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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 [4-8].
However, the cost-effectiveness of battery electric trucks is sensitive to driving patterns [4,9],
and 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. However, 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
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were battery electric. Helsingborg is located on Sweden’s west coast, while Stockholm (the
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 (SoC), 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 we mean only them when referring
to “traffic flow”. Where the trucks start and stop, when they start and how many there are
have 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 it is much easier to set up reasonable rules for
each truck. The agent-based model provides an opportunity to obtain macroscopic results
and to 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.

OpenStreetMap contributors.
https://www.openstreetmap.org/copyright

fsland Suom
MNorge Finland

CarkT-

0 ;Iu Metepbypr

(=]
i Helsinki

Stackholm Eesti

o
\v Latvija
Danmark s

United Kingdom Lietuva

Great Britain

Hamburg Ryt
Eire'/ Irela C eSOV
Eire / Ireland B
London/ Mederland °
N Deutschland
@
esko Kwig
Paris Ceska
= Slavensko
ovensko Ve,
. Chisindu
France Magyarorszag o
'® Zagreb RomAnia
Hrvatska "~ feog s ®
CPOMIA _Bucuresti
BEbArapua
Barcelona Italia 5
Ckonje Istanbul
S afia .
o % Ehhag Izmir T
s Antalya
Rabat ] ]
08k Alger
By il
A S alihs
©

sualall

Figure 1. The highway between Helsingborg and Stockholm marked with blue, the map is from
openstreetmaps.org.
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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, Mjélby, 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 Linkoping 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
for the data were at the minor municipalities of Ljungby (Section 1), Gréanna (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 4355 trucks (the sum of the left-hand column in the
table) depart on a typical day. The rationale for this setup is explained in Appendix A.

Table 2. Setup for the traffic flow.

Start Ci Destination Destination Destination Destination
No Tm:ﬁ’; Helsingborg, Jonkoping, Linkoping, Stockholm,
) No. Trucks No. Trucks No. Trucks No. Trucks
Helsingborg,
1464 - 381 520 563
Jonkoping,
909 463 - 221 225
Linkoping,
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] have 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 were 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
were used. These data are 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 3¢ shows the data for Section 3.

Based on these 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.

The number of trucks starting at each city plus their destination and departure times
are now set. The only remaining data for the simulation are 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
setup is hopefully representative of a typical weekday on the road. However, it is only an
estimate and that, good or bad, real traffic will differ from this setup. 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.
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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.

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
the simulation have a useful battery capacity of B, = 500 kWh, a speed of v =75 km/h
and an energy consumption of &£ = 1.5 kWh/km. In reality, these three last mentioned
parameters are not the same for all trucks. However, we think that these values are
representative for the mean value of future heavy electric trucks. Since we analyse a
big fleet of trucks, much of the random individual variations from the mean values will
cancel on a system level. Still, there are systematic variations in energy consumption,
such as during days when there is heavy rain. Such effects are not modelled, and the
utilisation of chargers and batteries will be a little lower if such variations are included.
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, Linkdping or Stockholm. Each truck enters the
highway at a certain time with a certain SoC and has an individual SoC requirement at its
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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 h of driving. This constraint is not implemented
in the model, but with the selected battery size, the truck cannot run for more than 4.5 h
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 vary 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, 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 min.

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.

3. Ifatruck 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 7g;¢ying-

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, 276 and 414 km locations. The truck starts at
location 0 km and can drive the distance 50% - B,/ ‘;—E = 167 km. This means that it
reaches the first station, where it charges to 100% SoC. The truck can now drive the distance
B/ ‘;—E = 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. Thus, the truck needs
(S —414 km) - % = 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 must leave the station with energy of 209 + 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
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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 h, with a typical day simulated twice to obtain proper
initial conditions for the second day. The time then increases in increments of At until it
reaches 24 h. 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 h, 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 use, 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 g eing, 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 use, 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 considers the queue. If there are more queuing trucks per charger
than r;,0,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:

