used [7]. However, former studies indicates that battery electric trucks could be
cost-competitive to the diesel trucks under the right circumstances [8][9][10].

This thesis aims to contribute to the transition by investigate battery electric trucks and their com-
petitiveness relative to conventional diesel trucks. It also aims to provide knowledge of how to make
the battery electric trucks as cost effective as possible by for example investigating battery sizing,
driving patterns, and charging strategies. Result from the studies included in this thesis agree with
past research that states that the cost effectiveness for battery electric vehicles is sensitive to driving
patterns [11] and that driving patterns that are relatively uniform has a potential for electrification
[12]. However, previous studies have used probability density functions for the daily driven distance
for the battery electric vehicles [11][13] but in this thesis the approach is different since the daily
energy consumption over the trucks full service life is used instead. The daily energy consumption
is visualised in an energy distribution diagram, which is introduced in Paper A. Further, the energy
distribution diagram is used for cost calculations in Paper B. In a previous study of a commercial
electric vehicle, a model for the battery ageing is used to consider the effect of battery ageing due
to battery sizing [14]. In the mentioned study it is found that oversizing the battery could lead to a
lower total cost of ownership since it reduces the battery ageing. The fact that a larger battery prevents
deep battery cycling which reduces battery ageing is clear from other studies as well [15]. Due to the
battery ageing and margins to create a robust system it is assumed in Paper A and B that only a share
of the battery capacity could be used. In Paper A this share is set to 80% but in Paper B the share
depends on how many cycles the battery must perform over its service life. In Paper B, the number
of cycles decreases non-linearly with the cycle depth. This results in a larger total lifetime energy
throughput for shallower cycles. This can be seen in studies such as [16]. A study of electric truck
delivery conclude that battery sizing is essential for maximize profit [17] and it is studied in detail in
Paper A and Paper B.

In presenting a systematic review of the cost of battery packs, Nykvist and Nilsson highlight bat-
tery price as a crucial parameter for cost-competitive battery electric vehicles [18]. In their article
the authors claim (with the support of a previous study [19]), that the price of batteries must fall
below 150 $/kWh if battery electric vehicles in general are to compete with internal combustion ve-
hicles. They also show that such a price can be achieved in the near future. In Paper A and B it was
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. A working Paper by the International Council on Clean Trans-
portation [20] predicts a battery pack cost of 120 $/kWh in 2030 and an indirect cost multiplier of
36.8% to cover the vehicle manufacturer’s warranty and battery-related costs. This gives a cost of
164 $/kWh, or 149 € /kWh, for the vehicle customer. The estimate used in this thesis, is therefore
a conservative estimate for 2030 and may be reached earlier than that. Another study [21] also high-
lights battery price as a critical parameter: "We also argue that previous findings pointing out that
heavy trucks are harder to electrify than lighter trucks are very sensitive to assumptions about the
battery cost and battery lifetime". Of course there are many other parameters that could effect the
cost effectiveness of the battery electric truck such as the use of grid storage as an example. This
possibility has not been investigated in this thesis, but a former study shows that grid storage only
seems to have a small benefit for plug-in hybrid vehicles [22]. However, it is worth mentioning that,
to be used, battery electric trucks do not necessarily have to be cheaper than diesel ones. They simply
must be the most cost-effective way of replacing fossil fuel transport. Cost efficient solutions for bat-
tery electric trucks are assumed to accelerate the transition from commercial diesel trucks into battery
electric ones and are therefore highly important to find. If they in the long run are cheaper than diesel
trucks the transition will become much easier and faster, as profitability is a strong driving force for
companies and that force will then help the transition.

Due to the limited range of the battery electric trucks, there is need for charging stations that can sup-
ply the trucks with public fast charging, at least for long-haul trucks. As earlier stated in the literature
[23], the chargers must have a sufficient utilization to make the installation worthwhile. It is shown
in Paper B that the profitability for a charge point operator is based on a sufficiently high utilization
factor of the chargers and the lowest required price for fast charging to reach profitable stations is
expressed as a function of the charger utilization factor. In a previous study [24] it is expressed that
the need for charging infrastructure is highly dependent of the battery size, this is discussed in Paper
B as a potential risk for charge point operator since an increase in the battery capacity probably will
lead to less demand of public fast charging. Paper B is a case study that investigates the economic
consequences for a haulage company that want to make a transition from diesel trucks into battery
electric ones. Results from another case study in the literature [25] demonstrate the importance of
vehicle-specific examination for the right battery capacity that ideally matches the vehicle’s operating
profile. This is also clear from the case study in Paper B where alternative battery sizes are discussed
for a specific transport task.

In Paper B the approach of building sufficient number of chargers to always fully accommodate the
charging demand is questioned, and the total power that maximize the profit for the charge point
operator for a given demand is instead investigated. So far, these studies focus on investigating how
to make different parts of the system of battery electric trucks and charger stations cost effective.
However, it is also of great importance that the system is well functioning, in the sense that one
avoids long queues at the charging stations. Of course, it could be hard to achieve this and at the same
time keep the charger utilization factor high. A previous study [26] state that the question of how
much a chargers can be utilized, without cause queuing at chargers, is a key question when designing
charging networks. In Paper C the demand of chargers for battery electric trucks is estimated along



one of the main highways (E4) in Sweden, in a possible future scenario where there are equally many
battery electric trucks as there are diesel trucks today. Paper B, together with another study [27],
discusses advantages with higher charger pricing at rush hours to avoid queuing and increase profit.
This was investigated in Paper C with an agent-based model based on data on the flow of trucks along
the E4 road [28].

Challenges and Desirable Features of a System of Electric Trucks and Chargers

Many of the results from this thesis are regarding all types of battery electric trucks with stationary
charging. However, for medium and long-distance trucks the challenge of electrification is harder
compared to local distribution. This is due to that the payload often is higher in case of medium and
long-distance transports. Also, the longer transports demand more energy, and thus a larger battery.
Both these factors make it difficult to have a battery large enough for a full day’s driving. If the
trucks do not regularly carry heavy goods the battery can be rather big, but if not the battery can be
large the truck has to rely on public fast charging at least once during a workday. So, for many long-
distance trucks, a large part of the energy will be charged at public chargers and it is then important
that the price for that charging is low. If the public fast chargers are not utilized sufficiently the price
for charging will be high. So, a high utilization is desirable, but if the utilization is high that might
instead cause problems with queues at fast-charging stations. If there are extensive problems with
queues there might be needs for booking systems. But booking systems may not only be a positive
thing, as they can also be seen as a potential problem with extra administration and blocked and un-
used chargers when a truck that has booked a charger is delayed. The system of electric trucks and
chargers must also be robust to extreme weather, increased traffic flow and unexpected peaks in the
traffic flow.

It will be desirable if the transition to battery electric trucks could be done cost effectively, without
unwanted changes to how the trucks operate and no need for booking systems for public fast chargers.
The result from this thesis indicates that this can be possible to achieve. Two things that can improve
the future system even more, would be if the trucks daily energy consumption and the demand for
public charging can be as even as possible. This would further improve the possibility to select cost-
effective battery sizes and to achieve high utilization of the public fast chargers.

In this thesis the main mechanisms that make for a cost effective and robust system are explored, but
under several simplifications. It would be interesting to add more detailed and precises models, for
example regarding battery ageing, loss in payload-capacity and more precise traffic data and see if
the main results still hold. If they do, one may assume that the simplifications were accurate, and if
they do not, one may question the simplifications. Another, more nuanced way of looking at it is that
if changes in assumptions cause dramatic changes in results, then the system itself is sensitive. If so,
it will be hard, but still very important, to find good system solutions. If, however, the system itself
seems to be insensitive to the assumptions, it will be a lot easier to design a good system provided
that one has done the proper investigations in advance.






3 Summary of the Papers

The aim of this research has been to develop better understanding of efficient system solutions for
battery electric trucks and their chargers. In Paper A, the cost of electric trucks in general was studied
with the aim of finding how the cost could be affected by changing the battery capacity, charging
strategy and charger power for different types of driving patterns. Knowledge in this area is important
since it can reduce the total cost of ownership for the haulage companies. Then the general work
in Paper A, was concretized by investigating a specific long-distance haulage company, in Paper
B. The studied case was also a step towards studies on a system level, since the number of public
chargers that could provide the trucks with public fast charging was investigated. Studies of this
type demonstrates how to apply knowledge about battery electric trucks and their chargers to get
cost effective solutions. Further on, in Paper B, the focus was shifted to the charge point operator’s
perspective. It was investigated how to size the total power for a charging station to maximize the
profit for the charge point operator. This question is also of importance since one wants to know how
many chargers should be built to meet the demand in a cost-effective way. Finally, in Paper C, the
charging needed for trucks along a highway in Sweden was estimated from traffic data. This study
was done with the objective to be able to predict the future need for public fast chargers along roads
and how to make sure the system is resistant towards queues at charging stations even with unexpected
peaks in the traffic flow. The above investigations together build an important part of the knowledge
required to find efficient system solutions for battery electric trucks. Below, each article included in
this thesis are summarized individually followed by a discussion of the contributions in the coming
section.

3.1 Summary of Paper A

Paper A compares the cost for a battery electric truck with the cost for a commercial diesel truck.
The most cost-effective battery size and the cost competitiveness is investigated for different driv-
ing patterns. The introduced energy distribution diagram visualizes the data for the daily energy
consumption for all the days in the trucks service life and is used to facilitate the analysis.

3.1.1 Cost of a Battery Electric Truck

Some of the main costs for operating a truck, regardless of whether it is driven by diesel or electricity,
are approximately equal for a diesel truck and a battery electric truck. These are the cost for the vehi-
cle, when excluding the battery in the electric case, the cost for maintenance and insurance. Under the
assumption that the charging of the trucks is done in a way that does not increase the working hours
of the driver, also the salary for the driver remains the same. These costs are therefore ignored when
the comparison is made. In this Paper it is also assumed that the electric truck has the same payload
capacity as the diesel truck, which is reasonable in many cases, with the main exception being trucks
driving a long distance without charging in combination with carrying heavy goods. What differs is
that the electric trucks have additional cost for battery, charger and grid connection, and also that the
diesel cost is replaced by the cost for electricity. In this Paper the costs are normalised and expressed
in Euros per kWh propulsion energy.



The main idea in Paper A is to express the cost for the battery electric truck as a function, which will
be called the cost function, and then try to find the battery size which minimizes that function for
different ways of using the vehicle. The cost function,

Cb'Bc+Ccharger'Pch+ .Cg'Pch

= Tch Ce 1— ch) Oe i
fBEV feh * ( ' h> pub - Etot Etot Etot

; (3.1

where the parameters are given in Table and sums up the costs per kWh for private charging,
public fast charging battery, charger, and grid connection, respectively. The values used in this paper
for the cost parameters in Table [3.1] are listed in the column "typical value".

Table 3.1: 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 Cepub 0.4 €/kWh
Battery Cost Chy 200 €/kWh
Price of Charger Ceharger 400 €/kW
Grid Fee Cy 60 €/kW /year
Service Life of Truck, Charger and Battery T 7 years
Combined Price of Charger and Grid Cep, = % +C, 117 €/kW /year

Table 3.2: Notations for parameters.

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

Defining the battery utilization factor, [y, as

_ Eior
=5
the battery utilization factor has the dimension-less unit equivalent full cycles (EFC) and describes
the number of full discharge cycles that can deliver the total amount of energy. Also, defining the

charger utilization factor, I'.;, as the total energy delivered divided by the maximum energy that can
be delivered by the charger over its service life, i.e.,

Fbi

(3.2)

(3.3)



where E,, is the total amount of energy delivered divided by the charger over its service life. This
charging utilization factor is therefore a dimensionless scalar ranging from 0O to 100%. By using the
notation for the combined price for charger and grid according to Table [3.1] together with E,, =
Ten - Fior 1t 1S now possible to rewrite the cost function as

Cy | Ten Cen
T Ta
The cost parameters in Table [3.1) will be determined by the market and technology development and
the total energy consumed for a vehicle during its service life depends on the transport task for the
truck. However, the parameters for the battery capacity, the charger power and the ratio of private

fBEV = Tech - Ce + (1 - Tch) : Cepub + (34)

charging is of special interest since they will change depending on charging strategy. As seen from
Equation [3.4]one should aim to choose the battery capacity and the charging power, so it increases the
utilization factors while at the same time public fast charging is avoided, since it decreases r.; and
thereby increases the cost. If one can express the relationship between these parameters one may be
able to optimise these parameters in order to find the lowest total cost per kWh propulsion. In Paper
A it is shown that the relationship depends on the shape of the energy distribution diagram for the
truck, which is introduced in the next section.

3.1.2 The Energy Distribution Diagram

The energy that a battery electric truck consumes each day will differ due to for example different
transport tasks and weather conditions. The data for the daily energy consumption for a truck can be
presented in an energy distribution diagram. At first, consider a trucks daily energy consumption over
one week in the left-hand part of Figure [3.1] where the height of each bar on the y-axis represent the
energy consumed for that day. Over a truck’s service life the number of days are many and if they are
sorted with respect to energy consumption, starting at the highest consumption, one obtain a curve
which is called the energy distribution diagram (EDD (see the right-hand part of Figure . The
total number of days during the vehicles service life is /V;; and the number of days the vehicle is
operated is N,,. In this paper N,, = 1750 which corresponds to a truck that operates five days per
week, 50 weeks per year in seven years. It is not a problem that the days are rearranged according
to energy consumption since the truck is charged during night and the energy needs of the coming
day are therefore independent of consumption the day before. To sort the days according to energy
consumption has advantages as it is easier to overview to, for example, read the highest daily energy
consumption or to estimate the mean energy consumption. Also, it is easier to approximate the sorted
EDD with a mathematical function that is always monotonically decreasing. Notice that it is possible
to change to number of trips instead of number of days on the z-axis, for a vehicle which is charged
after each trip.

By plotting the useful battery capacity in the EDD it is also possible to determine how many days the
battery is too small to run the whole day on one charge. These days the vehicle needs to fast charge
during the day. In the paper it is assumed that the fast charging only charges the minimum energy
needed to carry out the rest of the days driving. Thus, the energy which needs to be fast charged can

'Notice that curve actually should be a discrete number of points but for convenience it is instead seen as continuous
curve.



be determined as the red-striped area in the diagram and the energy charged from the home charger
corresponds to the blue striped area.

Daily Energy Daily Energy
Consumption Consumption erey from
. Hewh] “" Fast (gZ\P/mr in
A ./ ging
500 500 -/ Energy Charged

from Private Charger

Useful
Battery
i 5 Capacity in / ' . —>
Mon  Wen Fri  Sun No. Days Nop  Nior
with Fast N [No. Days]
Charging

Figure 3.1: The daily consumed energy for five working days to the left and the energy distribution diagram for a truck’s full service life to 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 is
marked with red for a certain useful battery capacity.

The EDD gives a lot of information for the full service life of a vehicle in a compact way. This
information is listed below:

* The total energy consumption is the area under the curve.
* The total number of operation days is where the curve meets the x-axis.

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

* The highest consumed energy is where the curve meets the y-axis.

* The number of days that needs 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 how large the variation in the energy consumption
is and how large share of the days that have high, medium or low energy consumption.

* Maybe most important, the EDD connects the useful battery capacity with the parameter 7y,
since 7., can be found as the blue striped area divided with the area under the curve (see Fig-

ure [3.1).

When considering the right-hand part of Figure [3.1] one may suspect that the optimal charging
strategy is strongly influenced by the shape of the EDD. For example, can it be a good idea to select



a battery capacity that can handle the majority of the trips but not the thin peak in the EDD? In that
case the battery cost is strongly reduced compared to a battery that can handle all the trips but the
amount of energy from fast charging is low compared to the total energy. In the coming subsections
the studied cases of EDDs are presented among with the results from the paper. All the analysis in
the paper was done under the assumptions that the battery capacity and the power of the charger are
assumed to be continuous variables in the span from zero to arbitrary high values and that it is possible
to charge exactly when it is needed.

3.1.3 Studies of Different Energy Distribution Diagrams

In the paper three different energy distribution diagrams are investigated namely, the rectangular EDD,
the triangular EDD and the two-step rectangular EDD defined as below. Let £(N) be the the total
amount of energy consumed by a truck day N. That means, £(N) determines the envelope of the
EDD and is, therefore, called the energy function. For the rectangular EDD the energy function is
expressed as

E(N) = Ena, N € [0, Nyp), (3.5)

where F,,.. is the highest daily energy consumption over the truck’s service life. For the triangular
EDD the energy function is

E’H’LCL$
E(N) = =N+ Ena, N € [0, N, (3.6)

op

For the two-step rectangular EDD the energy function is written as

Bz, N € [0, M]

BWN) = { Enme N € (M,N,), ©7

where F,,;, is the lowest daily consumed energy for the truck and M is the number of days the
truck consumes the maximum daily energy E,,... Figure shows the above mentioned energy
distribution diagrams, where the upper left-hand part of the figure shows the rectangular EDD, the
upper right-hand part of the figure shows the triangular EDD and the lower middle part of the figure
shows the two-step rectangular EDD. The number of days with fast charging, the amount of public
fast charging and the energy charge from the private charger are marked in the sub figures for a certain
useful battery capacity.
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Figure 3.2: Three types of energy distribution diagrams. The upper left-hand part of the figure shows the rectangular EDD, the upper right-hand
part of the figure shows the triangular EDD and the lower middle part of the figure shows the two-step rectangular EDD. The number
of days with fast charging, the amount of public fast charging and the energy charge from the private charger are marked in the sub
figures for a certain useful battery capacity.

By considering Equation [3.1] one realizes that for a fixed set of cost parameters and a certain
EDD there are three parameters that could be affected to minimize the cost, namely r.,, B. and F,.
However, these three are strongly connected. For a certain battery capacity, one finds the cheapest
charger by selecting the charger power so it just can charge the whole useful battery capacity over the
night. The amount of private charging follows from the shape of the EDD and the choice of the useful
battery capacity, see the blue striped areas in the right-hand part of Figure[3.T]and in Figure[3.2] which
then gives r.,. This follows from the fact that one does not want to charge with public fast chargers
more than necessary for a given battery capacity. So, for a given EDD the most cost effective P,.;, and
r.; can be seen as a function of the battery capacity. Hence, the cost function can now be seen as a
function of just one variable, for example 5., and can then be optimized by methods from calculus
in one dimension. Due to battery aging and robustness margins, it is assumed that only a share of the
battery capacity, rs,c, can be used. The useful battery capacity, B,,, can then be expressed as

Bcu =TSoC * Bcv (38)

where rg,¢ is set to 80 % in Paper A.

3.1.4 Result and Conclusions

In the study it is found that the rectangular EDD gives gives the lowest value, 0.26 €/kWh, on the
cost function compared to all other energy distribution diagrams, for a fixed number of operation
days. In this case the electric truck is more cost effective than the commercial diesel truck and the
battery should be sized so it can handle the energy need for all the days, without using any public

10



fast charging. In the case with the triangular EDD the electric truck is not competitive with the diesel
truck with the price parameters used in the paper. Luckily this shape of EDD is rare for commercial
trucks.

In case of a two-step rectangle EDD the electric trucks can, in many cases, compete with diesel trucks.
With this EDD the lowest cost is obtained by either having a battery so large that it can handle all
the trips without fast charging, or a battery that just can handle the low consuming trips without fast
charging. If the days with high consumption are sufficiently many, one should choose the large bat-
tery, otherwise the small. In this context sufficiently many are a little less than 1000 days. The EDD
best suited for the electric trucks are the ones close to a single rectangle or a rectangle with a thin
peak on top. The worst EDD is the ”L”-shaped one, if the peak is not really thin, and the EDD that
has a long thin tail.

In the paper a general algorithm for selecting the battery capacity for any EDD is presented. It is also
found that a battery electric truck is not competitive to a diesel truck if the number of operating days
is less than 1400, regardless of the shape of the EDD. Finally, it is stated that for any EDD, as long
as the shape is fixed, the total normalised cost is reduced by increasing the number of operating days
while the maximum energy consumed per day does not influence the normalised cost. The analysis is
preformed using the introduced energy distribution diagram, which visualizes the needed data for the
daily energy consumption for the truck in a compact way.