Xi(t+At) =X;(t) +v- At 1)
where X; is the location of truck i and

SoCi(t+ At) = SoC;(£) — v+ At % @
where S0C; 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
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the queuing time At. Finally, there are trucks that are charging. These update their SoC
according to:
SoC;(t + At) = SoC;(f) + P - At. 3)

For each charging station j, the total energy delivered from the charging station,

Eihwger, is updated according to:
j _
Echurger(t + At) = Echgyger(t) + Nj(t) -P- At 4)

where Nj(t) is the number of charging trucks at station j at the time ¢. 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 for 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 has 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.

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
Case 4 Chargers 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
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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, 7¢uing = 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 min. 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 many 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 min and average queuing
time 0.22 min. The system charger utilisation factor was 59%, and the individual charger
utilisation factor for the stations was 60%, 60% and 58% for Stations 1, 2 and 3, respectively.
Figure 4b shows the number of queuing trucks per charger at the different stations as a
function of time for Case 2. The results seem to show that the queue moved from Station 3
to Station 2 but that the overall level of queuing did not improve. The maximum queuing
time actually increased.
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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.
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Case 3: This case is identical to Case 1, except that 7,¢,ing = 100 queuing trucks per
charger. In this context, the implication is that the charging trucks do not take queuing time
into account when selecting their charging stations.
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Results for Case 3: The maximum queuing time was 15 min and average queuing
time 0.36 min. The system charger utilisation factor was 59%, and the individual charger
utilisation factors for the stations were 60% for Station 1, 59% for Station 2 and 58% for
Station 3. Figure 5 shows the number of queuing trucks per charger at the different stations
as a function of time, Figure 5a shows the results from Case 1 and Figure 5b the results
from Case 3. These results show that the station queuing conditions clearly worsened when
the agents did not avoid queues.
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Figure 5. Number of queuing trucks per charger at the different stations as a function of time.
(a) Results from Case 1. (b) Results from Case 3.

So

Case 4: This case is designed to test whether it is better to distribute the same number
of chargers across more stations or fewer. The system now has six stations distributed
according to Table 5, and the number of chargers at each station was manually selected to
minimise queuing problems. For this case 7;;4ing = 0.15 queuing trucks per charger and
the price of charging is the same for all stations, regardless of time. The placement of the
additional charging stations and the number of chargers at each station has not been fully
optimised, but many combinations have been tried, and Case 4 has been chosen because it
resulted in good system performance. However, it is likely that there can be even better
ways to add three more charging stations.

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: The maximum queuing time was 17 min and average queuing
time 0.55 min. The system charger utilisation factor was 59%, and the individual charger
utilisation factor was 57% for Station 1, 62% for Station 2, 61% for Station 3, 64% for Station
4, 54% for Station 5 and 60% for Station 6. Figure 6 shows the number of queuing trucks
per charger at the different stations as a function of time for Case 4. The results indicate
that it is beneficial to have fewer stations with many chargers rather than many stations
with few chargers.
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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: This case is the same as Case 1, but 480 departing trucks have been added
compared to the typical day. These extra trucks have been distributed so that 120 of them
start from each city. The extra trucks in each city have three possible destinations, with
40 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
480 trucks correspond to an 11% increase in the number of daily trucks.

Results for Case 5: The maximum queuing time was 16 min and average queuing
time 0.62 min. The system charger utilisation factor was 65%, and the individual charger
utilisation factor was 65% for Station 1, 65% for Station 2 and 66% for Station 3. Figure 7a
shows the number of queuing trucks per charger at the different stations as a function of
time for Case 5. The results show that this increase in the traffic flow is handled quite well
by 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.

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.
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Results for Case 6: The maximum queuing time was 21 min and average queuing
time 1.56 min. 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.

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 Link&ping, 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 corresponds 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 min and average queuing
time 1.21 min. 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,¢,ine = 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.