3.2 Summary of Paper B

In this paper the economic consequences for a haulage company that replaces their line-haul diesel
trucks with battery electric trucks is investigated. It is examined how large the batteries of the trucks
should be, if the haulage company should use public fast chargers as a complement to their own
chargers, as well as if the public fast chargers have a potential to be profitable. Further, the number
of chargers needed to avoid queuing at the rest area is investigated, and the potential cost for loss of
pay load capacity due to large batteries is estimated. Finally, it is investigated how to select the total
charger power of a charging station for a given demand of charging. The analysed case is designed to
represent typical line-haul between terminals in a big logistic system, and is strongly inspired by the
Swedish haulage company "Tommy Nordbergh Akeri ab".

3.2.1 The Haulage Company’s Transport Task

In the case study the haulage company has a fleet of commercial diesel trucks and has the ambition to
replace all of them by battery electric ones. This paper will investigate the economic consequences
of a full electrification with out any changes to how the trucks operate.

The company has two terminals, Terminal A and Terminal B, which are connected with a highway.
Terminal A is located in the city Helsingborg at the Swedish west coast and Terminal B in Stockholm,
the capitol of Sweden, located on the east coast. Five times per week the following procedure is
repeated. Half of the trucks arrive to Terminal A and half of the trucks arrive to Terminal B in early
afternoon after some local distribution tasks during the day. Then the trucks stand still for a certain
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time, 7, and thereafter leave the terminal and drive towards the other terminal. The trucks leave the
terminal, one by one, with a certain time gap, 7,,,. Midway between the terminals the drivers have a
mandatory break of length 7y, at a rest area. After the break each driver from Terminal A changes
truck with a driver from Terminal B and then return to their home terminal. After arrival the trucks
stand still for a certain time 75. Further, let the distance between Terminal A and Terminal B be S,
the trucks mean speed be v, the trucks mean energy consumption per unit distance travelled be %
and the number of trucks starting from each terminal be N,.,..s. During the local distribution tasks,
which takes place during the day, each truck drives a distance S/2. The notation for the parameters
and their values used in this paper are listed in Table [3.3] In addition to driving each weekday during
the year, the trucks preform on average 50 extra night trips per year and truck during the weekends.
At the rest area a charge-point operator is planning to build public fast chargers, so in addition to
the company’s private chargers at each terminal the trucks can also be charged at the rest area by the
public fast chargers.

Table 3.3: Notations for the different parameters and their value used in this paper.

Parameters Notation Value
Time Gap Between Trucks Tyap 7 minutes
Inactive Time for the Trucks in the Afternoon T 2h
Time for the Break Toreak 45 minutes
Inactive Time for the Trucks in the Morning T 4h
Distance Between the Terminals S 550 km
Mean Speed of the Trucks v 75 km/h
Energy Consumption 2L 1.5 kWh/km
Numbers of Trucks Starting from Each Terminal Nirucks 30

3.2.2 Economic Consequences of Electrification for the Haulage Company

Equation 3.4|is used to determine the value of the cost function, with the same parameter values as in
the earlier paper, with the exception that rg,c is adopted so that the battery can perform the needed
number of charging cycles over the trucks service life. In Paper B the number of possible charging
cycles for different rg,c is assumed to be given by the power function g(rs.c) = a - rsoc® Where
a ~ 2000 and b ~ —1.9. The cost function expresses the cost for just one truck with one private
charger. However, even if the company has many trucks there is no problem to using the above ex-
pression since it is assumed that there are as many private chargers as trucks. The battery electric
propulsion cost is then compared to the diesel propulsion cost, which again is taken as 0.30 €/kWh.
Since the trucks only preforms two different trips over their whole service life the driving pattern is
described by a two-step rectangular EDD. Even if the presumptions are not identical it is reasonable
to assume the results from Paper A is valid and the battery should therefore be sized so it either just
can manage the low consuming trips without public fast charging or just can handle even the high
consuming trips without public fast charging. When the small battery was used the value of the cost
function was found to be 0.32 €/kWh which is above the reference value for diesel but when the
large battery was used the value of the cost function was 0.24 € /kWh, which is below the reference
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value for diesel.

In the study the potential cost for losing payload capacity due to the battery is also estimated. It
was found that this cost could be quite high, namely 0.11 €/kWh in the case with the small battery
and 0.24 €/kWh with the large battery. This is the highest possible cost, and it could also be zero
depending on if the goods that is transported is heavy or not. However, since there is a potential large
extra cost for having a large battery the haulage company should still be interested in the solution with
small battery, if only the public fast charging would be cheaper. Therefore, it is also investigated if
the charge point operator could be profitable with a lower price on public fast charging.

3.2.3 The Number of Chargers and the Price for Charging at the Fast Charging Station

The above calculations suggests that the haulage company will size the battery such that there is no
need for public fast charging, if the price for the public fast charging is 0.4 €/kWh. It is therefore
interesting to investigate if the charge point operator can lower the price. The cost for the charger
owner is the cost for the electricity, and the charger and the grid connection. The cost for the charger
and the grid connection is assumed to be proportional to the power of the charges and the cost per
kWh, f., is expressed as
for= Cor S22 T2

First, one may assume that the company with the trucks will charge fully at the rest area. The drivers
have a break of 45 minutes, so one knows that each truck will charge for 45 minutes. So how many

(3.9)

chargers are needed? The 30 trucks from each terminal depart with a time gape 7,,, = 7 minutes
since the terminal personnel and gates do not have the capacity of sending them off at the same time.
The first two truck leaves Terminal A and B at 6 PM, then drive the distance S/2 = 275 km to the
rest area with the mean speed 75 km /h, and charge for 45 minutes when they arrive at the rest area.
The drivers switch truck with the driver from the other terminal and then return home. The number
of charging truck as a function of time can be found from a simulation. However, one cannot expect
perfect timing, so the trucks are assumed to sometimes be delayed. For the company delays over 15
minutes are very rare. Therefore, each truck is delayed with the delay-magnitude of a random number
drawn from a normal distribution with expected value 0 minutes and standard deviation 5 minutes.
The left-hand part of Figure [3.3] shows the number of charging trucks at the rest area as a function
of time, for one night. As seen from Figure the maximum number of chargers needed this day
is 15. The right-hand part of Figure shows a histogram where the value on the z-axis represent
the maximum chargers needed on one day and the height of the bar represent how many days that
occurs on a 10-year periocﬂ As seen from the histogram in the right-hand part of Figure one
needs to have 16 chargers at the rest area, with the selected model and parameter settings. The fact
that it sometimes is a demand for 17 chargers is not seen as a problem since this happens only twice
in a year. The result does not change dramatically when one changes the standard deviation with £2
minutes.

2The trucks operate almost 6 nights per week.
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Figure 3.3: The left-hand part of the figure shows the number of charging trucks at the rest area as a function of time for one day. The right-hand
part of the figure shows how many days over a 10-year period a special number of chargers is needed.

Each of the 16 chargers must be able to charge the trucks whole useful battery capacity in the time
Tbreak- Thus

~ B.,  412.5kWh
"~ Thear  0.75h
Since the charging need of the trucks is known the charge utilization factor, when only the haulage

P, = 550 kW. (3.10)

company uses these chargers, can be calculated with the result
I =10 %. (3.11)

So, if the company that installs the chargers have no other customers than the analysed company the
cost for the chargers will, according to Equation [3.9] be

fen = 0.21 €/ kKWh. (3.12)

Consequently, it seems to be possible to lower the price from the originally assumed 0.4 €/kWh.
So, how low does the price have to be if the haulage company shall consider the small battery and
fast charge the whole useful capacity at the rest area? The company will probably select the smaller
battery if it is possible to reach an equally low value of the cost function as for the large battery, due to
less loss in payload capacity. Thus, one may determine the required price for fast charging by solving

the equation
feev = 0.24 €/kWh, (3.13)

with the values for the small battery. To proceed

024 €/kWh — Tch . Ce _ % _ TC%-CC;L
: ch_ —().17 €/kWh. (3.14)

epub — 1_Th
c

At first this seems hard to reach since the value is below the cost of the charger owner, according to
Equation [3.12]. However, as seen from Equation [3.9]the normalised cost for the charge point operator

only depends on the charger utilization factor.
Figure 3.4 shows f,, as a function of T',.
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Figure 3.4: The normalised cost f.;, as a function of the charger utilization factor, I .5,

From the figure one observes that the value of f, is below 0.17 €/kWh for charger utilization fac-
tors of 15% or more. It seems possible to have at least the same use of the chargers during the day
by other companies, for example, the lunch break should be a great opportunity to charge. In this
case the charger utilization factor will be 20 % which by Equation leads to f., = 0.15 €/kWh,
allowing some profit also at a price of only 0.17 €/kWh . If one in addition have other customers in
the morning, afternoon and evening it might be possible to reach a charger utilization factor of 25 %.
Such a utilization factor will lead to f., = 0.13 €/kWh and then the chargers can provide a profit
also with as low price as only 0.17 €/kWh.

The haulage company will have a normalized cost for battery electric propulsion of 0.24 € /kWh of
which the cost for the private charging is 0.05 €/kWh, the cost for the public fast charging is 0.06
€ /kWh, the cost for the battery is 0.06 €/kWh and the cost for the charger and grid is 0.07 €/kWh.
The indirect cost for any loss in payload capacity will probably be low with the small battery. The
calculations done in this paper strongly indicates that the electric trucks will be more cost efficient
than the commercial diesel trucks, for haulage companies with similar driving patterns to the treated
company.

3.2.4 Selecting Total Power for a Fast-Charging Station

In the previous section it was found that 16 chargers should be built at the rest area to meet the
demand from the haulage company. To meet this whole demand is probably not questionable since
the haulage company will be a key customer, charging a large amount of energy almost six days a
week. However, one may suspect that the demand at for example lunch time could be quite high since
many truck drivers will have a natural break at that time. Then one wants to answer the question, is
it cost effective to meet the peak charging demand? If not, how much of the peak demand should
one meet? In order to investigate this, it is assumed that the demand for public fast charging can be
expressed as how much charger power is demanded for a certain price level. Since there is a discrete
number of trucks that wants to charge, it is natural to assume that the charging demand will be a step
function of time, as in the left-hand part of Figure[3.5] If the power demand is sorted with respect to
magnitude over the chargers service life one ends up with a diagram which we chose to call the power
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demand distribution, see the right-hand part of Figure Here, P, > P, > ... > Py is the power
demand during different times according to the figure and 7} < 75 < ... < Tly. In the right-hand part
of the figure the energy that will be delivered by the chargers over their service life is marked in red
for the choice P., = Py_;.

P P

Py :__ Energy Delivered by the
P, Chargers if P., = Py_1

PiogT

P; T

- —_— —_ Py_1+

S o e
| 1
t T, T, Ti T Ty TNZTNITN T t

Figure 3.5: The power demand from the chargers as a function of time to the left and the power demand distribution to the right. Notice that the
right-hand part schematically shows sorted demand power over the whole service life of the chargers while the left-hand part shows
the unsorted demand over a shorter period. In the right-hand part of the figure the energy that will be delivered by the chargers over
their service life is marked in red for the choice P,.;, = Pn_1.

The demand power, P = P(t), can be expressed as:

;

P, t € [0,T]
b, t e (T17T2]

]Difla (S (7-'1'727 11-71]

P = (3.15)
Pi7 te (7—‘7:—17 7_;]
Py, t € (Tn-1,Tn]
0, t e (TN,T],

\

where T’y is the total time that there is demand of using at least one charger and therefore the notation
TN = T, is introduced.

In order to be able to make a clever choice of the total power of the charging station the profit, I,
for the charge point operator is now expressed as follows:

I:Cepub'Ech_Oe'Ech_Cch'T'Pch~ (316)

Note, that in this context, £, is the total energy delivered by the charging station over the chargers
service life. P, is the total power of the chargers, and 7' is the service life of the chargers. In the
above equation the first term on the right-hand side is the total income from the users over the time
T', the second term is the total cost for the electricity over the time 7" and the last term is the total cost
for the chargers and the grid connection over the time 7. Let:
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C’diff = CYepub - Ce (317)
and Equation [3.16] becomes:

I =Cluiss-Een — Cop - T - Py (3.18)

The charge point operator can directly affect two of the parameters in Equation namely, Cy;s¢
by setting the price for charging and F,;, by deciding how many and how large chargers to invest in.
These choices will indirectly affect the total energy delivered by the chargers, £, since the price for
public fast charging will affect the demand and the total power of the chargers will limit the capacity
to deliver energy from the chargers. It is assumed that a fixed price on public fast charging (i.e., the
price does not vary with time) results in a given power demand distribution. After calculations, it is

found that:
ﬂtse > Cch

T Cdiff

and if the chargers are profitable one should choose the charger power P, = P, where k is the
smallest integer in the set [1, V] that fulfills the inequality:

The chargers are profitable <= (3.19)

T, C.
Ti | Can
T Cugy

(3.20)

to maximise the profit for the charge point operator. It appears that the charger’s power only shall
meet the full demand if the high power will be used a sufficiently long time. With the different
values used in Paper B the peak demand must last for 4% of the charger service life, if the price of
public fast-charging is 0.4 €/kWh, to 15% , if the price is 0.17 €/kWh. Worth mentioning is that
these calculations aim to maximise the profit for a given demand power distribution with fixed prices
of public fast charging but does not include for example effects that one may lose a customer to a
competitor who has more available chargers, and one may lose all the charging from that customer,
not only the charging at the peak hour.

3.2.5 Discussion and Conclusions

The calculations done in this paper shows that the battery electric trucks have a great potential to be
competitive to commercial diesel trucks already with a diesel price of only 1.2 €/liter (excluding
VAT). Figure [3.6] compares the different alternatives for the haulage company. In the figure all the
numbers are in €/kWh, where the height of the bars represent the total cost for one strategy. The
bars for the battery electric trucks are marked with different colors to separate the individual cost
according to the legend in the upper right-hand part of the figure. Due to rounding the individual cost
for the battery electric truck with the large battery seems to add up to more than the total cost. As
stated in the text earlier the haulage company will likely select, by negotiation with the charge point
operator, the strategy represented by the fourth bar which will give a lower cost for propulsion energy
than the current diesel trucks and less loss in payload capacity when comparing with the strategy with
the large battery.
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Figure 3.6: The different cost for the alternative strategies for the haulage company. The height of the bars represents the total cost for one
strategy. The bars for the battery electric trucks are marked with different colours to disclose the individual cost according to the
legend in the upper right-hand part of the figure. All the numbers are in €/kWh. Due to rounding the individual cost for the battery
electric truck with the large battery seems to add up to more than the total cost.

In the previous section the price for electricity and public fast charging was assumed to be fixed.
However, is it likely that a charge point operator will have fixed prices for their users? Maybe not.
In reality the demand for charging power will vary with time as can be shown with a demand power
distribution like the one on the left-hand part of Figure[3.7} From such an demand power distribution
one observes that for ¢ € [0, 77) there is a much greater demand than the charging station can supply,
so here the charge point operator have opportunity to increase the price for public fast-charging and
still sell the same amount of energy while increasing the profit. It might also be possible to move users
from the rush hours to other times by having high price during rush hours and lower price other times,
compare the left and right-hand part of the figure. The mean value of the difference in the price for
public fast-charging and electricity might even be the same but due to the increase in F, the total net
income will still increase. Again, consider the left-hand part of Figure[3.7)as an illustration. One may
argue that time varying pricing will be beneficial for the users as well, since it will make it possible
to offer fast charging exactly when it is desirable, for those who really need it and pays for it, and
the users that moves their charging to other times will be rewarded with lower prices. How to select
the price for public fast charging is a very complex question and will require a thorough investigation
on its own. Based on this short analysis we cannot predict charging prices. Still, this analysis shows
that a low price seems achievable, and that there are many ways in which the pricing and the hauliers
charging strategy may change to increase the charger utilization and thus enable even lower price.
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Figure 3.7: Example of charging power demand distribution. Left-hand part shows the original demand, and right-hand shows a more even
demand if the price is adjusted to reflect the demand. Thus, time varying pricing may lead to a higher charger utilization.

Based on the above analysis one may draw the following conclusions for the type of Long-Haul
trucks investigated in this paper.

e The battery electric trucks with driving pattern that are similar to the haulage company studied in
this paper seems to be more cost-effective than today’s diesel trucks. A reason for the competitive-
ness of the electric trucks is that they have a high battery utilization, and that they can be charged on
mandatory breaks.

e The study indicates that the main uncertain factors, for knowing what charging strategy to use, are
the pricing of public charging, and the density of the goods.

e The choice of battery capacity is strongly influenced by the price for public fast charging. For the
case studied in this paper, the price for fast-charging has to be 0.17 €/kWh if the haulier should go
for the small battery instead of the large battery. The size of the battery could have a large impact on
the total cost of ownership.

e The cost per kWh for public fast-charging drops significantly with increasing charger utilisation.
To be able to offer fast-charging for a low price, such as 0.17 €/kWh, and still make some profit, the
charger utilisation factor has to be about 20% or higher.

The ratio CCd—ffhf , where C, is the combined cost for the charger and grid, and Cy;¢ is the dif-
ference between the price for public fast charging and the price for the electricity, turns out to be an
important parameter when analysing the profit for a charge point operator. This is intuitive since the
profit increases with Cy; ¢y but decreases with C,. With the values used in Paper B the ratio is in
the interval 4% - 15%. This span in required utilization is caused by the uncertainty in the price for

public fast charging.

e For fixed price of public fast-charging, a charge point operator has the possibility to be profitable,
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if and only if there is a demand of charging, which expressed as share of the chargers service life,
1 ds Len

equals or exceeds &<

e For fixed price of public fast charging, the charge point operator shall not meet the maximum de-

mand of charging in order to maximise the profit, with the only exception when the share of the time

for the maximum demand at least equals CCd—ijf of the chargers service life.

o If the chargers have the possibility to be profitable for a given power demand distribution, the profit
for the charge point operator, at a fixed price, can be maximised according to the procedure presented
in Section 3.2.4.

3.3 Summary of Paper C

Paper C aims to investigate the charging need, the utilization of the public fast chargers and the
potential problems with queues at charging stations along the highway between the Swedish cities
Helsingborg on the west coast and the capital Stockholm on the east coast, if all the trucks that are
driving on that road today were battery electric. The system is investigated by an agent-based model
where the traffic flow is intended to be representative for a typical day. The main part of the highway
between Helsingborg and Stockholm is called E4 and a minor part is called E20. The road is 553 km
long and marked with blue in the map, see Figure

© OpenStreetMap contributors.
https://www.openstreetmap.org/copyright
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Figure 3.8: The highway between Helsingborg and Stockholm marked with blue.
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3.3.1 The Traffic Flow

In the study it is assumed that trucks can only enter or leave the highway where roads with consider-
able traffic flow of trucks connects to the highway. Since the cities Mjolby, Linkoping and Norrkoping
are quite close to each other they are seen as one city located in LinkOping. The road is divided in
to three sections, where Section 1 starts at Helsingborg and ends at Jonkoping, Section 2 starts at
Jonkoping and ends at Linkdping and Section 3 starts at Linkoping and ends at Sddertilje /Stockholm,
which is considered as one city located in Stockholm. Data on the truck flow has been available at
the communities Ljungby, Gridnna and Tystberga which are located in Section 1, 2 and 3 respectively.
In Table [3.4] the distances from Helsingborg to the cities and communities are listed, and the traffic
flows are shown in Figure [3.9] In the figure the traffic flows are expressed in trucks per day, which
has been averaged over a year. Trucks without trailer are excluded since they probably do not travel
long distances and therefore do not use public fast charging. The outward direction is defined from
Helsingborg to Stockholm according to Figure [3.9] The black arrows represent the flows along the
way and the red arrows shows the flow of trucks that enter or leave the highway.

Table 3.4: Distance from Helsingborg to the cities and communities.

City/Community Position [km]
Helsingborg 0
Ljungby 134
Jonkoping 228
Grinna 265
Mjolby /Linkoping /Norrkdping 355
Tystberga 470
Sodertilje /Stockholm 553
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Figure 3.9: The traffic flows along the studied road are indicated by with black arrows and the traffic flows that connect or leave the road are
indicated by red arrows. The flows are given in trucks per day. The outward direction is defined from Helsingborg to Stockholm and

indicated by a black arrow in the figure.

Based on the data in Figure [3.9the truck flows between the different cities are constructed, with
the aim of representing a typical day. The flows are shown in Table [3.5]and agrees with the total flows

along the highway (the black arrows) presented in Figure (3.9

Table 3.5: The origin and destinations for the trucks.

Start (No. trucks) Destination (No. trucks)
Helsingborg  Jonkoping Linkoping Stockholm
Helsingborg
1464 - 381 520 563
Jonkoping
909 463 - 221 225
Linkoping
1063 621 199 - 243
Stockholm
919 338 150 381 -

For some days traffic-flow data, expressed as trucks per hour, was available each hour. The depar-
ture time of the trucks in the simulation was selected randomly according to a distribution to resemble
the actual time variation in the data. The result can be seen in Figure[3.10] The model flows, expressed
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as share of the daily flows, shown in the figure are the flows when the trucks do not stop and charge.
However, since many of the trucks will charge the traffic flow in the simulations will not be exactly
the same.
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Figure 3.10: The share of the daily traffic flow for each section in the outward (solid) and return (dashed) direction. The red curves corresponds
to the data and the blue curves correspond to the flow that the model would arise if the trucks always drive at constant speed v = 75
km/h without charging.

The initial value of the battery SoC is drawn from a uniform random distribution on the interval
[50%, 100%], and the required SoC at the destination is drawn from a uniform random distribution
on the interval [0%, 40%].

3.3.2 Assumptions

All the trucks in the simulation have a useful battery capacity of B., = 500 kWh, a speed of v = 75
km/h and have an energy consumption of % = 1.5 kWh/km. To have good initial conditions the
model is run for two days. The first day starts with no trucks on the road and empty charging stations,
and with the same prices for charging and truck flows as for the typical day. The second day therefore
starts with some trucks already on the road and some using the charging stations. In the analysis it is
the results from the second day that is used. Each truck in the simulation has a starting position and

23



a destination in either Helsingborg, Jonkoping, Linkoping, or Stockholm. Each truck enters the high-
way at a certain time, with a certain SoC and an individual requirement on the SoC at the destination.
However, none of the trucks are entering the highway with less than 50% SoC and no truck must have
more than 40% SoC when they exit the highway.

In reality, there are laws that regulate how long the drivers are allowed to drive. For example, the
drivers must take a break after at least 4.5 hours of driving. This constraint is not explicitly used in
the simulations, but the trucks cannot run for more than 4.5 hours without charging, inferring this
constraint is fulfilled anyway. Also, the fact that the driver must take breaks under some conditions
might affect where and when they choose to charge, but the total charging need will not be affected.

There are charging stations along the road, and the number of charging stations, their position, and
the number of chargers at each station varies from simulation to simulation. The price for charging
depends on the station and the time but have been set to the same value in almost all simulations.
In all simulations there will be at least three charging stations along the way and these three will be
uniformly distributed along the highway. All the chargers are assumed to have a power P = 700 kW.
Further, it is assumed that this power can be used for all trucks regardless of the SoC. This implies
that a truck will charge the whole useful capacity in 43 minutes.

The Behavior of the Trucks

In the simulation each truck, i.e., each agent, will act according to the following rules:

A) The trucks only charge when they need it to complete their mission, and only what is needed to
have the required SoC at their destination.

B) The trucks will not charge more times than necessary. This will together with the assumptions
that were presented earlier imply that none of the trucks will charge more than twice. The
assumptions also prevent a truck from reaching zero SoC before it reaches a charging station.

C) If a truck needs to charge twice, it will charge full, the first time it charges.

D) A truck arriving to charge at a charging station, will continue to the next charging station if
there are too many trucks queuing and if it has the possibility to reach another charging station.
The queue is judged to be too long if the fraction of queuing trucks divided by the stations total
number of chargers is greater than the parameter 7g,cying-

E) Trucks that have possibility to select between stations while following the rules above, will
choose to charge at the lowest cost. Trucks that are charging twice minimize the cost for the
first charge. If the price between two stations are equal the truck selects the nearest station.

3.3.3 Results and Conclusions

The main results from this paper are summarized in the following conclusions.
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e A future system of battery electric trucks and public fast chargers along the highway between Hels-
ingborg and Stockholm seems to function very well. Due to the relatively uniform traffic flow of the
trucks the simulations point to a system with low prices on public fast charging, profitable charging
stations, high charger utilization and few problems with queues at the charging stations. The system
will also be robust towards an increase in the traffic flow or an unusual peak in the traffic flow.

e [t is estimated that there is a need for 140 chargers with the power of 900 kW along the highway
between Helsingborg and Stockholm for a full electrification of the current long-haul truck fleet. The

900 kW chargers will be able to deliver the average power of 700 kW as the ones in the simulations.

eThe system charger utilization factor is estimated to be 30% which should be considered as a high
value for a system with small problems with queuing.

e The study indicates that a system with a fixed number of chargers resists queues better if there are
a few charging stations with many chargers rather than many charging stations with few chargers.

eSimulation shows that time-varying pricing could lead to queuing deterioration on a system level,
even if it improves the queuing locally in the system.

e The truck’s unwillingness to queue is an important property and leads to less queuing at the system
level.
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4 Contributions

In this section this thesis’ contributions to the field of battery electric trucks are discussed. The EDD
is a useful tool when studying systems of battery electric trucks and public fast chargers and can be
used for example to size the battery and deciding charging strategy. The EDD summarizes a lot of
information about how the vehicle is used over its service life in a compact format. Further, the calcu-
lations shows that battery electric trucks are competitive to commercial diesel trucks in many cases.
Hopefully, this work has improved the knowledge of how to size the battery and select charging strat-
egy in order to achieve cost effective and competitive battery trucks. It is important to highlight, even
if it might feel simple and intuitive, that high utilization of the batteries and the chargers is crucial
to reach cost effective system solutions. There are often many different parameters that affects the
cost effectiveness, but in the end, the utilization factor can summarize the combined effect of most
of them in just one number. For example, a large battery is more expensive but results in a smaller
cycle depth, which reduces battery ageing. These two aspects are in conflict but together they give
a utilization of the battery, and it is the utilization which in the end determines the battery cost per
kWh. The battery size that gives the largest utilization in the previous mentioned example is the most
cost effective one, when considering this particular trade off.

Still, finding the best solution to the real future system of battery electric trucks and public fast charg-
ers is far from simple. The system is complex and the trade-offs between, for example, a large and
expensive battery and less need for expensive fast charging, contra a small and cheap battery and
need for more of the expensive fast charging but less loss in pay-load capacity, is hard. The tools
and methods presented in this thesis facilitates decisions regarding this trade-off and hopefully give a
better understanding of which factors that are important in certain use-cases, and which are not.

There are reasons to expect that fast charging will be expensive, but will that be the case for long-haul
trucks? Results from this work indicate that the charger utilization may be high along one big high-
way in Sweden, and that makes it possible to achieve a low cost per kilowatt-hour for fast chargers.
However, then a second question arises; will the high charger utilization result in large problems with
queuing? In the studied case the answer to that question seems to be no, but this was just for one
highway. However, by proper changes the same method could be used to study other roads as well,
so this thesis provides a method for examining the charger need, charger utilization, and the charger
queues along any roads.

Of course, there are uncertainties, for example in the price for public fast charging. It is hard for
the vehicle owners to select battery capacity and charging strategy with uncertainties in the price for
public fast charging, but it is also hard to set precise prices on public fast charging without knowing
how much the chargers will be used, which in turn depends on the truck’s charging strategies. This
creates a challenge, as initial high prices for fast charging may lead to truck owners selecting charging
strategies which result in low utilization of chargers, and therefore lock the system in a state of unnec-
essarily high prices. Once in this state, the expectation of high prices may prevent a high utilization
of chargers and low prices to materialize, even if it is possible.
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Further, the investments can be risky if another part changes their strategy. If, for example, truck
owners start to buy larger batteries the need for public fast charging can be reduced, which is bad for
the charge point operator. Or, if the truck owners have selected small batteries, a rise in the cost for
public fast charging can be problematic for them, still they have no option but to continue to use the
public chargers as their small batteries do not allow them to skip fast charging. However, these prob-
lems probably decrease with time, since the more numerous battery electric trucks and other battery
electric vehicles become, the easier will it be to have high charger utilization, which can lead to lower
prices for public fast charging. This can create a positive spiral of lower prices and growing utiliza-
tion of public chargers. In addition, with growing market shares of electric trucks the price picture
will probably change in favour of the battery electric trucks due to growing production volumes and
technology development. Even if the reference price for diesel used in this thesis is intentionally low,
the current high diesel price also favours the battery electric trucks. It is also important to clarify that
in the long run it is desirable, but not required, that the battery electric trucks are more cost effective
than the diesel trucks. To be the main solution for the future transport system, they only have to be
the cheapest alternative to replace transports that use fossil fuel.

We also show that the cost for losing pay-load capacity due to a large battery could be high, but often
it may as well be zero. It depends on the goods the truck transport and their charging strategy. This
means that trucks that have similar driving patterns might have completely different battery capacity
and charging strategies only depending on which type of goods they transport.

To summarize, this thesis does not prove that battery electric trucks with stationary charging is the
future solution, but it presents several methods to analyse cost effective battery electric truck solutions.
The case studies made with these methods show that it is likely that the cost of operation for battery
electric trucks may become lower than for diesel trucks in many cases. Besides the driving pattern,
the potential loss in pay-load capacity together with the price for public fast charging are the key
factors when selecting battery capacity and charging strategy.

28



5 References

[1] Shafiee, S; Topal; E. "When will fossil fuel reserves be diminished?". Energy Policy 2009, Volume
10, Issue 1, 181-189.

[2] IPCC. Climate Change 2021: The Physical Science Basis; Masson-Delmotte, V., Zhai, P., Pirani,
A., Connors, S.L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.L., et al., Eds.;
Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2021; p. 2391.

[3] Cunanan, C; Tran, M.K; Lee, Y; Kwok, S; Leung, V; Fowler, M. "A Review of Heavy-Duty Vehi-
cle Powertrain Technologies: Diesel Engine Vehicles, Battery Electric Vehicles, and Hydrogen Fuel
Cell Electric Vehicles". Clean Technol 2021, Volume 3, Issue 2, 474—489.

[4] Plotz, P. "Hydrogen technology is unlikely to play a major role in sustainable road transport". Nat.
Electron 2022, Volume 5, 8—10.

[5] Burke, A; Sinha, A.K. "Technology, Sustainability, and Marketing of Battery Electric and Hydro-
gen Fuel Cell Medium-Duty and Heavy-Duty Trucks and Buses in 2020-2040". Journal Abbreviation
2020, Volume 10, 142—-149.

[6] Samet, M.J; Liimatainen, H; van Vliet, O.P.R; Polldnen, M. "Road Freight Transport Electrifica-
tion Potential by Using Battery Electric Trucks in Finland and Switzerland". Energies 2021, Volume
14, Issue 4, 823.

[7] Grauers, A; Pohl, H; Wiberg, E; Karlstrom, M; Holmberg, E. "Comparing fuel cells and other

power trains for different vehicle applications". In Proceedings of the EVS30 Symposium, Stuttgart,
Germany, 9-11 October 2017.

[8] Dong-Yeon, L; Valerie, T; Marilyn, B. "Electric Urban Delivery Trucks: Energy Use, Green-
house Gas Emissions, and Cost-Effectiveness". Environmental Science Technology 2013, Volume 14,
8022-8030

[9] Mareev, I; Becker, J; Sauer, D. "Battery dimensioning and life cycle costs analysis for a heavy-
duty truck considering the requirements of long-haul transportation". Energies 2018, Volume 11,
Issue 1, 55.

[10] Moll, C; Plotz, P; Hadwich, K; Wietschel, M. "Are Battery-Electric Trucks for 24-Hour Deliv-
ery the Future of City Logistics?—A German Case Study". World Electr. Veh. J. 2020, Volume 11,
Issue 1, 16.

29



[11] Neubauer, J; Brooker, A ; Wood, E. "Sensitivity of battery electric vehicle economics to drive
patterns, vehicle range". J. Power Sources 2012, Volume 209, 269-277.

[12] Hovi, I.B; Pinchasik, D; Figenbaum, E; Thorne, R. "Experiences from Battery-Electric Truck
Users in Norway". World Electr. Veh. J. 2019, Volume 209, 142—149.

[13] Jakobsson, N; Gnann, T; Pl6tz, P; Sprei, F; Karlsson, S. "Are multi-car households better suited
for battery electric vehicles? — Driving patterns and economics in Sweden and Germany". Transp.
Res. Part C Emerg 2016, Volume 65, 1-15.

[14] Babin, A; Rizoug, N; Mesbahi, T; Boscher, D; Hamdoun Z; Larouci, C. "Total Cost of Own-
ership Improvement of Commercial Electric Vehicles Using Battery Sizing and Intelligent Charge
Method" IEEE Trans. Ind. App 2017, Volume 54, Issue 2, 1691-1700.

[15] Lunz, B; Walz, H and Sauer, D.U. "Optimizing vehicle-to-grid charging strategies using ge-
netic algorithms under the consideration of battery aging". IEEE Veh. Power Propuls. Conf. VPPC,
Chicago, IL, USA, 6-9 September 2011.

[16] Xu, B; Oudalov, A; Ulbig, A; Andersson, G; Kirschen, D. "Modeling of Lithium-Ion Battery
Degradation for Cell Life Assessment". IEEE Trans. Smart Grid 2018, Volume 9, 1131-1140.

[17] Baek, D; Chen, Y; Chang, N; Macii, E; Poncino, M. "Optimal Battery Sizing for Electric Truck
Delivery". Energies 2020, Volume 13, Issue 3.

[18] Nykvist, B; Nilsson, M. "Rapidly falling costs of battery packs for electric vehicles". Nat. Clim.
Chang. 2015, Volume 5, 329-332.

[19] Gaines, L; Cuenca, R. "Costs of Lithium-Ion Batteries for Vehicles"; United States Department
of Energy: Washington, DC, USA, 2000.

[20] Xie, Y; Basma, H; Rodriguez, F. "Purchase Costs of Zero-Emission Trucks in the United States";
ICCT Working Paper 2023—-10; International Council on Clean Transportation: Washington, DC,
USA, 2023.

[21] Nykvist, ; Olsson, O. "The feasibility of heavy battery electric trucks". Joule 2021, Volume 5,
Issue 4. 901-913.

[22] Peterson, S.B; Whitacre, J.F; Apt, J. "The economics of using plug-in hybrid electric vehicle
battery packs for grid storage". J. Power Sources 2010, Volume 195, Issue 8, 2377-2384.

[23] Mortimer, B.J; Bach, A.D; Hecht, C; Sauer, D.U; Doncker, R.-W.D. "Public Charging Infras-

tructure in Germany — A Utilization and Profitability Analysis." J. Mod. Power Syst. Clean Energy
2021, Volume 10, Issue 6 , 1-10.

30



[24] Gnann, T; Funke, S; Jakobsson, N, P16tz, P; Sprei, F; Bennehag, A. "Fast charging infrastructure
for electric vehicles: Today’s situation and future needs". Transp Res D Transp Environ 2018, Volume
62, 314-329.

[25] Link, S; Plotz, P. "Technical Feasibility of Heavy-Duty Battery-Electric Trucks for Urban and
Regional Delivery in Germany—A Real-World Case Study". World Electr. Veh. J 2022, Volume 13,
Issue 9.

[26] Pearre, N.S; Swan, L.G. "Queuing to Charge an Ev vs Ultilization of a Dc Fast Charger". Re-
newable Energy Storage Laboratory, Department of Mechanical Engineering, Dalhousie University,
Halifax, NS, Canada 2022.

[27] Huang, Y; Kockelman, K.M. . "Electric vehicle charging station locations: Elastic demand,
station congestion, and network equilibrium". Transportation Research Part D: Transport and Envi-

ronment 2020, Volume 78.

[28] Swedish Transport Administration, 2022.
https://vtf.trafikverket.se/SeTrafikinformation|(accessed October 2022)

31


https://vtf.trafikverket.se/SeTrafikinformation

energies

Article
Energy

Distribution Diagram Used for Cost-Effective Battery

Sizing of Electric Trucks

Johannes Karlsson

check for
updates

Citation: Karlsson, J.; Grauers, A.
Energy Distribution Diagram Used
for Cost-Effective Battery Sizing of
Electric Trucks. Energies 2023, 16, 779.
https:/ /doi.org/10.3390/en16020779

Received: 6 December 2022
Revised: 4 January 2023
Accepted: 5 January 2023
Published: 9 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Anders Grauers *

Department of Electrical Engineering, Chalmers University of Technology, SE 412 96 Gothenburg, Sweden
* Correspondence: anders.grauers@chalmers.se

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.

Keywords: battery electric vehicle; battery electric trucks; battery sizing; charging strategy; cost-efficient

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.
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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], ( )
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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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Abstract: This paper investigates the economic consequences of a haulage company replacing its
line-haul diesel trucks with battery-electric ones. It also examines how large truck batteries should
be, whether the haulage companies should use public fast chargers to complement their own, and
whether public fast chargers have the potential to be profitable. The potential extra cost of losing
payload capacity is estimated and there is an investigation of whether a charge-point operator should
meet the peak demand for charging. The case under analysis is designed to represent a typical
line-haul service between terminals in a major logistics system, with the finding that, in this case, a
transition to battery-electric trucks seems cost effective for the company. Moreover, it is advisable
for the company to use public fast chargers and these will likely become profitable given that the
utilisation factor of the investigated public fast chargers may realistically exceed 20%.

Keywords: battery electric truck; battery electric vehicle; cost effective; battery sizing; charging
strategy; payload capacity; charge-point operator; long-haul truck

1. Introduction

The use of fossil fuels has severe drawbacks: the oil depletion time is less than
30 years [1], the Earth’s climate system is likely affected [2], and negative health impacts are
discussed in the literature [3]. Part of the solution is to avoid running trucks on fossil fuels.
Possible alternatives are hydrogen or battery-electric trucks but recently published studies
favour the battery-electric option [4,5]. Although the feasibility of battery-electric trucks
seems promising, fuel cells might be better for heavy-duty trucks on extra-long journeys [6].
Still, there is no unambiguous answer to the question of which powertrain would result in
the lowest overall cost of ownership, as this will depend on how the vehicle is used [7].

A previous study indicated that battery-electric trucks have the potential to be compet-
itive with diesel trucks under the right circumstances [8]. The present study concretises the
work conducted in [8] by applying the theory to a specific line-haul case involving a com-
mon type of transport. This paper’s study case investigates the economic consequences of a
haulage company replacing its diesel trucks with battery-electric ones. The aforementioned
study focused solely on the vehicle owner’s perspective but this study also focuses on
the charge-point operator. The present study also further expands on the previous one by
estimating the potential cost of losing payload capacity due to having a large battery, which
was not discussed in [8]. Furthermore, the present study does not assume that 80% of the
battery capacity can be used. Rather, it varies the useful state-of-charge range to include

battery ageing and safety margins in the battery sizing. Other studies have also shown
the competitiveness of battery-electric trucks compared to diesel trucks under the right
conditions [9-11]. When reading the present paper, it is important to remember that the cost
effectiveness of battery electric vehicles is sensitive to driving patterns [8,12]. In addition,
relatively uniform driving patterns show good potential for electrification [8,13]. Thus, the
results of the present study might have been different had a different case been chosen.
The literature indicates that over-sizing the battery could lower the total cost of
40/). ownership, as it can reduce battery ageing [14]. A larger battery prevents deep battery
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cycles, which reduces battery ageing. This is also stated in another study [15]. Due to
the battery ageing and safety margins, this paper assumes that only a share of the battery
capacity could be used. This share would depend on the number of cycles that the battery
is required to perform. A previous study concerning battery-electric truck deliveries
concluded that battery sizing is essential for maximising profit [16]. The present paper also
discusses battery sizing, which can reduce the total cost of ownership. Vehicle batteries
could be used for grid-energy storage, which can also reduce the total cost of battery-electric
trucks. However, this topic has not been included in this paper for two reasons. Firstly, the
electric trucks in the studied case are used extensively, with very little inactive time to act
as grid storage. Secondly, a previous study showed that grid storage only has limited value
for plug-in hybrids [17].