Results for Case 8: The maximum queuing time was 68 min and average queuing
time 2.26 min. 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 min and average queuing
time 0.40 min. 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
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will support the discussion of a realistic system of charger utilisation in the next section.
The main results from all cases are summarised in Table 6.
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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.

Table 6. The main results from the simulations.

Max%l::::l(ﬁ;;e)uing Average Queuing Time (min) Syﬁ:irfilsgggiger
Case 1 9 0.22 59%
Case 2 12 0.22 59%
Case 3 15 0.36 59%
Case 4 17 0.55 59%
Case 5 16 0.62 65%
Case 6 21 1.56 77%
Case 7 39 1.21 61%
Case 8 68 2.26 61%
Case 9 10 0.40 55%

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 min. This is not so much given that the
simulation involved almost 5800 trucks and especially not if this extra-high level of traffic
is rare. Still, this case had 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 seems promising, believing in a well-functioning system with low queuing times and



Energies 2023, 16, 4704

14 of 25

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 6a. For Case 7, the maximum
queuing time was 39 min, which is too long. There were also queues during several hours
at Station 3. By adding 10 more chargers at Station 3 (as in Case 9), the system works well
again; see Figure 6b. For Case 9, the maximum queuing time is down to 10 min 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 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 lﬁv"\é = 30%; not as high as 59% but clearly still high and promising.

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. C;¢s has to
follow the following inequality in order to to achieve profitable charging stations:

C
Caiff > ﬁ: ®)

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 EUR/kW /year = 0.0134 EUR/kWh and I', is the charger
utilisation factor. Given a charger utilisation factor of 30%, we obtain:

Caiff > % = 0.05 EUR/kWh. (6)

This allows for both cheap public fast charging and profitable charging stations. In
addition, the system should have few problems with queuing and should 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
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interesting ways to allow for the 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 raises 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. 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 min instead of 9 min,
and the average queuing time has not improved. Thus, pricing has slightly 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 that
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.
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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
destinations involves some assumptions which are not based on data. The data are a few
years old and may not be representative of the traffic flow in the future. The data for the
time variations of the flow are especially important to the results. The time variations are
taken from just a few days, and no long-term data were available at the measurement sites
to allow for a study of how representative these days were.

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

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

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

5.7. Conclusions

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

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

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

3. A future system of battery electric trucks and public fast chargers along the highway
between Helsingborg and Stockholm seems likely to work well. The relatively uniform
traffic flow of trucks results in high charger utilisation, which may lead to a system
with low prices for public fast charging and profitable charging stations. Moreover,
there seemed to be few queuing problems at the charging stations. The system will
also be robust in the face of increased traffic flow or unusual peaks in traffic flow, as
queuing times are not especially high even when the number of trucks increases.

4. It has been estimated that full electrification of the long-haul truck fleet would require
140 chargers along the highway between Helsingborg and Stockholm, each with the
power of 900 kW.

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

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

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

8. The truck drivers” unwillingness to queue is important and leads to less queuing on
the system level.
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Abbreviations

The following abbreviations were used in this manuscript:

SoC State of charge

Nomenclature

Bey Useful battery capacity of the trucks (kWh)

Cen Combined price for the chargers and grid connection (EUR/kW /h)
Caiff Difference in price of electricity and public fast charging (EUR/kWh)
% Energy consumption of the trucks (kWh/km)

At Time step (min)

E qer (t) Total energy delivered by station j at time t (kWh)

Ff Outward flow in Section 1 (trucks/day)

by Outward flow in Section 2 (trucks/day)

F3¢ Outward flow in Section 3 (trucks/day)

Fyy Return flow in Section 1 (trucks/day)

Fy Return flow in Section 2 (trucks/day)

F3 Return flow in Section 3 (trucks/day)

Fiin Incoming flow to Jonkoping (trucks/day)

Fin Incoming flow to Mjélby/Linkoping /Norrkoping (trucks/day)
Flout Outgoing flow from Jonkoping (trucks/day)