In a previous study, the battery price was highlighted as a crucial parameter for cost-
competitive battery-electric vehicles [18]. Supported by an earlier study [19], the authors
of [18] claimed that the price of batteries must fall below 150 USD/kWh (140 EUR/kWh)
if battery-electric vehicles, in general, are to compete with internal combustion vehicles.
The same authors also showed that this price is realistic for the near future. For the case
studied in this paper, battery-electric trucks are competitive with a battery price set at
200 EUR/kWh (this price is reasonable according to Appendix D). This is because trucks
have a higher utilisation rate compared to private passenger cars.

So far, the electrification of heavy trucks has occurred in sectors that are the easiest
to electrify, such as local and regional distribution. However, due to the limited driving
range of battery-electric trucks, the long-distance truck sector is more difficult to electrify.
This paper studies one type of long-distance transport: line haul between terminals in
a major logistics system. To further investigate the competitiveness aspect, this paper
examines the economic consequences of a haulage company replacing its diesel trucks
with battery-electric ones, along with the profitability of the public fast chargers used
by the company. The studied line-haul case is strongly inspired by a Swedish haulage
company, Tommy Nordbergh Akeri AB. The results and calculations in this paper are not
entirely general, as they are based on a specific case. However, with proper changes to the
conditions and values of the parameters, the same method can be used to evaluate cost
efficiency for other companies. Furthermore, this type of example gives an idea of when
battery-electric trucks are cost effective. The first part of this paper focuses on the haulage
company’s perspective. Later, the focus shifts to the owner of the public fast chargers. This
is followed by a discussion from a system perspective. This paper finds that the transition
to battery-electric trucks appears to be cost efficient for the haulage company studied in the
use case.

2. The Haulage Company’s Transport Task

Suppose that a haulage company has a fleet of diesel trucks and wants to change them
all to battery-electric trucks. This paper investigates the economic consequences of full
electrification, with no changes to how the trucks operate.

The company has two terminals, A and B, which are connected by a highway. Terminal
A is located in Helsingborg on Sweden’s west coast and Terminal B is located in Stockholm,
Sweden’s capital located on the east coast (see Figure 1). From the map, it is clear that
this type of transport distance is sufficient to reach many cities in Europe from the closest
harbour. Five times a week, the following procedure is repeated. Half of the trucks arrive at
Terminal A and half arrive at Terminal B in the afternoon, following some local distribution
tasks during the day. The trucks are then idle for a certain time, T;. At 6 PM, the first truck
leaves the terminal and drives towards the other terminal. Thereafter, the other trucks
leave the terminal one by one at a given interval, Tgsp. Midway between the terminals,
the drivers take a break, Ty, at a rest area. This break is compulsory under the Driving
and Resting time Rules and must be at least 45 min. After the break, the driver from
Terminal A swaps trucks with the driver from Terminal B and the drivers then return
to their original terminals. After arriving at their destination terminals, the trucks stand
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idle for a certain period of time, T;. Let the following values also apply: the distance
between Terminals A and B—S5; the mean speed of the trucks—7o; the trucks’ mean energy
consumption per unit of distance travelled—% ; and the number of trucks leaving from
each terminal—Ny,, . For clarity, the charge losses are not explicitly modelled in this
paper but their cost can be included in the price of electricity. The battery discharge losses
and efficiency of the powertrain are also not explicitly modelled but are included in the
trucks’” energy consumption. During the local distribution tasks that take place during the
daytime, each truck has driven a distance, S/2. This paper’s notation for the parameters
and their values is listed in Table 1. In addition to driving each weekday during the year,
each truck performs, on average, 50 extra night trips per year on the weekends. At the rest
area, a charge-point operator has a public fast-charging station for trucks. So, in addition to
the company’s private chargers at each terminal, the trucks can also be charged at the rest
area using public fast chargers.

Sweden

.
9

United Kingdom

Ireland
Poland
Belgium
Ukraine
France )
Romania
Italy
artugal Greece Turkey
© OpenStreetMap contributors, https://www.openstreetmap.org/copyright Tiles courtesy of Andy Allan.

Figure 1. The assumed 550 km transport route is plotted on a map of Europe as a reference.

Table 1. Notations for the different parameters and their values used in this paper.

Parameters Notation Value
Departure time of the first truck - 6 PM
Time gap between trucks Tgap 7 min
Inactive time for the trucks in the afternoon Ty 2h
Time for the break Threak 45 min
Inactive time for the trucks in the morning i) 4h
Distance between the terminals S 550 km
Mean speed of the trucks (7 75km/h
Energy consumption % 1.5 kWh/km
Numbers of trucks leaving from each terminal Nirucks 30

This paper investigates whether it is economical to use battery-electric trucks for the
studied type of line haul and, if so, how the system should be designed. More specifically,
this paper attempts to answer the following questions:

1.  What are the economic consequences for the company to change from diesel trucks to
battery-electric ones?
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What power should the company’s private chargers have?

What is the maximum extra cost of the reduced payload capacity due to heavy batteries?

4.  How many public fast chargers must be installed at the rest area by the charge-point
operator and what should their power capacity be to meet the demand from the
haulage company?

5. Can the charge-point operator at the rest area expect a profit from the chargers if the
stated company is their only user?

6.  Should a charge-point operator always meet the demands of its users? If not, how

should the total power be selected?

@

3. Economic Consequences of Electrification for the Haulage Company

Many of the trucks’ main costs would remain approximately the same if the company
replaced its diesel trucks with battery-electric ones. This includes the cost of maintenance
and insurance, as well as the cost of the vehicle (excluding the battery in the case of electric
trucks). Drivers’ salaries would also remain the same if charging took place during planned
breaks. In addition, it is assumed that the second-hand value of the trucks would be
comparable. The main differences would be the cost of diesel compared to the cost of
electricity, as well as the cost of the battery, the grid connection, and the charger. In this
paper, the costs are normalised and expressed in EUR per propulsion kilowatt-hour. The
costs that would remain the same after the transition to battery-electric trucks are ignored
since the company is interested in how the expenditure changes. In a recently published
study [8], a cost function, fpry, for the battery-electric truck is presented as follows:

fBEV =t Cet+ (1_rch) 'Cepub+ %"" rc}ll—-ﬁ/ 1)
b ch

where I, is the battery utilisation factor and I'y, is the charger utilisation factor. The cost
parameters in the above equation are defined in Table 2. The parameter 7, is the ratio of
the energy from private charging to the total amount of energy that is consumed by the
truck over its service life. The table shows the parameter values used in this paper. These
values are the same as those used in a previous study [8]. The first term describes the
cost of electricity when charging with a private charger; the second term gives the cost of
public fast charging; the third term expresses the battery cost; and the last term gives the
combined cost of the charger and grid connection. The battery utilisation factor is defined
as the total energy consumed by the battery over its service life divided by the battery
capacity. The battery utilisation factor uses the dimensionless unit, the equivalent full cycle
(EFC). The charger utilisation factor is defined as the total energy delivered by the charger
over its service life divided by the maximum energy that it can deliver over its service life.
Thus, the charger utilisation factor is a dimensionless scalar from 0% to 100%.

Table 2. Cost parameters and their values used in this study.

Parameters Notation Typical Value
Electricity Cost, Private Charging Ce 0.08 EUR/kWh
Total Cost, Public Fast Charging Cepub 0.4 EUR/kWh
Battery Cost Cp 200 EUR/kWh
Service Life of Truck, Charger, and Battery T 7 years
Combined Price for Charger and Grid Cen 117 EUR/kW /year

The cost function expresses the cost of one truck with one private charger. However,
even if the company has many trucks, the above expression can still be used, as it is assumed
that there are as many private chargers as trucks. The battery-electric propulsion cost (fpry)
should be compared to the diesel propulsion cost, C;, which is taken as 0.30 EUR/kWh,
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as in the above-mentioned study [8]. This corresponds to a diesel price of only 1.2 EUR/litre
(excluding VAT) and a high power-train efficiency of 40%. The value of the diesel price is
uncertain and most likely a bit too low, especially with the recent surge in diesel prices.
However, it is possible that the current diesel price is only temporary. Furthermore, it is
necessary to ensure that the reference value for diesel is not too high. If electric trucks can
be shown to be competitive at the stated diesel price, then there is more certainty about
this paper’s conclusions. To calculate the cost function value, it is necessary to find the
values of r;, and the utilisation factors. These parameters depend on the charging strategy,
as shown below.

This case study assumes that the vehicle will have the same energy consumption
throughout its service life. This allows the battery to be sized solely for this specific type
of use. Due to battery ageing and safety margins, it is assumed that only a share of the
battery capacity will be used. Let this share be rg,c and the useful capacity Bc,. This can be
expressed as:

Bey = rsoc - Be, 2)

where B, is the battery capacity. The number of possible charging cycles for a modern
lithium battery is assumed to depend on rg,¢c according to the table in Figure 2a. The exact
number of lifetime cycles varies for different types of Li-ion cells but the general trends
are the same, that is, the number of cycles increases faster than the decrease in cycle depth,
resulting in a total life—energy throughput. This can be seen in studies such as [20]. The
numbers used here are selected based on the tests and data sheets for several different Li-ion
cells. The cycle life of the battery depends on many factors, for example, the temperature.
It is assumed that the battery management system will keep the temperature in the allowed
temperature range.

50000
7$oC No. Possible Charging Cycles
0.2 40,000 — 40000
K}
04 10,000 3 30000 \
0.6 5000 § 20000
0.8 3000 °
10000
1 2000 T~

0
0 0.2 0.4 0.6 0.8 1

TsoC

(a) (b)
Figure 2. (a) The number of possible charging cycles for a modern lithium battery depending on
the parameter rg,c. (b) A power function g(7s,c) is fitted to the table values and is indicated with
blue dots.

So, how many cycles are needed during the battery’s service life? The battery must be
able to cover the distance S/2 without being charged. However, if the battery is too heavy,
there is a risk of losing payload capacity. Therefore, a company’s primary aim is to size
the battery so that it just can handle the distance S/2 without charging. This means that
the entire useful capacity must be charged at a rest area each day the truck is operating.
Thus, each truck performs three charging cycles each weekday for seven years (the lifetime
value of the battery according to Table 2), plus two extra charging cycles on the weekends
50 times per year. Thus, the number of charging cycles in the battery’s service life, N, can
be determined as follows:

N¢c = 3 cycles/day - 5 days/week - 52 weeks/year - 7 years )
+ 2 cycles/day - 50 days/year - 7 year = 6160 cycles.



Energies 2023, 16, 2793

6 of 22

Since the value did not match the table values in Figure 2a, a power function
g(rsoc) = a - rs5,cl is fitted to the table values with the result a = 1957.4 and b = —1.85127
(see the red curve in Figure 2b). By solving the equation g(s,.) = 6160, we obtain the root:

Fsoc = 0.5383. @)

The required useful battery capacity is given by:

AE S
Beu = 35 5 = 4125 kWh. ()

This results in a battery capacity of:

B, = Beu _ 766.3 kWh. (6)
T'soC

The battery utilisation factor can now be calculated:

— NCC ) Bcu

T
b .

= 3316 EFC, (7)
which is a high value and results in a low battery cost. The reason for this high value is
that the truck is driven in two shifts and often performs three charge and discharge cycles
per day.

Since the price of the chargers and grid increases with the charger power, P, private
chargers should be as low-powered as possible. However, the charger must still be able to
charge the useful capacity in the time T; and T and, therefore:

BCM

In real life, there may be reasons to oversize the chargers slightly but this is not
discussed here. From the definition of the charger utilisation factor, one obtains

Ecpy
Iy, = @
ch Pch'T

)

where E, is the total amount of energy delivered by the private charger over its service
life. For the weekdays, the private charger must deliver enough energy for two cycles each
day. For each of the weekend trips, the private charger must deliver enough energy for one
cycle. This is because the battery’s entire useful capacity will be charged at the rest area
each day the truck is operating. Each cycle demands energy of B.;, = 412.5 kWh. Thus, the
energy delivered by the private charger is given by:

E., = 2 cycles/day - 5 days/week - 52 weeks/year - 7 years - 412.5 kWh/cycle

10
450 cycles/year - 7 years - 412.5 kWh/cycle = 1.646 - 10° kWh. )

which gives:
Iy = 13.01%. (11)

So far, the utilisation factors for the private chargers and batteries have been deter-
mined. It is now necessary to determine the value of ., to find the cost of battery-electric
propulsion using Equation (1). Over its service life, a truck performs one day trip and one
night trip every weekday for seven years. So, each weekday involves charging the entire
useful capacity three times. The truck also performs 50 extra night trips per year, with each
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night trip resulting in the entire useful battery capacity being charged twice. Thus, the total
energy consumed over a truck’s service life is given as:

Eiot = 3 cycles/day - 5 days/week - 52 weeks/year - 7 years - 412.5 kWh/cycle

12
+2 cycles/day - 50 days/year - 7 years - 412.5 kWh/cycle = 2.541 - 10° kWh. )

Since r, is the energy charged using a private charger divided by the total energy
consumed over the truck’s service life, the result is:

E

o = = = 0.6478. (13)

Etot

Using this value, the values for the utilisation factors, and the values from Table 2 in
Equation (1), the following cost-function value is obtained:

feey = 0.32 EUR/kWh. (14)

By evaluating each term in Equation (1), the price of energy from private charging is
0.05 EUR/kWh, the price for public fast charging is 0.14 EUR/kWh, the battery price is
0.06 EUR/kWh, and the price of the private charger and grid is 0.07 EUR/kWh. Notice
that these individual costs are now normalised per the total energy consumption and not the
amount of energy from the respective chargers themselves. This means that fast charging
that costs 0.4 EUR/kWh will cost 0.14 EUR/total kWh since only 35% of the total energy
comes from fast charging.

Thus, these particular electric trucks have proven to be slightly more expensive than
diesel trucks. The savings will be negative and the annual value is:

(Cd - fBEV)  Nee + Bey - 2Ntrucks
T

BEV savings = = —440,000 EUR/year. (15)

Since the above calculations indicate extra costs for the company, a more cost-efficient
charging strategy should be used. In considering the above individual costs, it becomes
apparent that the cost of public fast charging is by far the greatest. Is it possible to reduce
this cost? Yes, if the trucks have batteries large enough to handle long night trips with
less reliance on public fast charging. Even so, this will increase other costs such as the
cost of a large battery. If all the day trips are viewed as one type of trip consuming energy
By, and all the night trips as another type of trip consuming energy 2 - B¢, the energy
consumption for the trips can be presented in an energy distribution diagram, similar to that
introduced in [8]. There are five daytime trips each week for seven years, resulting in
1820 day trips in a truck’s service life and equally as many night trips during the week.
However, an additional 50 night trips per year equates to 2170 night trips in a truck’s
service life. The energy distribution diagram for each truck is shown in Figure 3 and it is a
“two-step rectangular” type [8].

It was shown in [8] that for a two-step rectangular energy distribution diagram, the
lowest cost-function value is obtained either when the battery can handle the energy needs
for the low-energy-consumption trips or when the battery is sufficiently large to handle the
complete energy needs of all trips without being charged. A certain level of care must be
exercised since the prerequisites of that analysis are not in complete agreement with those
of this study. Nevertheless, the special case of a battery that can handle high-consumption
trips still warrants investigation.
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Figure 3. The energy distribution diagram for each truck.

For a large battery, the useful capacity must be able to handle an entire night trip

without charging. Thus,

AE
= —~ .5 = 825.0 kWh. 1
Boy = g S = 825.0 kW (16)

The power of the charger must be considered, as it needs to meet the charging demand
for a battery’s entire useful capacity in time T, and half that capacity in time T;. Again, this

yields a charger power of:
P, =206.3 kW. (17)

So, what value is reasonable for rs,c? As seen in the energy distribution diagram in
Figure 3, the battery must now perform 3990 cycles during its service life. Furthermore,
1820 of these will be half cycles. Thus, rg,c may be set so that the battery can survive
3990 major cycles. This also gives an even better safety margin compared to the small
battery. By solving the equation g(rs,.) = 3990, the following root is obtained:

Fsoc = 0.6807. (18)

This results in a battery capacity of:

o Bcu
rsoC

B, = 1212 kWh. (19)

The battery utilisation factor is given by the total energy consumed by a truck over its
service life divided by the battery capacity. The total energy consumed is obtained from
the area under the curve in the energy distribution diagram in Figure 3. Thus,

_ (825.0 kWh - 2170 4 412.5 kWh - (3990 — 2170))
T, = BT WE = 2097 EFC. (20)

As expected, a lower value for the battery utilisation factor is obtained compared to a
small battery. The result is a rising battery cost. The charger utilisation factor is defined

as follows:
Ech

r =
ch P, T
In this case, E, is all the energy consumed by the truck in its service life, as all the
energy comes from a private charger. This also implies that r.;, = 1. The charger utilisation

= 20.09 %, (21)
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factor increases compared to a small battery. This is reasonable since the chargers (which
have the same power) deliver more energy over their service life. By inserting the values of
the utilisation factors r, and the values from Table 2 into Equation (1), we obtain:

feey = 0.24 EUR/kWh. 22)

The largest cost is that of the battery, 0.10 EUR/kWh, followed by the cost of the
energy from the private charger, 0.08 EUR/kWh; the cost of the private charger and grid,
0.07 EUR/kWh; and the cost of public fast charging 0 EUR/kWh. Due to rounding, the
individual cost appears to total more than the overall cost. This charging strategy appears
promising and the company’s savings can now be calculated:

(Cd — fBEV) . Etot ' 2Ntrucks
T

BEV savings = = 1,300,000 EUR/year, (23)
where E;; is the total energy consumed by one truck over its service life. This is obtained
from the area under the curve in the energy distribution diagram.

Firstly, the calculations show that under these circumstances, battery-electric trucks
are competitive compared to diesel trucks. Secondly, it shows that the choice of battery
capacity could have a major impact on the cost effectiveness of battery-electric trucks.
Although the cost of the battery is large, the overall cost of ownership may be lowered by
selecting a large battery, as the price of public fast charging may also be high. The trade-off
between battery size and the share of public fast charging may be fairly simple to handle if
the price picture and charging opportunities are known. However, there are more trade-offs
to consider such as the trade-off between reduced costs and any losses in payload capacity.
The potential cost of losing payload capacity is estimated in the next section.

4. Cost of Losing Payload Capacity

Since the calculations indicate that a large battery is cost effective, this section aims to
estimate the cost of losing payload capacity. Note that the maximum extra cost calculated
below is only valid if the trucks always carry the maximum weight. However, for most
trucks, this is not the case. Even with large batteries, there are seldom any extra costs. It is
often the volume of the truck that limits the payload and the truck may not even be full.

For batteries weighing up to 1.5 tonnes, it is assumed that there is no loss in payload
capacity, whereas for heavier batteries, the loss of payload capacity equals the weight
of the battery minus 1.5 tonnes (see Appendix A for more details). For increased read-
ability and generality, let my = 1.5 tonnes. The total cost of operation, Cgy;y., for a truck
weighing 40 tonnes is about 0.9 EUR/kWh (see Appendix B for more details) and it has a
payload capacity, m,, of 27 tonnes (see Appendix A). The battery capacity per ton, B./, is
170 kWh/tonne (see Appendix C), which leads to a reduced payload capacity, m,;, of

B.
Bc/m

m,pl = — my. (24)

The reduction in the maximum payload is 3.0 tonnes for a small battery and 5.6 tonnes
for a big battery. The new payload capacity, m,,, is given by

Mypl = Myp] — Myp]- (25)

The ratio of the new required number of trucks to the number of trucks when there
was no loss of payload capacity, r¢, can now be expressed as

mp,

ry = (26)

Mypl
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Finally, the maximum extra cost of losing payload capacity, C,,;™*, becomes

;nlax = Cdrive rE— Cdrive/ (27)

and with the values for the small and large batteries, one obtains

Small Battery: C,Tl’” = 0.11 EUR/kWh. (28)
and
Large Battery: Cj;"* = 0.24 EUR/kWh. (29)

Due to this potentially high indirect cost of large batteries, the company would likely
prefer the small battery solution, provided that the price of public fast charging is low
enough. Thus, the cost of a reduced payload will be high if the goods being transported are
high-density items such as stone slabs. Equally, it might as well be zero if the goods being
transported are low-density items such as bundles of tulips. Therefore, it can be concluded
that due solely to the payload density, battery sizing may sometimes vary among trucks
being driven on identical routes.

5. Number of Chargers and Price of Charging at the Fast Charging Station

The above calculations suggest that the haulage company would want its batteries to
be sized to eliminate the need for public fast charging if the price of public fast charging
is 0.4 EUR/kWh. Thus, it would be interesting to investigate whether the charge-point
operator planning to install chargers in the rest area could lower their prices. The charger
owner’s costs comprise the costs of the electricity, chargers, and grid connection. As
mentioned earlier, the costs of the charger and the grid are assumed to be proportional to
the charge power and cost per kWh, f.;, and can be expressed as
Cen Pen - Cen

T
=C,+ . (30)

=C
fCh et Ech r ch

Firstly, one may assume that the haulage company would fully charge its trucks at the
rest area. The drivers have a 45-min break and this is the time each truck has for charging.
So, how many chargers would be needed? Thirty trucks depart from each terminal at
intervals of Tgsy, = 7 min, as the terminal and gate personnel do not have the capacity
to send them off simultaneously. If the first two trucks leave Terminals A and B at 6 PM
and then drive the S/2 = 275 km to the rest area at a mean speed of 75 km/h and charge
for 45 min upon arrival, the number of charging trucks (as a function of time) can be
determined through simulations. The results are presented in Figure 4.

When considering Figure 4, it may appear that 14 chargers would be sufficient. How-
ever, the results demand perfect timing with no delays. Therefore, it would be interesting
to see what would happen if the trucks were delayed. The company claims that delays
over 15 min are very rare. Thus, a new simulation was run in which it was possible to
delay the trucks. For each truck, the delay was set as the magnitude of a random number
drawn from a normal distribution with the expected value of zero minutes and a standard
deviation of five minutes. Figure 5a shows the number of trucks charging for one night at
the rest area as a function of time when the trucks are delayed. As seen in Figure 5a, the
maximum number of chargers needed on this day was 15. It appears that the delay can
increase the number of chargers needed to avoid queuing and further delays. Figure 5b
shows a histogram in which the x-axis value represents the maximum number of chargers
needed on one day and the height of the bar represents the number of such days that
occur in a 10-year period (the trucks operate almost six nights per week). As seen in the
histogram, for the selected model and parameter settings, 16 chargers are needed at the
rest area. The fact that there is sometimes a demand for 17 chargers is not considered a
problem, as this only happens twice a year. The results do not change significantly when
the standard deviation is changed by 4-2 min.
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Figure 5. (a) The number of charging trucks at the rest area at different times for a day when the
trucks are delayed. (b) Number of days over a 10-year period when a specific number of chargers

is needed.

The conclusion is that the number of chargers, N, that should be installed at the rest
area is

N, = 16. (31)

Each charger must be able to charge a truck’s entire useful capacity in time Tj,eqr. Thus,

By 4125 kWh
" Tpeak  0.75h

Since the trucks charge their entire useful capacity five times per week for seven years,
with 50 extra charges per year on the weekends, the chargers will deliver the following
energy over their service life:

Py = 550 kW. (32)

E.jy = 2Nyycks - Bew - 7 years - (5 weeks ! - 52 weeks/ years + 50 yearfl)

33
= 5.371- 10" kWh. (33)

and the charger utilisation factor becomes

Ech

——— = 9953 %. 34
Noy Py T & (34)

Lep =
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So, if the charge-point operator has no customers other than the haulage company
being studied, the cost of the chargers, according to Equation (30), will be

fu = 021 EUR/ kWh. (35)

It seems possible to lower the price from the originally intended 0.4 EUR/kWh. So,
how low must the price be for the haulage company to consider using small batteries
and fast charging for their entire useful capacity at a rest area? The company would
probably select the smaller battery if it can achieve an equally low cost as large batteries, as
increasing the payload capacity also offers gains. Thus, the required fast-charging price
may be determined by solving the equation:

fBEV = 0.24 EUR/kWHh, (36)
using the values for the small batteries, as follows:

0.24 EUR/KWh — ry, - Cp — S — ZCan
b =0.17 EUR/kWh. 37)

C =
epub 1—ry,
Initially, this seems hard to achieve, as this value is below cost when the studied
haulage company is the only user, as determined by Equation (35). However, as seen from
Equation (30), the normalised cost to the charge-point operator strongly depends on the
charger utilisation factor. Figure 6 shows f, as a function of I'y,.
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Figure 6. The normalised cost f,;, as a function of I',.

In Figure 6, it can be seen that the value of f,;, drops quickly for low and increasing
values of the charger utilisation factor. Thus, it might be possible to have both profitable
charging stations and cheap fast charging if the utilisation factor is sufficiently large. Based
on the figure, it seems that roughly 20% or more should be considered “large”. The figure
shows that f,, is a little below 0.17 EUR/kWh for higher charger utilisation factors. The
treated haulage company occupies the chargers for less than four hours, which corresponds
to 17% of the day. Since brief investigations from the available data [21] of the road midway
between Helsingborg and Stockholm indicates that the traffic flow of heavy vehicles with
trailers is quite even over the day, it should be possible to find other haulage companies
with complementary driving patterns to the studied one. Consequently, it seems very likely
that at least the same level of use of the chargers is possible by other companies during the
remaining 83% of the day. Thus, we claim that the charger utilisation could be at least 20%,
and Equation (30) then yields a cost of f,;, = 0.15 EUR/kWh. This could be low enough
to be profitable. If, for example, a charger utilisation of 25% is reached, it would lead to
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fen = 0.13 EUR/kWh, at which point the chargers appear profitable. However, even if we
think it is realistic to reach a charger utilisation of at least 20%, it is important to clarify that
the following paragraph relies on the assumption that the public chargers could reach a
utilisation rate of at least 20%.

So, if the public fast chargers are utilised sufficiently, the haulage company will have
a normalised cost for battery electric propulsion of 0.24 EUR/kWh, of which the cost for
private charging is 0.05 EUR/kWHh, the cost of the public fast charging is 0.06 EUR/kWh,
the cost of the battery is 0.06 EUR/kWh, and the cost of the charger and grid is 0.07 EUR/kWh.
The indirect cost of any loss of payload capacity would likely be low. The calculations
presented in this paper strongly indicate that electric trucks would be more cost efficient
than diesel trucks for haulage companies that have similar driving patterns to the company
studied here and do not regularly carry heavy goods. Note that this might not be the case
for haulage companies with driving patterns that deviate significantly from those in this
paper, as the cost effectiveness of battery-electric trucks is heavily dependent on driving
patterns [8]. However, the method presented in this paper can be used to evaluate the
economic consequences for haulage companies that use other driving patterns. A more
detailed description of the selection of a cost-effective battery size for different energy
distribution diagrams was presented in [8].

If, however, the charge-point operator cannot offer public fast charging at a sufficiently
low price due to problems related to reaching a high charger utilisation, the haulage
company should go with the large battery, even if this scenario seems unlikely to the
authors. In the worst-case scenario, when fast charging is expensive and the company
regularly carries heavy goods, diesel trucks might be the most cost effective out of the
analysed solutions.

It is also worth mentioning that since the studied haulage company uses almost 10%
of the chargers’ capacity, it may want to consider buying its own fast chargers and then
selling charging services to others when the chargers are idle.

6. Selecting Total Power for a Fast-Charging Station

The previous section showed that to meet the demands of the haulage company,
16 chargers should be installed in the rest area. Fully meeting this demand is probably
a given. The haulage company would be a key customer and charge a large amount of
energy six days a week. However, the demand, for example, at lunchtime would likely be
quite high, as many drivers probably have a scheduled break at that time. It then becomes
a matter of whether it is cost effective to meet the peak demand for charging. If not, how
much of the peak demand should be met? To investigate this, it was assumed that the
time-variable demand for public fast charging could be estimated for a given fixed price
level. In other words, the selected price does not vary over time. Since there is a discrete
number of trucks needing to charge, it is natural to assume that the power demand for
charging will be a step function of time, as in Figure 7a. If the power demand is arranged
by magnitude over the service life of the chargers, the result is a diagram that we call the
power demand distribution (see Figure 7b), where P; > P, > ... > Py represents the power
demands of different durations according to the figure and T} < T, < ... < Ty. On the
right-hand side of the figure, the red, striped area represents the energy that would be
delivered by the chargers over their service lives for the selection P, = Pn_1.
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Figure 7. (a) The power demand from the chargers as a function of time. (b) The power demand
distribution. Notice that the right-hand side shows the schematically sorted power demand over
the entire service life of the chargers, whereas the left-hand side shows the unsorted demand over a
shorter period.

The power demand , P = P(t), can be expressed as

Py, t€[0,T]
PZ/ te (Tli TZ]

Py, t€(TiaTid]

P= (38)
b, te (Ti—q, T
Py, t € (Tn-1, Tn]
0, t e (TN/ T],

where Tl is the total duration in which there is a demand to use at least one charger. Thus,
the notation Tyy = Ty is introduced.

To choose the total power of the charging station wisely, the profit, I, for the charge-
point operator is now expressed as follows:

I= Cepub'Ech_CE'Ech_Cch'T'Pch- (39)

Note, that in this context, E., is the total energy delivered by the charging station over
the service life of the chargers, P, is the total power of the charging station, and T is the
service life of the chargers. In the above equation, the first term on the right-hand side is
the total income of users over time T, the second term is the total cost of the electricity over
time T, and the last term is the total cost of the chargers and the grid connection over time
T. Let

Caiff = Cepub — Ce (40)

and Equation (39) becomes
I'=Caiff Ecn — Cepp - T - Py (41)

The charge-point operator can directly affect two of the parameters in Equation (41),
namely Cy;¢r by setting the price for public fast charging and P, by determining the total
power of the chargers when investing in them. These choices will indirectly affect the total
energy delivered by the chargers, E.;. This is because the price for public fast charging
will affect demand and the total power of the chargers will limit their capacity to deliver
energy. Now, we investigate when the chargers are profitable and how to select their total
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power (number of chargers) and thus maximise the profits for the charge-point operator.
Assume that a given fixed price level has resulted in a power demand distribution. From
this distribution, the aim is to find the total power of the charging station, P,j,, to maximise
the profits for the charge-point operator. Since the charge-point operator selects the number
of chargers, it may be assumed that P, = P;, wherei € {N +1,N,N —1,...,2,1}. The case
when Py 1 = 0 corresponds to there being no chargers at all, whereas P.;, = P; corresponds
to the peak charging demand being met.

The energy delivered by the chargers over their service life is now limited by the
values of P(t) and P,;, = P,. Thus, it is now clear that E., depends on n according to

T N
n) = /min(Pn,P(t))dt = Y Ty(P, - Pjyy), (42)
0

which can be compared to the right-hand side of Figure 7b, with n = N — 1. Now, E,(n)
can be inserted into Equation (41) to determine the profits, giving

I(n) = Caify - (Z Ti(P, ) —Cq TPy (43)

An adequate criterion for a profitable charger station is
I(N) >0, (44)

which means that
Caiff " Tn - (PN — Pn41) = Co - T+ Py > 0. (45)
Since Py 1 = 0, Ty = Tyse and Py > 0, we can write

Tyse > Cch )
T Cdiff

(46)

If the above inequality is satisfied, the chargers will be profitable when P;, = Py. If the
inequality is satisfied, how can the chargers be even more profitable when P, = Py_1? To
investigate this, let us assume that the chargers are profitable for P, = P,. Will the profits
I then be larger if P, = P,,_1 is used? The answer is yes, if, and only if, the increase in the
first term is larger than the increase in the second term in Equation (41). Thus, the profits
when P, = P,,_1 increase compared to the profits when P, = P, if, and only if,

Cdiff'Tn—l'(Pn—l_Pn) >Cch'T'(Pn—1_Pn)' (47)
Since P,,_1 — P, > 0, this is equivalent to

Tnfl > Cch )
T Cdiff

(48)

However, if the inequality is not satisfied, the income will decrease if P, is allowed
to assume even higher values than P, 1, for example, P;, where g < n — 1, since the same
procedure would lead to increased profits when P, = P; compared to the profits when
P, = Py if, and only if,

Cdiff'Tq' (Pq—Pn) > Cch'T' (Pq—Pn). (49)
As before, since P; — P, > 0, this is equivalent to

Ia Ca
Cuaifr

(50)
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However, since the inequality Equation (48) was not satisfied, will this one will also
not be satisfied, as T; < T,,_1. Thus, the above calculations and mathematical induction
allow us to conclude that

Tuse > Cch ,
T Cdiff

the chargers are profitable <= (51)

and to maximise the profits for the charge-point operator (and assuming the chargers are
profitable), the charger power P, = Py should be chosen such that
T  Can

Loy Can 52

where k is the smallest integer in the set [1, N| that fulfils the inequality. It appears that
the power of the chargers would only meet the full demand if the highest power is used
for a sufficiently long time. With the different values used in this paper, the peak demand
must last for 4% of the service life of the chargers if the price of public fast charging is
0.4 EUR/kWh or 15% if the price is 0.17 EUR/kWh. It is worth mentioning that the sole
aim of this calculation is to maximise the profits for a given power demand distribution
when public fast-charging prices are fixed. However, it does not consider effects such as
losing a customer to a competitor with more chargers available or the loss of all charging
undertaken by that customer, not just the peak-time charging.

7. Discussion

This paper shows that long-haul battery-electric trucks can compete with diesel trucks,
even if the price of diesel fuel is only 1.2 EUR/litre (excluding VAT), and even more so if the
price of diesel fuel stays at the current high level of 1.8 EUR/litre. However, what makes the
problem complex is the difficulty of determining the battery capacity and charging strategy
if there is significant price uncertainty in public fast charging. At the same time, it is hard
to set public fast-charging prices without knowing how much the chargers will be used.
Additionally, the investment made by one party can be risky if the other party changes its
strategy. For example, if a haulier starts buying larger batteries, the need for public fast
charging may greatly diminish, which is bad for the charge-point operator. Similarly, if the
haulier has chosen small batteries, a price rise in public fast charging will be problematic.
However, what benefits the transition from diesel trucks to battery-electric trucks is that
these problems will likely decrease over time. This is because charging in the long run will
be a very competitive business with few entry barriers. However, during a rapid transition,
the competition may be weaker since there are some additional entry barriers such as
high investment risks during a turbulent industry transition, a temporary lack of available
grid capacity, and long installation waiting times. However, the more common battery
electric trucks and vehicles become, the easier it will be to achieve high charger utilisation
factors and thus lower public fast-charging prices. Furthermore, the price picture will
probably change in favour of battery-electric trucks due to increased production volumes
and technological advancements. Figure 8 compares the costs of the main alternatives for
the studied haulage company. In the figure, all the values are in EUR/kWh and the bar
height represents the total cost of a given strategy. The indirect cost of a reduced payload is
not included, as this depends on the type of goods being transported. This can vary from
zero to the values estimated in this paper. (The individual costs of the battery-electric truck
with a large battery seem to add up to more than the total cost, but this is due to rounding.)
As stated earlier, the haulier is likely to select the strategy represented by the fourth bar.
Provided a low price for fast charging can be secured, this will make the cost of propulsion
energy lower than the cost of current diesel trucks. Additionally, there will be less of a
reduction in the payload capacity compared to the large battery strategy.
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Figure 8. Cost of alternative strategies for the studied haulage company, in EUR/kWh. (The
individual costs of the battery electric truck with a large battery seem to add up to more than the
total cost, but this is due to rounding).

In the previous section, the price of electricity and public fast charging was assumed
to be fixed. However, is it likely that a charge-point operator will have a fixed price for their
users? Maybe not. In reality, the demand for charging power will vary over time, which
can be demonstrated using a demand power distribution such as the one in Figure 9a. This
illustrates that for ¢t € [0, T} ), there is a much greater demand than the charging station can
supply. This means that the charge-point operator has an opportunity to increase the price
of public fast charging and still sells the same amount of energy but increases the profits. It
may also be possible to move users from rush hour to other times by setting a higher price
during rush hour and a lower price at other times (see Figure 9a,b). The mean value of the
difference in price for public fast charging and electricity may even be the same but, due to
the increase in Ey, the profits will still increase. Again, consider Figure 9 as an example. It
may be argued that time-variable pricing will also benefit users, as it allows fast charging
to be offered exactly when it is needed by those who really need it and can pay for it. It also
means that users who move to other charging times will be rewarded with lower prices.
How to select a price for public fast charging is a very complex question and requires a
thorough investigation of its own. It is not possible to predict charging prices based on this
brief analysis. Still, this analysis shows that a low price seems achievable. It also highlights
the many ways in which pricing and the haulier’s charging strategy can be changed to
increase charger utilisation and facilitate even lower prices.
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Figure 9. Example of charging power demand distribution. (a) The original demand. (b) A more

even demand, with the price adjusted to reflect the demand. Thus, time-variable pricing may lead to

greater charger utilisation.

8. Conclusions

Based on the above analysis, the following conclusions can be drawn for the type of

long-haul trucks studied in this paper.

Battery-electric trucks with driving patterns similar to those of the haulage company
studied in this paper appear to be more cost effective than today’s diesel trucks, at
least if they do not regularly carry heavy goods. One reason for the competitiveness of
electric line-haul trucks is that they have a high level of battery utilisation and can be
charged during mandatory breaks.

The study indicates that the main uncertainty factors (in terms of knowing what
charging strategy to use) are the price of public charging and the density of the goods.
The choice of battery capacity is strongly influenced by the price of public fast charging.
For the case studied in this paper, the price of fast charging has to be 0.17 EUR/kWh if
the haulier chooses the small battery rather than the large one. The size of the battery
could have a significant impact on the total cost of ownership.

The cost per kWh for public fast charging drops significantly as charger utilisation
increases. A charger utilisation factor of approximately 20-25% should be sulfficient to
offer fast charging at a low price such as 0.17 EUR/kWh.

. Cy s . . . .
The ratio Cdz‘;j is an important parameter when analysing the profits of a charge-point

operator, where C, is the combined cost parameter of the charger and grid and Cg;s¢
is the difference between the price of public fast charging and the price of electricity.
This is intuitive since the profits increase with Cy;fr but decrease with Cy,. With the
values used in this paper, the ratio ranges from 4 to 15%. This range is caused by the
price uncertainty of public fast charging.

For public fast charging at fixed prices, a charge-point operator can only be profitable
if, and only if, the demand for charging (expressed as a share of the service life of the
chargers) exceeds Cd—f;f

For public fast charging at fixed prices, the charge-point operator cannot meet the
peak demand for charging in order to maximise profits. The only exception to this
is when the share of the peak-time demand equals at least CCTf}lf of the service life of

the chargers.

If the chargers can be profitable for a given demand power distribution, the profits
of the charge-point operator (at a fixed price) can be maximised according to the
procedure described in Section 6.
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9. Future Work

This paper shows that cheap public fast charging is possible if the charger utilisation
is high. Naturally, a high level of charger utilisation can lead to extensive problems with
queuing at charger stations. Thus, an important question for future research is whether
high levels of charger utilisation can be achieved while also having high levels of charger
availability at fast-charging stations.