Fout Outgoing flow from Mjolby/Link6éping/Norrkoping (trucks/day)
| 9 Charger utilisation factor (-)

Nj(t) Number of charging trucks at station j at time f (-)

P Power of the chargers (kW)

Tququing Queuing parameter (trucks/charger)

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 7 (-)

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

Yij Approximate number of trucks travelling 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, Norrképing, Sodertédlje and Stockholm. Since some of these cities are
geographically close to each other, Mjolby, Linkdping and Norrképing were regarded as
one city located at Linkdping, 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] were used. The data used were 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 do not cover every year; thus, 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 the year 2018 are 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. These data also came from the Swedish Transport Administration [20]. The variable
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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 Linkoping and
Section 3 between Linkdping and Stockholm (as illustrated in the figure). The location for
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 Fiour =571 Fyour =961 [Trucks per day]
F,in, = 1044
Fiin =600 [
\ |
Fiy=1464 \ |F,=1509 | / F3 = 1031
B B | of — =227 |/ ) B
A\ |/
Fyp, =1472 \J\F,, =1358 |/ F3p, =919
P | o Py | o
f l fl* hd T oJ
\ T
Helsingborg Ljungby J6nkoping™  Mjslby/Linkdping/ Sédertilje/
| Norrkoping Stockholm
Granna Tystberga
\ ) \ J
[ | |
Section 1 Section 2 Section3

Figure A1. 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 Al. Location of the cities and measurement stations.

City/Measurement Station Location (km)
Helsingborg 0

Ljungby 134
Jonkoping 228

Granna 265
Linkoping 355
Tystberga 470
Sodertélje/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 y;; where i # jand i,j € {1,2,3,4}.
Thus, x; is the number of trucks starting in city 7, 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. Truck,s Helsingborg, Jonképing, Linkdping, Stockholm,
No. Trucks No. Trucks No. Trucks No. Trucks
Helsingborg,
1 - Y12 Y13 Y14
Jonkoping,
X2 Y21 - Y23 Yos
Link6ping,
3 Ys1 Y32 - N
Stockholm,
X4 Ya Ya2 Va3 _

By starting at Helsingborg and moving in the outward direction, it is apparent that we
must start with 1464 trucks at Helsingborg to fulfil the outward flow in Section 1. Thus,
x1 = 1464. The 600 trucks entering Jonkoping come from the road from Gothenburg. Since
this is a detour, it might seem unlikely that trucks will dive from Gothenburg to Helsingborg
via Jonkoping, or vice versa. Therefore, it might seem that the trucks from Gothenburg
would either drive through Jonkoping or stop and turn back. The same may be assumed
for trucks from Helsingborg. By assuming that equal shares, ¢, of trucks from Gothenburg
and Helsingborg drive through Jonkoping and that this total equals the outward flow in
Section 2, we may formulate the equation:

Flin't+F1f't:F2f' (A1)

By solving the above equation, we find that t ~ 0.74 and may then conclude that the
number of trucks starting in Helsingborg and stopping at Jonkoping is:

Y12 = (1—1) 'Flf = 379. (A2)

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

ou
= (x1 — = =523, A3
y13 = (x1 —y12) Foout + By (A3)
where x1 — yy7 is the number of trucks from Helsingborg that do not stop in Jonkoping,

and onl: ztcitFB,f is the share of trucks from the outward flow in Section 2 that turn off the road

in Linkdping. Thus, we know the number of trucks going from Helsingborg to Link&ping.
The rest of the trucks from Helsingborg go all the way to Stockholm and number:

Y14 = X1 — Y12 — Y13 = 562. (A4)

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

FZout
=Fy, - ——————— = 381. A5
Ya3 = Fp oot + Fap (A5)

Thus, the number of trucks going from Stockholm to Jonkoping is:

Flout
= (x4 — -—— = 150. A6
Yao = (X4 — Ya3) Frov + Fiy (A6)

Thus, the number of trucks going from Stockholm to Helsingborg is:

Y41 = X4 — Y43 — Yao = 388. (A7)
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Making the same assumption as earlier, the number of trucks starting at Jonkdping
and driving to Helsingborg may be written as:

Fyp
21 = Xp - ——C— = 0.49x,. (A8)
Y Fip + sz

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

I 1b 120ut
=x5(1— . = 0.25x A9
= 2( llb 12f) Frout 13f 2 ( )

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

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

Yau = R/ Yy (A11)
F3f + Fy

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

F3f Fiout
=x3-(1— . = 0.16x Al12
yi2 =3 ( Fs¢+Fyp” Fiout + Frp ’ (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 Al, the following equations may be
formulated:
Y23 + Y24 + Y13 + y1a = oy
Y24 + Y34 + y1a = F3f

(A14)
Y31 +y32 tya2 +yu = by
Y21 +y31 +ym = Fup
or equivalent:
0.25x7 +0.26x2 + Y13 + Y14 = sz
0.26x7 +0.43x3 +y14 = Fgf (A15)
0.41x3 +0.16x3 + ya2 +ya1 = Fpp
0.49x2 + 0.41x3 +y41 = Fyp
which simplifies to:
0.51x, =444
0.26x, 4+ 0.43x3 = 469 (A16)
0.57x3 = 820
0.49x7 + 0.41x3 = 1084.
By using the least square method, we find that:
xy = 864 (A17)
and:
x3 = 1244. (A18)

Now, the updated traffic flow is presented in Table A3 and this setup will result in a
traffic flow as per Figure A2.
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Table A3. Summary of traffic flow thus far.

. Destination Destination Destination Destination
Start City, . R o L s
No. Trucks Helsingborg, Jonkoping, Linkoping, Stockholm,
: No. Trucks No. Trucks No. Trucks No. Trucks
Helsingborg,
1464 - 379 523 562
Jonkoping,
864 423 - 216 225
Link6ping,
1244 510 199 - 535
Stockholm,
919 388 150 381 -
Outward direction [Trucks per day]
1464 1526 1322
1321 1247 919
Helsingborg Jonkoping Mijslby/Linképing/ Sodertalje/
Norrképing Stockholm
( J | J | J
Y Y Y
Section 1 Section 2 Section3

Figure A2. Traffic flow along the studied road with the setup according to Table A3.

Using the setup according to Table A3, we come quite close to the actual flow from the
data presented in Figure 1. However, if the setup in Table A3 is changed slightly (as per
Table A4), the exact same flow is obtained as in the data presented in Figure 1. This is the
final setup of the traffic flow used in this paper to simulate a typical day.

Table A4. Final setup of the traffic flow.

Start Ci Destination Destination Destination Destination
No Tmctlzr,s Helsingborg, Jonkoping, Linkoping, Stockholm,
) No. Trucks No. Trucks No. Trucks No. Trucks
Helsingborg,
1464 - 381 520 563
Jonkoping,
909 463 - 221 225
Linkoéping,
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 have 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.
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Appendix A.2. Time Variations in Traffic Flow during a Typical Day

To create reasonable departure times for the trucks, data have been used [20] which
cover the hourly traffic flow of trucks with trailers, over a 24 h 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 were used, with solid curves representing
the outward direction and dashed curves representing the return direction. The data are
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 these 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 Grdnna 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
the interval of [0,24) h (representing a typical day), the time is corrected by periodicity.
Thus, for example, —22 min is replaced by —22 min +24 h = 23 and 38 min.

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, 14 March 2019, 11:00
Ljungby, Return Thursday, 14 March 2019, 12:00
Grianna, Outward Wednesday, 20 March 2019, 13:00
Gridnna, Return Wednesday, 20 March 2019, 13:00
Tystberga, Outward Wednesday, 11 July 2018, 23:00

Tystberga, Return Thursday, 9 August 2018, 07:00
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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.

The number of trucks starting at each city and their destinations and departure times
are now set.
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