This paper also shows that the indirect cost of a reduced payload can vary from zero to
very high values. This indicates that different types of transport on the same route can select
different charging strategies or favour, for example, hydrogen fuel-cell powertrains. It will
be crucial to investigate which types of transport are likely to use the different solutions.
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Abbreviations
The following abbreviations were used in this manuscript:

BEV  Battery-electric vehicle
EFC  Equivalent full cycle

Nomenclature

B. Battery capacity (kWh)

Be/m Battery capacity per tonne (kWh/ton)

Bey Useful battery capacity (kWh)

Cp Battery cost (EUR/kWh)

Cen Combined price for charger and grid (EUR/kW/year)
Cy Diesel cost (EUR/kWh)

Caiff Difference in price between public fast charging and electricity (EUR/kWh)
Cirive Cost of driving a 40-tonne truck (EUR/kWh)

Ce Electricity cost, private charging (EUR/kWh)

Cepup Electricity cost, public fast charging (EUR/kWh)

cmex The maximum extra cost of losing payload capacity (EUR/kWh)

1
ﬁ—% The trucks’ energy consumption (kWh/km)
Eq The total energy delivered over the service life of the chargers (kWh)
Etot Total propulsion energy consumed over a truck’s service life (kWh)
fBEV Cost function for the trucks (EUR/kWh)
fen Cost function for the fast chargers (EUR/kWh)
g(rsoc) Number of possible charging cycles for the battery (—)
Iy Battery utilisation factor (equivalent full cycles)
| Charger utilisation factor (—)
I The profit for the charge-point operator over time T (EUR)

i Battery weight limit for loss of payload (tonne)
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My New payload capacity (tonne)

My Payload capacity for a 40-tonne truck (tonne)

My Reduced payload capacity (tonne)

Nee Number of charging cycles in the battery’s service life (—)
Ny, Number of chargers in the rest area (—)

Nyucks  Number of trucks leaving from each terminal (—)

P, Charger power (kW)

P<t) Demand power (kW)

e Ratio of private charging to the total amount of energy (—)
SoC Share of battery capacity that could be used (—)

Ratio of the number of new trucks to the number when there was

t no loss of payload capacity (—)

S Distance between terminals (km)

T Service life of truck, charger, and battery (year)
T; Idle time for the trucks in the afternoon (hours)
T Idle time for the trucks in the morning (hours)

Toreak Duration of the drivers’ breaks (minutes)
Tirive Annual driving time for the trucks (hours)

Teap Time interval between trucks (minutes)

Tyse Time when there is demand for at least one charge (years)
9 Mean speed of the trucks (km/h)

Appendix A

This appendix estimates the payload of a diesel semi-truck and then estimates the
weight difference between an electric and a diesel truck to find out how much the maximum
payload is reduced by the battery weight.

A conventional diesel 4 x 2 tractor weighs about 6.5 tonnes [22] and an empty semi-
trailer also weighs 6.5 tonnes [23]. Since the maximum gross weight is 40 tonnes, the diesel
semi-truck can have a maximum payload of 27 tonnes.

The weight difference between a diesel powertrain and an electric powertrain can be
estimated based on the weight of the main powertrain components.

Diesel powertrain components:

Engine with fluids (Volvo D13) [24] 1182 kg
Gearbox with oil (Volvo I-shift AT2812 with crawler gears) [25] 339 kg
Diesel tank (600 1 diesel + 40 kg tank) 550 kg
Ad-blue tank (501 @ 1.09 kg /L) 55 kg
Exhaust after-treatment system (not included) -

Total Weight 2.1 tonnes

Electric powertrain components (excl. battery):

Electric motor—325 kW continuous power (436 hp) 425 kg
(based on DANA HD HV3500-9p [26], but 125% bigger)
2-speed Gearbox for electric motor 150 kg

(estimated from picture of gearbox for Volvo VNR electric)
Power electronic inverter

(based on DANA TM4 CO300 [26], but 140% bigger 50 kg
Total Weight 0.6 tonnes

The diesel powertrain weighs 1.5 tonnes more than the electric powertrain, excluding
the battery. Therefore, the payload is reduced if the battery weight exceeds 1.5 tonnes.

Appendix B

The cost of reducing the payload capacity can be estimated if one assumes that the
reduced payload results in needing more trucks to transport goods. For example, if the
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truck can only carry 90% of the load, there will be a need for 1/90% = 111% of the original
number of trucks to transport the same amount of goods.

The total cost to operate a truck is estimated to be 90 EUR/h, including the salary,
vehicle depreciation, maintenance, insurance, and fuel cost. Since the truck consumes about
100 kW, on average, while driving, the specific total cost translates into 0.9 EUR/kWh. If 11%
more trucks are needed, it would correspond to an indirect cost of 11% - 0.9 EUR/kWh =
0.1 EUR/kWh.

Appendix C

A complete battery pack, including, for example, the housing, battery management
system, cooling, and heating, is assumed to have an energy density of 170 Wh per kg of
total pack weight.

This is very similar to a new electric car such as a VW ID.4, which has a nominal
capacity of 82 kWh and a battery pack weight of 489 kg [27], resulting in 168 Wh/kg.

Volvo trucks do not provide exact specifications for their battery modules but their
90 kWh module is said to weigh about 500 kg [28], which would correspond to 180 Wh/kg.

Appendix D

A working paper by the International Council on Clean Transportation [29] predicts a
battery pack cost of 120 USD/kWh in 2030 and an indirect cost multiplier of 36.8% to cover
the warranty- and battery-related costs of the vehicle manufacturer. This results in a cost of
164 USD/kWh, or 155 EUR/kWh, to the vehicle customer. The estimate used in this paper,
that is, 200 EUR/kWh, is thus a conservative estimate for 2030 and may be reached earlier

than this.
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Abstract: This paper investigates the charging needs and charger utilisation of a system of battery
electric trucks and their public fast chargers, along the highway between the Swedish cities of
Helsingborg and Stockholm, in a possible future scenario in which all trucks are battery electric. The
system is investigated via an agent-based model which simulates a typical day with current levels of
truck traffic on the road. The traffic flow is based on hourly truck flow data during a day and the
annual flow of trucks. The findings indicate major potential for a well-functioning system of public
chargers for trucks, with high utilisation, few queuing problems at charging stations, cheap public
fast charging and a robust response to queues caused by peaks or increases in the traffic flow. The
number of 900 kW chargers along the road needed to achieve this has been estimated at 140 and the
utilisation factor for the chargers is predicted to be 30%.

Keywords: battery electric truck; battery electric vehicle; charger utilisation; charging station; charge
point operator; long-haul truck; agent-based model

1. Introduction

The combustion of fossil fuels has severe disadvantages. The oil depletion time is less
than 30 years [1], the earth’s climate system has likely been affected [2] and negative health
impacts are expressed in the literature [3]. Part of the solution is to stop running trucks
on fossil fuels. Several studies have concluded that battery electric trucks could become

a cost-efficient, fossil-free alternative to today’s commercial diesel trucks [4][5][6][7][8].

However, it is important to bear in mind that the cost-effectiveness of battery electric trucks
is sensitive to driving patterns [4][9] and that relatively uniform driving patterns are best
suited to electrification [4][10]. Another possible solution is hydrogen trucks but recently
published studies favour battery electric ones [11][12]. The feasibility of battery electric
trucks seems promising but fuel cells might be better for heavy-duty trucks on extra long
journeys [13]. Thus, there is no unambiguous answer to the question of which power train
results in the lowest total cost of ownership; this will depend on how the vehicle is used
[14]. The literature also highlights other important factors for cost-effective battery electric
vehicles, such as the battery price [15][16] and size [4][17]. Moreover, the price of public fast
charging could strongly impact the cost-effectiveness, battery sizing and charging strategy
[5]. The charger utilisation must be high enough for the installation to be worthwhile [18]
and is a prerequisite for cheap public fast charging [5]. Some advantages of increased fees
during rush hours were presented in a previous study [19], including a better meeting of
demand, avoiding queues and increased profit. But is it possible to achieve high charger
utilisation and simultaneously high charger availability? This question was highlighted as
important to future research in a recently published study [5] and will be investigated in
the present one.

This paper aims to investigate the charging need, the utilisation of public fast chargers
and the potential queuing problems at charging stations along the highway between the
Swedish cities of Helsingborg and Stockholm, if all trucks currently driving on that road
were battery electric. Helsingborg is located on Sweden’s west coast, while Stockholm (the
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capital) is located on the east coast. The two cities are connected by the E4 highway and
the distance between them is given as 553 km by Google Maps, with the E4 shown as a
wavy blue line on the map in Figure 1. The investigations were made using an agent-based
model in which each truck counts as one agent. Each truck will have a starting location
with a set departure time and state of charge (S0C), plus a set destination with a required
SoC upon reaching it. However, the agents will choose where to charge according to a
set of rules. This paper focuses on analysing long-haul trucks and is only them we mean
when referring to "traffic flow". Where the trucks start and stop, when they start and how
many there are has been derived from data from the Swedish Transport Administration
[20]. The aim is for this traffic flow to approximate the traffic flow for a typical weekday.
The data, the traffic flow produced and the agent-based model will be presented in detail
in subsequent sections. An agent-based model was used because it is hard to determine the
outcome on a system level from a macroscopic model but much easier to set up reasonable
rules for each truck. The agent-based model provides an opportunity to obtain macroscopic
results and draw system conclusions just by designing rules on the microscopic level.

The main results of this paper are that the future system of electric trucks and charging
stations along the studied road apparently has the potential to charge all the trucks with
a high charger utilisation rate, few problems with queuing and robustness concerning
increased traffic flow or unexpected peaks.

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58



Version May 15, 2023 submitted to Journal Not Specified 30f27

Island Suomi f

Norge Finland
qe
CaHkT-
Qslo & Metepbypr
I Helsinki
Stackholm Eesti
£
\v Latvija
Danmark
United Kingdam Lietuva
Great Britain
Hamburg B e
3 PR E ENapych
Eire / Ireland Barlin
-1
London/ Mederland Palska
@ -
Deutschland
®
_ aoite Kwis
Paris Cesko
® [
Slavenskao Vs
= Chisindu
France Magyarorszag @
® Zagreb Romania
Hrvatska Ll =
CPOMIZE_pycuresti
Benrapua
Barcelona Italia e Ista
Cronje Istanbul
Espafia
Portuga i
rtug E’-‘.-‘\L'K: izmir T
Lrtigd Antalya
Rabat = g
08k ger
LI Al
& yigh i
% sl
@)’5
Spalall
Maroc / 2

Figure 1. The highway between Helsingborg and Stockholm marked with blue, the map is from
openstreetmaps.org.

2. Traffic Flow Used for the Simulations
2.1. Traffic Flow for a Typical Day

To investigate the charging trucks, a traffic flow was created between Helsingborg and
Stockholm. The aim was to represent the flow of long-haul trucks on a typical weekday. It
was assumed that trucks can only enter or leave the road at points where the larger roads in-
tersect with the road being investigated, i.e. at Helsingborg, Jonkoping, Mjolby, Linkoping,
Norrkoping, Sodertélje and Stockholm. Since some of these cities are geographically close
to each other, Mjolby, Linkdping and Norrkoping were regarded as one city located at
Linkoping, while Sodertilje and Stockholm are seen as one city located at Stockholm, see
the black dots in Figure 2. Thus, one may regard the road as being divided into three
sections: Section 1 between Helsingborg and Jonkoping, Section 2 between Jonkoping
and Linkdping and Section 3 between Linkdping and Stockholm, again see Figure 2. The
traffic flow was created with respect to data from Trafikverket (the Swedish Transport
Administration) [20] and the method is presented in Appendix A. The measurement points

59

60

61

62

63

64

65

66

67

68

69

70

71

72



Version May 15, 2023 submitted to Journal Not Specified 4 of 27

for the data were at the minor municipalities of Ljungby (Section 1), Grénna (Section 2)
and Tystberga (Section 3). If the origin of the one-dimensional highway described above is
placed at Helsingborg, the locations of the important cities and measurement stations can
be found using Google Maps, see Table 1.

Table 1. Location of the cities and measurement stations.

City/measurement station ~ Location [km|

Helsingborg 0
Ljungby 134
Jonkoping 228
Granna 265
Link6ping 355
Tystberga 470
Sodertélje /Stockholm 553

The number of trucks starting at each city and their destination used for the simulations
are shown in Table 2. Note that all 4,355 trucks (the sum of the left-hand column in the
table) depart on a typical day. The rationale for this set-up is explained in Appendix A.

Table 2. Setup for the traffic flow.

Start city, Destination Destination Destination Destination
no. Trucks Helsingborg, Jonkoping, no. Linkdping, no. Stockholm, no.
no. trucks trucks trucks trucks

Helsingborg,

1464 - 381 520 563
Jonkoping,

909 463 - 221 225
Link6ping,

1063 621 199 - 243
Stockholm,

919 388 150 381 -

This will result in a traffic flow according to Figure 2, which is consistent with the data
used.
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Figure 2. Traffic flow along the studied road for a typical day.

2.2. Time Variations of the Traffic Flow during a Typical Day

To create reasonable departure times for the trucks, available data [20] has been used
for six days of traffic flow at the three sections. For these days, the hourly traffic flow is
available during the course of a day. Unfortunately, data for the same day was not available
for all the locations. However, for the analysis in this paper, it is assumed that this may be

taken as reflecting just one day. The red curves in Figure 3 show the data that was used.

This data is normalised to show the share of daily traffic flow as a function of time. Figure
3a shows the data for Section 1, Figure 3b shows the data for Section 2 and Figure 3c shows
the data for Section 3.

Based on this data, minute-precise departure times were created for the trucks. The
blue curves in Figure 3 correspond to the flow that would arise in the model if the departure
time was rounded to hours and the trucks travelled at a constant speed v = 75 km/h. Note
that the actual flows in the simulations will deviate from the blue curves due to breaks for
charging and possible queuing at charging stations. A more detailed description of the
method is given in Appendix A.
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Figure 3. The share of daily traffic flow for each section in the outward and return directions. The
blue curves correspond to the flow that would arise in the model if the trucks only drove at a constant
speed v = 75 km/h without charging. (a) The flow in Section 1. (b) The flow in Section 2. (c) The
flow in Section 3.

The number of trucks starting at each city, plus their destination and departure times
are now set. The only remaining data for the simulation is the state of charge (SoC) when
the trucks set out and the SoC they should have at their destinations. In this paper, all
state-of-charge values in per cent refer to the usable state-of-charge window, and not the
actual percentage of the batteries’ total capacity. The starting SoC is drawn from a uniform
random distribution in the interval [50%, 100%] and the required SoC at the destination
is drawn from a uniform random distribution in the interval [0%, 40%]. This set-up is
hopefully representative of a typical weekday on the road. However, it is important to bear
in mind that it is only an estimate and that, good or bad, real traffic will differ from this
set-up. There will probably be some days with more traffic and some with less. The traffic
flow will likely vary more at some times and less at others. This will influence the results
of the simulations and is also investigated and discussed in this paper.

3. Description of the agent-based model
3.1. Assumptions

The model tries to predict how battery electric trucks will charge on the highway
between Helsingborg on Sweden’s west coast and Stockholm on its east cost. However,
the problem only considers one road and does not consider the full road network. This
is necessary and reasonable in order to keep the scope of the problem reasonable and to
expend a sensible amount of work investigating it. Limiting the problem also makes it
easier to explore basic behaviour. The road has a length of S = 553 km. All the trucks in
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the simulation have a useful battery capacity of B, = 500 kWh, a speed of v =75 km/h
and an energy consumption of 2—5 = 1.5 kWh/km. To ensure good initial conditions, the
model is run through a typical day twice, starting with empty charging stations. The results
presented are from the second of the two days. The prices for charging are the same for the
two days and for the day after the second day (some of the trucks will decide whether to
charge at the end of the typical day or at the beginning of the next day). Each truck in the
simulation has a starting location and a destination in Helsingborg, Jonkoping, Linkoping
or Stockholm. Each truck enters the highway at a certain time with a certain SoC and has
an individual SoC requirement at its destination. However, none of the trucks enter the
highway with less than 50% SoC and no truck has to have more than 40% remaining SoC
when it exits the highway. The aim is to represent a typical weekday; the traffic flow used
in the simulation was presented in the previous section.

In reality, there are laws controlling how long drivers can drive. For example, drivers
must take a break after no more than 4.5 hours of driving. This constraint is not imple-
mented in the model but, with the selected battery size, the truck cannot run for more than
4.5 hours without charging.

There are charging stations along the road and the number of charging stations, their
location and the individual number of chargers at each station varies from simulation to
simulation. The price for charging depends on the station and the time but has been set
at the same value in almost all simulations. However, in all simulations will have at least
three charging stations along the way and these will be uniformly distributed along the
highway. In this paper, all the chargers have a power P = 700 kW. It is assumed that this
power can be used for all trucks regardless of SoC. This implies that a truck will charge its
whole useful capacity in 43 minutes.

3.2. The Charging behaviour of the Trucks
In the simulation, each truck (i.e. each agent) will act according to the following rules:

1. The trucks will only charge when they need to complete their mission and only what
is necessary to have the required SoC at their destination.

2. The trucks will not charge more times than necessary. Taken with the assumptions

presented earlier, this implies that none of the trucks will charge more than twice. The

assumptions also prevent a truck from reaching zero SoC before it reaches a charging
station.

If a truck needs to charge twice, it will take a full charge the first time.

4. A truck arriving to charge at a charging station, will continue to the next charging
station if there are too many queuing trucks and if it is able. A queue is deemed too
long if the ratio of queuing trucks divided by the total number of chargers at the
station is greater than the parameter g,y i g-

w

5. Trucks that can choose between stations while following the above rules will choose
to charge at the lowest cost. Trucks that charge twice minimise the cost of the first
charge. If the price at the two stations is the same the truck selects the nearest one.

3.3. Algorithm Description

Firstly, by studying the most extreme trip possible under the assumptions, it is es-
tablished that no truck has to charge more than twice. The truck starts in Helsingborg
with 50% SoC and should reach Stockholm with 40% SoC. According to the assumptions
there must be at least stations at the 138 km, 276 km and 414 km locations. The truck
starts at location 0 km and can drive the distance 50% - B, / Z—E = 167 km. This means it
reaches the first station, where it charges to 100% SoC. The truck can now drive the distance
Bey/ % = 333 km without charging, which means that it will reach the station at the 414 km
location. At this station it can, if necessary, charge to 100% SoC again. So the truck needs
(S —414 km) - ‘;—5 = 209 kWh of energy to drive to Stockholm from the station. Arriving in
Stockholm it should then have 40% - B¢, = 200 kWh of energy stored in the battery, thus it
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must leave the station with energy of 209 4+ 200 = 409 kWh stored in its battery. Hence, no
truck has to charge more the twice.

Before the simulations, it is determined whether each truck can avoid charging or
whether it will have to charge once or twice. This is determined as follows. Firstly, the
energy the truck is allowed to use without charging is determined as the difference between
the starting SoC and the required destination SoC, multiplied by the useful battery capacity.
If this energy is greater than needed for the truck to move from its starting location to its
destination, then the truck will not need to charge and is removed from the simulation. If
the stored energy is not enough, then the truck must charge at least once. A calculation
then determines how long the truck could drive with the available energy in the battery.
This is compared with the distance to the stations along the road but before the destination.
The station nearest the destination that can be reached without charging is then determined.
It is then calculated whether the destination can be reached with the prescribed arrival SoC,
if the truck leaves the station with 100% SoC. If so, then the truck must charge once; if not it
must charge twice.

The simulations are run using a time-iterating, agent-based model. At the start of the
simulation, the time equals —24 hours, with a typical day simulated twice to get proper
initial conditions for the second day. The time then increases in increments of At until it
reaches 24 hours. In the simulations conducted in this paper, the time step is set at one
minute. The fact that the time step is not extremely small can result in some small errors,
meaning that, in some cases, the battery might be overcharged by up to 2 %. However, this
does not significantly affect the results and thus the time step is considered sufficiently
small.

At the time —24 hours the roads and charging stations are empty. Before each time
iteration, new trucks enter the highway according to the traffic flow described in the
previous section. Each truck that has the maximum distance v - At to a charging station
decides whether it should charge by following the charging rules for trucks presented
earlier. The decision algorithm proceeds in the following way.

If the truck has one charging session left to do, an initial check is made to see that it
can drive (starting with a full charge) from the current station to its destination and arrive
with the prescribed SoC. If not, then no charging takes place at this station. If it is possible,
then a check is made to see whether other stations can be reached before charging. If not,
the truck must charge at the current station. If there are alternatives, then it becomes a
matter of considering the queue. If there are more queuing trucks per charger than the
parameter 7g,ing, then the truck does not charge at this station. If the queue is shorter,
the truck calculates its destination time at the other stations and compares the prices. If
none of the other possible stations has a lower price, it charges at the current station. If
any of the other possible stations has a lower price, then the truck does not charge at the
current station. If a truck decides to not charge, it simply continues driving and must go
through the same decision algorithm again when passing the next station. If the truck
decides to charge, it takes only the necessary charge in order to reach its destination with
the prescribed destination SoC.

If the truck has two charging sessions left to do, the closest station is determined which
must be reached for the second charge so that the truck can reach its destination with the
required SoC. If this station cannot be reached by fully charging at the current station, then
no charge is taken at the current station. If this station can be reached, it is then determined
whether other stations can be reached before a charge is needed. If not, then charging must
happen at the current station. If there are possibilities to charge at several stations, one
consider the queue. If there are more queuing trucks per charger than 7;,,ing then the truck
is not charged at the current station. If the queue is not too long, then prices are compared,
as described earlier. Charging takes place at the current station if there are no other stations
with cheaper fast charging. If there should be other stations, however, then charging does
not take place at the current one. If the truck decides to charge, it charges fully.

The trucks that do not charge update their location and SoC according to:
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Xi(t+At) = Xl'(t> +v- At (1)
where X; is the location of truck i and

dE

SoC;(t + At) = SoCi(t) —v - At - T

(2)
where SoC; is the SoC of truck i. Then there are queued trucks waiting for charging. These
are neither moving nor charging but the trucks’ total queuing time is updated by adding
the queuing time At. Finally, there are trucks that are charging. These update their SoC
according to:

SoCj(t+ At) = SoCj(t) + P - At. 3
For each charging station j, the total energy delivered from the charging station, Eih arger” is
updated according to:
] _ g
Echarger(t + At) - Echurger(t) + N](t) P At (4)

where N;(t) is the number of charging trucks at station j at the time t. Before commencing
a new time step, the trucks that have reached their target SoC leave the charging station.
If a truck that has finished charging only needs to charge once, it is now removed from
the simulation. If it must charge twice, it will continue on the highway until it stops for its
second charge and then be removed after the second charge. At the end of each time step,
the number of queuing trucks is registered at each station.

4. Simulated cases and results

The model is executed for different cases which are presented below in the results. In
all the simulated cases, except Case 9, the total number of chargers for the system is 105.
In this section, the maximum queuing time, the average queuing time, the charger utilisation
factor for an individual charging station and the system charger utilisation factor are presented
as results from the simulations alongside the number of queuing trucks per charger, as a
function of time for the different stations. The maximum queuing time and average queuing
time refer to the queuing time per truck during a typical day and not per charge (some
of the trucks charge twice). The maximum queuing time is the longest total time a truck
had to wait for charging on a typical day. The average queuing time is the mean queuing
time for the trucks that actually charge. The charger utilisation factor for an individual
charging station is defined as the energy delivered by all the chargers at the station during
the typical day, divided by the highest possible energy that can be delivered by the station
during that day. The system charger utilisation factor is the total energy delivered by all
the chargers in the system during a typical day divided by the maximum amount of energy
that can be delivered by all the chargers in the system over one day.

Case 1 is a reference case which was defined by manually testing combinations of
various different charging stations, their location and the number of chargers until it
resulted in a high charger utilisation rate and lingering minor queuing problems. All nine
presented cases are described below but first, an overall description of how the different
cases differ from Case 1 is presented in Table 3.
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Table 3. Differences between the cases and the reference case (Case 1).

Case Difference from Case 1
Case 1 Reference case
Case 2 Higher price for charging at Station 3 at rush hour
Case 3 The trucks unconcerned with queues at charging stations

Case4  Same total number of chargers as Case 1, but spread across 6 stations instead of 3

Case 5 Increase in traffic flow of 11%

Case 6 Increase in traffic flow of 32%

Case 7 Increase in one peak of the traffic flow

Case 8 Like Case 7 but trucks unconcerned with queues
Case 9 Like Case 7 but total number of chargers is increased

Case 1 is designed to represent a good system solution. Case two shows an attempt to
improve the system solution by pricing. Cases 3 and 8 investigate whether the unwilling-
ness to queue is an important system-level attribute. Case 4 examines whether it is more
beneficial to have a few stations with many chargers or many stations with few chargers.
Cases 5 and 6 evaluate the system’s resistance to an overall increase in traffic flow. Case 7
explores whether an unexpected peak in the traffic flow can cause severe queues. Case 9 is
designed to show a reasonable safety margin in selecting the number of chargers for the
system.

Case 1:
In this case, 7gyening = 0.15 queuing trucks per charger meaning that the trucks avoid large
queues if possible. The price for charging is the same for all stations, regardless of time.
Table 4 shows how the chargers are distributed in this case.

Table 4. Location of the chargers for Case 1.

Section  Location [km]  No. Chargers

Station 1 1 138 50

Station 2 2 276 25

Station 3 3 414 30
Results for Case 1:

The maximum queuing time was nine minutes and average queuing time 0.22 minutes.
The system charger utilisation factor was 59% and the individual charger utilisation factor
for the stations was 60%, 59% and 58% for Stations 1, 2 and 3 respectively. Figure 4a shows
the number of queuing trucks per charger at the different stations as a function of time for
Case 1. The results indicate that a high charger utilisation will be possible without having
major problems with queuing at the charging stations.

Case 2:
This case is identical to Case 1, with the exception that the price for charging is higher at
Station 3 between 12:00 and 14:00, which is when there are a lot of trucks queuing at Station
3 in Case 1, see the yellow spike in Figure 4a.

Results for Case 2:
The maximum queuing time was 12 minutes and average queuing time 0.22 minutes. The
system charger utilisation factor was 59% and the individual charger utilisation factor for



Version May 15, 2023 submitted to Journal Not Specified 11 of 27

the stations was 60%, 60% and 58% for Stations 1, 2 and 3 respectively. Figure 4b shows  zss
the number of queering trucks per charger at the different stations as a function of time  2e7
for Case 2. The results seem to show that the queue moved from Station 3 to Station 2 but  2ss
that the overall level of queuing did not improve. The maximum queuing time actually ze
increased! 200
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Figure 4. Number of queuing trucks per charger at the different stations as a function of time. (a)

Results from Case 1. (b) Results from Case 2.

Case 3: 201
This case is identical to Case 1, except that 74,e,ing = 100 queuing trucks per charger. In this = 2.
context, the implication is that the charging trucks do not take queuing time into account zes
when selecting their charging stations. 208

Results for Case 3: 206
The maximum queuing time was 15 minutes and average queuing time 0.36 minutes. The 2o
system charger utilisation factor was 59% and the individual charger utilisation factors zes
for the stations were 60% for Station 1, 59% for Station 2 and 58% for Station 3. Figure 5 200
shows the number of queuing trucks per charger at the different stations as a function of oo
time, Figure 5a shows the results from Case 1 and Figure 5b the results from Case 3. These 301
results show that the station queuing conditions clearly worsened when the agents did not o2
avoid queues. 303
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Figure 5. Number of queuing trucks per charger at the different stations as a function of time. (a)
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Results from Case 1. (b) Results from Case 3.

Case 4: 304
This case is designed to test whether it is better to distribute the same number of chargers sos
across more stations or fewer. The system now has six stations distributed according to sos
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Table 5 and the number of chargers at each station was manually selected to minimise o
queuing problems. For this case 7g4ing = 0.15 queuing trucks per charger and the price of = sos
charging is the same for all stations, regardless of time. 309

Table 5. Location of the chargers for Case 4.

Section  Location [km]  No. chargers

Station 1 1 138 33
Station 2 1 200 23
Station 3 2 276 18
Station 4 2 320 8
Station 5 3 414 12
Station 6 3 470 11
Results for Case 4: 310

The maximum queuing time was 17 minutes and average queuing time 0.55 minutes. The 31
system charger utilisation factor was 59% and the individual charger utilisation factor was s
57% for Station 1, 62% for Station 2, 61% for Station 3, 64% for Station 4, 54% for Station i
5 and 60% for Station 6. Figure 6 shows the number of queuing trucks per charger at the 14
different stations as a function of time for Case 4. The results indicate that it is beneficial to 15
have fewer stations with many chargers rather than many stations with few chargers. 316
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Figure 6. Number of queuing trucks per charger at the different stations as a function of time for Case
4. The blue, red, yellow, purple, green and light blue curves represent Stations 1 to 6 respectively.

Case 5: 318
This case is the same as Case 1 but 480 departing trucks have been added compared to 31
the typical day. These extra trucks have been distributed so that 120 of them start from 320
each city. The extra trucks in each city have three possible destinations, with 40 of them 322
going to each alternative destination. The departure times for the extra trucks have been 22
drawn from a uniform random distribution with minute precision. The extra 480 trucks s2s
correspond to an 11% increase in the number of daily trucks. 324

Results for Case 5: 226
The maximum queuing time was 16 minutes and average queuing time 0.62 minutes. The s2r
system charger utilisation factor was 65% and the individual charger utilisation factor was  s2s
65% for Station 1, 65% for Station 2 and 66% for Station 3. Figure 7a shows the number of 20
queuing trucks per charger at the different stations as a function of time for Case 5. The re- 330
sults show that this increase in the traffic flow is handled quite well by the charging stations. 33
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Case 6:
This scenario is the same as in Case 1 but 1440 departing trucks have been added to the
typical day. These extra trucks have been distributed so that 360 of them start from each city.
The extra trucks in each city have three possible destinations, with 120 of them going to
each alternative destination. The departure times for the extra trucks have been drawn from
a uniform random distribution with minute precision. The extra 1440 trucks correspond to
a 32% increase in the number of daily trucks.

Results for Case 6:
The maximum queuing time was 21 minutes and average queuing time 1.56 minutes. The
system charger utilisation factor was 77% and the individual charger utilisation factor was
74% for Station 1, 77% for Station 2 and 81% for Station 3. Figure 7b shows the number of
queuing trucks per charger at the different stations as a function of time for Case 6. The
results show that this increase in the traffic flow causes some queuing problems at the
charging stations.
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Figure 7. Number of queuing trucks per charger at the different stations as a function of time. (a)
Results from Case 5. (b) Results from Case 6.
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Case 7:

This case is the same as in Case 1 but there are 90 extra departing trucks compared to the
typical day. All the extra trucks start from Stockholm, with 30 of them driving to Linkoping,
30 to Jonkoping and 30 all the way to Helsingborg. The departure times for the extra trucks
have been drawn from a uniform random distribution in the interval [9.4, 10.4] hours, with
minute precision where zero corresponding to midnight. This added truck flow is designed
to roughly double the peak of Section 3’s return flow, see the blue dashed line in the lower
part of Figure 3.

Results for Case 7:
The maximum queuing time was 39 minutes and average queuing time 1.21 minutes. The
system charger utilisation factor was 61% and the individual charger utilisation factor was
60% for Station 1, 61% for Station 2 and 62% for Station 3. Figure 8a shows the number of
queuing trucks per charger at the different stations as a function of time for Case 7. The
results show that this system is not resistant to strong, unexpected peaks in the traffic flow.
This will be further discussed in the next section.

Case 8:
This case is the same as in Case 7 with the exception that 7., = 100 queuing trucks per
charger. In this context, that implies that the charging trucks are not taking the queuing
time into account when selecting charging stations.
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Results for Case 8:
The maximum queuing time was 68 minutes and average queuing time 2.26 minutes. The
system charger utilisation factor was 61% and the individual charger utilisation factor for
the stations was 60% for Station 1, 60% for Station 2 and 62% for Station 3. Figure 7b shows
the number of queuing trucks per charger at different stations as a function of time for Case
8. Again, the results show that the trucks” unwillingness to queue is an important attribute
of the overall system.
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Figure 8. Number of queuing trucks per charger at the different stations as a function of time. (a)
Results from Case 7. (b) Results from Case 8.

Case 9:
This scenario is the same as in Case 7 with the exception that 10 extra chargers have been
added to Station 3, bringing the total number of chargers for the system to 115. This is the
only case in which the total number of chargers is not 105.

Results for Case 9:

The maximum queuing time was 10 minutes and average queuing time 0.40 minutes. The
system charger utilisation factor was 55 % and the individual charger utilisation factor for
the stations was 60 % for Station 1, 60 % for Station 2 and 46 % for Station 3. Figure 9b
shows the number of queuing trucks per charger at the different stations as a function of
time for Case 9, while Figure 9a shows the results from Case 7. These results show that it
is possible to achieve a system strongly resistant towards unexpected peaks in the traffic
flow by increasing the number of chargers. This is trivial but the results will support the
discussion of a realistic system of charger utilisation in the next section.
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Figure 9. Number of queuing trucks per charger at the different stations as a function of time. (a)
Results from Case 7. (b) Results of Case 9. Note that the total number of chargers for the system is
115 for Case 9 and not 105, as in all other cases.

5. Discussion and conclusions
5.1. Promising results

The results from Case 1 indicate a promising future for the system of chargers and
battery electric trucks along the highway between Helsingborg and Stockholm. Having a
well-functioning system with low queuing times and system charger utilisation as high
as 59% gives great opportunities for cheap public fast charging and profitable charging
stations [5]. The reason for this high system charger utilisation factor is that the variation
in traffic flow over the day is not that great. The trucks operate throughout the day and
there is even a significant flow of trucks through the night. This makes it possible to select
the number of chargers to almost meet the rush hour demand without having too much
overcapacity in the calmer hours.

Moreover, according to the results of Cases 5 and 6, the system seems fairly robust in
coping with increased traffic if it is uniformly distributed across the day. The simulation
in Case 6 resulted in a maximum queuing time of 21 minutes. This is not so much given
that the simulation involved almost 5,800 trucks and especially not if this extra-high level
of traffic is rare. Still, this case did have some problems with queues at the stations. The

system charger utilisation for the case was 77%, which constitutes a very high value.

However, although this does seem promising, believing in a well-functioning system with
low queuing times and a system charger utilisation factor as high as 59% is perhaps overly
optimistic. This is discussed in the next subsection, which presents a more realistic system
utilisation factor.

5.2. A more realistic system charger utilisation factor

The results of Case 1 indicate that the system charger utilisation factor could be as
high as 59%. However, when considering the results of Case 7, with its strong increase in
one of the traffic flow peaks, it becomes apparent that Station 3 does not have the capacity
to provide charging for trucks during rush hour, see Figure 9a. For Case 7, the maximum
queuing time was 39 minutes, which is too long. There were also queues of several hours
at Station 3. By adding 10 more chargers at Station 3 (as in Case 9), the system works well
again, see Figure 9b. For Case 9, the maximum queuing time is down to 10 minutes which

should be acceptable. However, this comes at the cost of a reduction in charger utilisation.

One might wonder whether it is necessary to scale the number of chargers for such extreme
events as a doubling in traffic peak. However, this only represents a 2% increase in the
total daily traffic flow. The system may not be deemed sufficiently robust if such long lines

can be created at a single charging station even if the extra trucks start during rush hour.
Thus there is a need for 10 extra chargers at Station 3, corresponding to an increase of 33%.

Since it is not just Station 3 that can be affected by extra peak demand for charging, the 33%
increase should be made for all charging stations, resulting in 140 chargers overall (1.33 x
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105 chargers). By assuming that the average demand is represented by the demand for a
typical day used in the simulations, we obtain a new system charger utilisation factor of
% = 44%, where 105 is the old number of chargers, 140 is the new number of chargers
and 0.59 is the old system charger utilisation factor. Taking a restrictive point of view, one
might ask whether the same number of trucks is on the roads at weekends as on weekdays.
The answer is probably not. If we assume that each truck is on the road only once per
weekend, then the new system charger utilisation factor is 44% - % = 38%. Another factor
which will lower the utilisation is if the charging power varies during a charging session.
Typically, batteries accept high power during the initial charging phase and then less and
less power as the battery’s state of charge is increased. In other words, having an average
power of 700 kW will typically require a 900 kW charger. That lowers the charger utilisation
by a factor of 700/900. This effect need not be reflected by an equally low grid utilisation.
Ultimately, it results in a new, more realistic utilisation factor of 38% - 388 lﬁw = 30%; not as
high as 59% but clearly still high and promising.

So what does a system charger utilisation factor of 30% mean for the price of public
fast charging? Previous studies [5] presented a difference per kWh between the price of
public fast charging and the price of electricity paid by the charge point operator. Cg;¢s has
to follow the following inequality in order to to achieve profitable charging stations:

Cen
Caiff > T; ®)

where C,, is a combined price for the cost of the chargers and grid connection per unit
of time with a typical value of 117 €/kW /year = 0.0134 €/kWh and I';, is the charger
utilisation factor. Given a charger utilisation factor of 30%, we obtain:

0.134
Caiff > G759 = 005 €/kWh. (6)

This allows for both cheap public fast charging and profitable charging stations. Also,
the system should have few problems with queuing and be robust in that it can handle
increased traffic flow or an unusually high peak in it.

This paper has assumed that there is one charger per charging truck. Furthermore,
it has been assumed that this charger has access to its own grid capacity corresponding
to its maximum power and that this power is constant during the charging session. This
made it easy to define a charger utilisation factor and is a reasonable simplification which
still allows analysis of one of the main system trade-offs. However, it also hides some
interesting ways to allow high availability of chargers while still making effective use
of the charger power electronics and grid capacity. Future studies should therefore also
consider the possibility of offering charger power that can be distributed to different trucks
depending on which truck needs the power, as well as perhaps offering more charging
outlets for trucks than the total available charger power and grid capacity. This will avoid
drivers having to queue for a charger before they can park their trucks and take their
mandatory breaks.

5.3. Reducing queues with pricing

This study has attempted to reduce the amount of queuing at the stations through
pricing. For example, consider the results of Case 1, in the left-hand part of Figure 4.
There is a clear spike at noon for Station 3. Although this spike is slender, it does raise the
question of whether better results might be obtained by temporarily increasing the price
of charging during it. This would make some trucks select another station, even if some
chargers were vacant when they arrived. The right-hand part of the figure illustrates this.
Indeed, the queuing peak is a little lower for Case 2 but a couple of hours later the peak
at Station 2 has increased. The maximum queuing time for the system is now 12 minutes
instead of nine and the average queuing time has not improved. Thus, pricing has slightly

449

451
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improved the local queuing conditions but worsened them a little at system level. There
will likely be a situation in which pricing can improve the overall solution but this example
illustrates there is no guarantee that it can be improved by pricing, even if there is local
improvement. In the simulations, the trucks that did not charge at one station had to go
and charge elsewhere. Thus, if a lot of trucks reject a station during rush hour, they must
charge at a subsequent station and will once again arrive simultaneously. It might seem
that expensive charging during rush hour and lower pricing when demand falls would
cause some haulage companies to reschedule their departure times, thus improving the
queuing conditions on a system level. However, this has not been investigated.

5.4. Queuing reluctance improves the system solution

Case 3 is identical to Case 1 with the only exception that in Case 3, the trucks do not
take the queuing conditions into account when selecting a charging station. The same goes
for Case 8 which is identical to Case 7 but without queuing resistance. When comparing the
results from the system in which trucks avoid charging at stations with long queues, with
the results from the system in which long queues are not a concern, it is clear that the better
solution is for the trucks to take some steps to avoid long queues. This is consistent with
what was anticipated. In the simulated cases, both the maximum and average queuing
times are increased by roughly 70% when the trucks” queuing avoidance is removed. A
clear queuing difference is shown in Figures 5 and 8. The behaviour of avoiding long
queues is undoubtedly realistic and the simulations show that this property is important in
achieving good system solutions more easily. The system has some ability to regulate itself;
this may make charger booking systems less important or even redundant.

5.5. Benefits of gathering chargers at fewer stations

To gain more choice as to where to charge along the road, simulations with more than
three charging stations were run. Since the results were to be compared with Case 1 the
number of chargers was kept the same. However, it was not possible to improve upon or
even equal the results of Case 1 by using more charging stations. The simulation in Case 4
used six charging stations and resulted in the maximum queuing time and average queuing
time being approximately doubled. To some extent, this might be explained by the fact
that it is harder to find well-distributed chargers across six stations than across three, as
there has been no "proper" optimisation. However, this cannot explain everything, as many
different combinations of charger distributions were tested. Even the location and number
of new stations was changed.

Thus, the simulations indicate that it is better to have fewer stations with many
chargers than many stations with fewer chargers. This can be explained by the following
two arguments. Firstly, consider a station with fewer chargers and another one with many.
Both stations have the same number of queuing trucks per charger. If the trucks at the
smaller station are unlucky, all of the (fewer) trucks charging at this station will have just
started charging, leading to long queuing times. The probability of this scenario should
be significantly less for the larger station with many chargers. This explains the longer
maximum queuing time for the case with many stations and fewer chargers. Secondly, if
we compare a situation in which all the chargers at one station are occupied, there will be
no queue. Now imagine another case in which these chargers are distributed across several
stations. Since the trucks are unlikely to always distribute in the exact same way, there
will often be unused chargers at some stations and queues at others, despite the number
of charging trucks being the same as the number of chargers. This is one reason why the
average queuing time increases when there are many stations with few chargers.

5.6. Limitations of the Study

This paper has studied a complex system using a fairly simple model. As with any
model, this one has weaknesses and the results and conclusions should be regarded as
estimates and not absolute truth. For example, the method for finding the origins and
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destinations involves some assumptions which are not based on data. The data is a few sz
years old and may not be representative of the traffic flow in the future. The data for the sz
time variations of the flow is especially important to the results. The time variations are sso
taken from a just few days and no long-term data was available at the measurement sites to  ss:
allow a study of how representative these days were. 532

Although the rules for the agents sound reasonable, real drivers might not behave =3
in this way. The simulations assumed that a truck moves on immediately when it has s
completed its charging, making the charger available again. But is it probable that a driver sss
taking a break might move their truck just because the truck has finished charging? This sse
behaviour influences the result. One way to address this problem is to have the drivers ss
pay for the time spent at the charger and not just the energy. Then staying longer than sss
necessary might not be so attractive (and if the truck lingers, the charge point operator will  ss»
be paid for the extra time). However, this behaviour still leads to a blocked charger that s
might have been used by another truck. Another way to reduce this problem is to have s
more charger outlets than chargers at the station and design things so that the available sa
chargers can be directed to the charger outlets which need them at that moment. In other s
words, a truck that lingers at a charger will not prevent that charger from being used as it sas
occupies just one outlet. 545

The results of this system seem very promising, with the number of chargers selected sss
to meet demand by a necessary margin. The goal was to satisfy users but having fewer s
chargers results in high utilisation and necessitates accepting some minor queues. Butis s
this the case in the free market? If the system has all the chargers it needs, works well and  sas
is profitable, what is there to stop a new charge point operator from entering the market if sso
there is money to be made? All the charge point operators might still profit but the system  ss:
has too many chargers. So if utilisation becomes high enough, a free, competitive market ss
may result in no queues, even during rush hour. 553

This subsection began with the fact that a complex system has been simulated by a  sse
fairly simple model. Naturally, it is possible to make the model more complicated but sss
there is absolutely no guarantee that a more complicated model would yield more accurate sse
results or a better understanding of the simulated system. 557

5.7. Conclusions ss8

Despite having to rely on some assumptions (including ones about charging behaviour) sse
to model how long-haul trucks drive, this investigation has produced some interesting seo
conclusions on how well a system of public chargers for long-haul trucks might perform  sex
and on some factors influencing its effectiveness. 562

1. This type of agent-based model seems a good way of investigating a suitable design for ses
a charging system and how to make it cost-effective while providing high availability ses
of chargers with a low risk of queuing. The study also shows that many more things ses
need to be included in the model and that better data is needed before the results can  ses
be used in a real system design. 567

2. Hourly data on the flow of heavy trucks with trailers on the E4 between Helsingborg  ses
and Stockholm suggests that long-haul trucks flow quite evenly throughout the seo
day and with significant numbers at night. Combining the truck flow data with sz
some assumptions about battery sizes and charging behaviour suggests that charging = s=
demand may also be quite even. 572

3. A future system of battery electric trucks and public fast chargers along the highway s
between Helsingborg and Stockholm seems likely to work well. The relatively uniform sva
traffic flow of trucks results in high charger utilisation, which may lead to a system s
with low prices for public fast charging and profitable charging stations. Moreover, sz
there seemed to be few queuing problems at the charging stations. The system will sz
also be robust in the face of increased traffic flow or unusual peaks in traffic flow, as s
queuing times are not especially high even when the number of trucks increases. 579
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4. It has been estimated that full electrification of the long-haul truck fleet would require sso
140 chargers along the highway between Helsingborg and Stockholm, each with the s

power of 900 kW. 582
5. The system charger utilisation factor has been estimated at 30 % which is very high, sss
especially considering that it is achievable with such minor queuing problems. 584

6. The study indicates that a system with a constant number of chargers will better ses
resist queues if there are few charging stations with many chargers rather than many sss
charging stations with few chargers. 587

7. One simulation shows that varying the charging price may lead to more queuing ses
across the whole system, even if it improves the local queuing at one particular station. ses

8.  The truck drivers’ unwillingness to queue is important and leads to less queuing on  seo
the system level. s01
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Beu Useful battery capacity of the trucks [kWh]

Cen Combined price for the cost of the chargers and grid connection [€/kW /hour]
Cuis Difference in price of electricity and public fast charging [€/kWh]
28 Energy consumption of the trucks [kWh/km]

At Time step [min]

EL . qer(t)  Total energy delivered by station j at time ¢ [kWh]

Fif ) Outward flow in Section 1 [trucks/day|

Fyf Outward flow in Section 2 [trucks/day]

F3f Outward flow in Section 3 [trucks/day|

Fip Return flow in Section 1 [trucks/day]

Fyyp Return flow in Section 2 [trucks/day]

B Return flow in Section 3 [trucks/day]

Fiin Incoming flow to Jénkdping [trucks/day]

By Incoming flow to Mj6lby /Linképing /Norrkoping [trucks/day]
Frout Outgoing flow from Jénkoping [trucks/day]

Foout Outgoing flow from Mj6lby /Linképing /Norrkoping [trucks/day]
T Charger utilisation factor [-]

N;j(t) Number of charging trucks at station j at time # [-]

p Power of the chargers [kW]

T ququing Queuing parameter [trucks/charger]

S Distance between Helsingborg and Stockholm [km]

SoC;(t) State of charge for truck i at time ¢ [-]

v Mean speed of the trucks [km/h]

X Approximate number of trucks starting in city i [-]

X;(t) Location of each truck i at the time t [km]

Yij Approximate number of trucks traveling from city i to city j [—]

Appendix A Creating the traffic flow for the simulations
Appendix A.1 Traffic flow for a typical day

In order to be able to investigate the charging trucks, a traffic flow between Helsingborg
and Stockholm was created. The aim was to create a traffic flow for long-haul trucks on
a typical weekday. It was assumed that trucks only can join the road at points where
the larger roads connect to the road being investigated, i.e. at Helsingborg, Jonkoping,
Mjolby, Linkoping, Norrkoping, Sodertédlje and Stockholm. Since some of these cities are
geographically close to each other Mjolby, Linkoping and Norrkdping were regarded as one
city located at Linkoping, while Sodertilje and Stockholm were seen as one city located at
Stockholm (see the black dots in Figure A1). To create a plausible traffic flow, data from the
Swedish Transport Administration [20] was used. The data used was the annual average
daily traffic flow of trucks with trailers at three different intersections of the road; the small
municipalities of Ljungby, Granna and Tystberga. Trucks without trailers were excluded
because it was assumed that this type of truck does not drive long distances and would
therefore not need to charge along the E4. The three locations were selected because they
are some distance from major cities, meaning that there would probably be only a few
trucks that drive short distances. The available data does not cover every year, so 2018
and 2019 were selected. According to another Swedish government authority, Trafikanalys
(Traffic Analysis) [21], the total number of truck transports was 45 million in 2018 and 43
million in 2019. Therefore when traffic flows from year 2018 have been used it is scaled
by a factor 43/45. Figure Al shows the data for the traffic flow along the studied road,
plus the traffic flow of trucks with trailers from the larger roads connecting to the studied
road. This data also came from the Swedish Transport Administration [20]. The variable
name for the different flows are defined by the figure. The traffic flow along the studied
road is marked with black arrows and the traffic flow connecting or leaving the road is
marked with red ones. The studied highway was divided into three sections: Section 1
between Helsingborg and Jonkoping, Section 2 between Jonkoping and Linkdping and
Section 3 between Linkdping and Stockholm (as illustrated in the figure). The location for

613
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the measurement points can also be seen in the figure; these points are marked with blue
lines and correspond to the measurement stations at Ljungby, Granna and Tystberga, with
the flow shown as trucks per day. The outward direction from Helsingborg to Stockholm
can now be marked with a black arrow in Figure A1, and the opposite way for the return.

Outward direction Fiout =571 Fyour =961 [Trucks per day]
Fyin = 1044
Fiin =600 s
Fr = 1464 “ \ / F3p = 1031
I [ ;
\‘ /
Fyp, = 1472 )/ F3p, =919
Ps | Py | Py
[ T o T hd
Helsingborg Ljungby Jénkapiﬁ’g\\ Mj6lby/Linképing/ Sédertilje/
| Norrképing Stockholm
Grdnna Tystberga
\ J | J
[ | [
Section 1 Section 2 Section3

Figure A1l. The traffic flow along the studied road is marked with black arrows and the traffic flow
that connects or leaves the road is marked with red arrows. The flow is shown in trucks per day.

If we now place the origin of the one-dimensional highway described above at Hels-
ingborg, the locations for the important cities and measurement stations can be found using

Google Maps, see Table Al.

Table A1l. Location of the cities and measurement stations.

City/Measurement Station  Location [km]

Helsingborg 0
Ljungby 134
Jonkoping 228
Granna 265
Linkoping 355
Tystberga 470
Sodertilje /Stockholm 553

The aim was to find reasonable values for how many trucks starts in each city (marked
with black dots in Figure A1) and their destinations on a typical day so that the flows in
Figure A1 (marked with black arrows) were properly fulfilled. Note that there are many
different ways to do this, but to conduct the simulation it was sufficient to find just one
realistic solution. Table A2 defines the number of trucks starting in each city as x; where

i€ {1,2, 3,4} and their corresponding destinations Yij wherei # jand i,j € {1,2, 3,4}.

Thus, x; is the number of trucks starting in city i and y;; is the number of trucks travelling
from city i to city j with Helsingborg, Jonkoping, Linkoping and Stockholm corresponding
to cities 1, 2, 3 and 4 respectively.
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Table A2. Variables for the number of trucks starting in different cities and their destinations.

Start city, Destination Destination Destination Destination
no. trucks  Helsingborg, Jonkoping, no. Linkdping, no. Stockholm, no.
no. trucks trucks trucks trucks

Helsingborg,

X1 - Y12 Y13 Y14
Jonkoping,

X2 Y21 - Y23 Y24
Linkoping,

x3 Y3 Y32 - Y34
Stockholm,

X4 Ya Y42 Y43 -

By starting at Helsingborg and moving in the outward, direction it is apparent that we  ese
must start with 1464 trucks at Helsingborg to fulfil the outward flow in Section 1. Thus, ese
x1 = 1464. The 600 trucks entering Jonkoping come from the road from Gothenburg. Since  eso
this is a detour, it might seem unlikely that trucks will dive from Gothenburg to Helsingborg es:
via Jonkoping, or vice versa. Therefore, it might seem that the trucks from Gothenburg ee
would either drive through Jonkoping or stop and turn back. The same may be assumed e
for trucks from Helsingborg. By assuming that equal shares, t, of trucks from Gothenburg ees
and Helsingborg drive through Jénkoping and that this total equals the outward flow in  ees

Section 2, we may formulate the equation: 666
Flin't+F1f't:F2f~ (A1)

By solving the above equation, we find that t ~ 0.74 and may then conclude that the s

number of trucks starting in Helsingborg and stopping at Jonkoping is: o8
Y12 = (1-1) 'Plf = 379. (A2)

Further on, assuming that the trucks moving in the outward direction in Section 2 either ees
drive towards Stockholm or turn off the road at the end of Section 2, it is natural to believe 70
that: 671

FZout
= (x1 — = =523. A3
v13 = (X1 — y12) Fout + By (A3)

where x1 — y17 is the number of trucks from Helsingborg that do not stop in Jonkoping and 72
Bour_ is the share of trucks from the outward flow in Section 2 that turn off the road in e

Faout+F3 f
Link&ping. Thus, we know the number of trucks going from Helsingborg to Linkdping. ez
The rest of the trucks from Helsingborg go all the way to Stockholm and number: 675

Yia = X1 — Y12 — Y13 = 562, (A4)

We now start at Stockholm and move in the return direction. The number of trucks ez
starting at Stockholm has to be 919 in order to fulfil the return flow in Section 3. Thus 7
x4 = 919. Using the same argument as earlier, the number of trucks going from Stockholm  e7s
to Linkoping is: 679

lZout
Ya3 3b FZout sz ( )
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So the number of trucks going from Stockholm to Jonkoping is:

Flout
= (x4 — - —— =150. A6
Yap = (X4 — Ya3) Fro+ Fup (A6)

Thus the number of trucks going from Stockholm to Helsingborg is:
Ya1 = X4 — Y43 — Yap = 388. (A7)

Making the same assumption as earlier, the number of trucks starting at Jonkoping and
driving to Helsingborg may be written as:

Fip
oy — 1 049x,. A
yn =% po By 0.49x; (A8)

The number of trucks starting at Jonkoping and driving to Linkoping will then be:

Plb Faout
= x,(1 — . = 0.25x A9
vz = 7 Fp + FZf) Faout + Faf 2 (A%

and the remaining trucks starting at Jonkoping and driving to Stockholm becomes:
Yoa = x3 — 0.49x7 — 0.25x7 = 0.26x5. (A10)

For the trucks starting at Linkoping, the number of trucks going towards Stockholm may
be determined by:

F
Yas = X3 —F = 0.43xs. (A11)
Fg,f + Fy

The number of trucks going to Jonkoping can be determined by:

F3f Fiout

yi2 =% ( Fyf+Fy” Fout + Fip : (A12)
and the number of trucks to Helsingborg becomes:
Y31 = x3 — 0.43x3 — 0.16x3 = 0.41x3. (A13)

To fulfil the traffic flow according to Figure A1, the following equations may be formulated:

Y23+ Yoa + Y13 + Y14 = Foy
You + Y3a + y1a = Fs¢

(A14)
Y31+ Yz + Yy +ya = Fyp
Y1 +ys1+ya = Fp
or equivalent:
0.25x7 +0.26x2 + y13 + Y14 = Foy
0.26x3 4 0.43x3 + y14 = F35 (A15)
0.41x3 +0.16x3 + Y42 + y41 = Fap
0.49x7 4 0.41x3 + y41 = Fyp
which simplifies to:
0.51x, = 444
0.26x; + 0.43x3 = 469 (A16)
0.57x3 = 820

0.49x, + 0.41x5 = 1084.

By using the least square method we find that:
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Xy = 864 (A17)
and: 694
x3 = 1244. (A18)
Now, Table A2 becomes: 605
Table A3. Summary of traffic flow so far.
Start city, Destination Destination Destination Destination
no. trucks  Helsingborg, Jonkoping, no. Linkdping, no. Stockholm, no.
no. trucks trucks trucks trucks
Helsingborg,
1464 - 379 523 562
Jonkoping,
864 423 - 216 225
Linkoping,
1244 510 199 - 535
Stockholm,
919 388 150 381 -
This set-up will result in a traffic flow as per Figure A2. 696
Outward direction [Trucks per day]
1464 1526 1322
1321 1247 919
Helsingborg Jonképing Mjslby/Linképing/ Sodertalje/
Norrképing Stockholm
\ J \ ) \ J
| | |
Section 1 Section 2 Section3

Figure A2. Traffic flow along the studied road with the set-up according to Table A3.

Using the set-up according to Table A3 we come quite close to the actual flow from ee7
the data presented in Figure 1. However, if the set-up in Table A3 is changed slightly (as ees
per Table A4) the exact same flow is obtained as in the data presented in Figure 1. Thisis e
the final set-up of the traffic flow used in this paper to simulate a typical day. 700
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Table A4. Final set-up of the traffic flow.

Start city, Destination Destination Destination Destination
no. trucks  Helsingborg, Jonkoping, no. Linkdping, no. Stockholm, no.
no. trucks trucks trucks trucks

Helsingborg,

1464 - 381 520 563
Jonkoping,

909 463 - 221 225
Linkoping,

1063 621 199 - 243
Stockholm,

919 388 150 381 -

The method for determining the traffic flow may rightly be questioned. However,
due to data privacy concerns, detailed data on individual truck movements has not been
available to us. However, the results still serve their purpose, which is to roughly represent
the flow of trucks on a typical day.

Appendix A.2 Time variations in traffic flow during a typical day

To create reasonable departure times for the trucks, data has been used [20] which
covers the hourly traffic flow of trucks with trailers, over a 24-hour period at the three road
sections. The times for starting to take measurements at the different sites are presented in
Table A5. Unfortunately, the same day for the data was not available for all the measurement
sites. However, this paper has assumed that this may still be deemed to reflect the same day.
The red curves in Figure A3 show the data that was used, with solid curves representing
the outward direction and dashed curves representing the return direction. The data is
normalised to show the share of daily traffic flow as a function of time. Figure A3a shows
the data for Section 1, Figure A3b shows the data for Section 2 and Figure A3c shows the
data for Section 3.

Based on this data, the time variation is created by starting with the outward direction
in Section 1, at Ljungby. Each truck’s starting hour (0 to 23) from Helsingborg is randomly
selected from a distribution so that, provided the trucks have a mean speed of v = 75 km/h
from Helsingborg to Ljungby, the traffic flow will reflect the data. Where time equals zero
corresponds to midnight. Once the Starting hour has been selected, an integer between
—30 and 30 is selected at random and with equal probability. A corresponding number
of minutes is then added to the starting time. The data flow in Section 1, at Ljungby;, is
then assumed to have been fulfilled. The trucks driving from Helsingborg and passing
Jonkoping are removed from the data in Section 2, at Granna under the assumption that
they travel from Ljungby to Grédnna at the same mean speed v. Once the trucks have been
removed from the distribution, a new distribution is obtained for the outward flow in
Section 2, at Granna. If the distribution is below zero for a given hour, it is set to zero
for that hour. New departure times are now created for the truck from Jonkoping in the
outward direction, using the same method as for Section 1 but with the new distribution
for Section 2. By setting the distribution in Section 3 as earlier (but with the trucks from
both Helsingborg and Jonkoping that reach Section 3 removed), the outward flow from
Linkdping is created. The same procedure was repeated for the return flow but with a
starting point in Section 3. If the selected starting time for any truck happens to lie outside
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the interval of [0,24) hours (representing a typical day), the time is corrected by periodicity.
Thus, say, —22 minutes is replaced by —22 minutes +24 hours = 23 and 38 minutes.

The start time for each truck is now selected with minute precision and can be used as
input for the simulations. By rounding the starting time to hours and assuming that each
truck will maintain a mean speed v, the traffic flow used in the model can be compared to
the data. See the blue curves in Figure A3, in which the solid curves represent the outward
direction and the dashed curves represent the return direction. Note that the actual flows
in the simulations will deviate from the blue curves due to breaks for charging and any
queuing at charging stations.

Table A5. Date for time variation of the data. The flow is given for each hour and is measured over

one day.
Measurement site and direction Start
Ljungby, Outward Thursday, 14th March 2019, 11.00
Ljungby, Return Thursday, 14th March 2019, 12.00
Grianna, Outward Wednesday, 20th March 2019, 13.00
Grianna, Return Wednesday, 20th March 2019, 13.00
Tystberga, Outward Wednesday, 11th July 2018, 23.00 p.m
Tystberga, Return Thursday, 9th August 2018, 07.00
Section 1 Section 2
0.1 0.1
= = — Model Outward
e} E —— Data Outward N
; 0.08 © 0.08 | | - —-Model Return ] hY
“E “E — ——Data Return . \\\
~ 0.06 ‘ ~ 0.06
2> \ \ >
‘® v \ ‘©
0004 \ D0.04
© N Model Outward \\;':—'/ o
o s o
5 0.02 &V/ —— Data Outward 5 0.02
r-.ll:') - — - -Model Return 0—‘,:)
0 — — - Data Return 0
00:00  06:00 12:00  18:00  00:00 00:00 06:00 12:00 18:00 00:00
Time of Day Time of Day
(a) (b)
Section 3
= 0.1 ,’I“. | —— Model Outward
e i1\ | —— Data Outward
L 008 ,’ f!. \ | == -Model Return
&% R X\\ ——-Data Return
E 0.06
=
‘®
0 0.04
o]
o
g 002/,
2 L
0 \:'/‘/

0
00:00 06:00 12:00 18:00 00:00
Time of Day

(c)
Figure A3. Share of daily traffic flow for each section in the outward and return directions. The blue

curves correspond to the flow that would arise if the trucks were only driven at a constant speed
v = 75 km/h without charging. (a) Flow in Section 1. (b) Flow in Section 2. (c) Flow in Section 3.
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The number of trucks starting at each city and their destinations and departure times

are now set.
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