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Abstract

Electric road systems (ERS) provide electric power to vehicles en route (dynamic
charging) and can reduce the need for onboard battery capacity. This chesis sets
out to examine the power demand of an ERS and the integration of energy stor-
age in its power supply for grid load alleviation and backup power. Specifically,
the analysis is based on the ongoing project to build a permanent ERS on a 21 km
section of highway E20 between Hallsberg and Orebro, Sweden. Power demand
is calculated as a function of hourly trafhic flow during a heavily crafficked day,
vehicle energy consumption over the distance and the placement of ERS seg-
ments. An energy storage system (ESS) for leveling peak power demand (peak
shaving) is dimensioned as a function of power demand and some set grid power
limits. It is assumed that the vehicles in need of emergency backup can be rep-
resented as a share of the traffic flow.

Conclusively, the power demand varies significantly in both time and space. The
peak power demand from the ERS is 15 MWh/h when all trucks are assumed to
use the system and 36 MWh/h when all cars are included too. The power demand
from cars has a very distinct peak during the afternoon, whereas that from trucks
has a more even demand throughout the day. ESS can make the most difference
when intense but short peaks are present, making it appear most suitable when
cars are included as ERS users. The suggested ESS capacities for peak shaving
(6-45 MWh) can also be used to sustain critical transport 1-12 days, where the
number of days depends on what share of the traffic is considered critical. Finally,
only vehicles driving further than the range of the onboard battery are likely to
need the ERS. A sensitivity analysis is done to estimate what power demand can
be expected in both the short and long term.

Keywords: ERS, Electric Road System, Power Demand, Energy Storage, Peak Shaving,
Emergency Backup, Elvig E20, Hallsberg, Orebro






Sammanfattning

Elviigar forser fordon med strém under fird (dynamisk laddning) och kan min-
ska behovet av batterikapacitet ombord. Detta examensarbete syftar cill ace
undersdka en elvigs effektbehov och integrering av energilagring i dess scrom-
forsdrjning for att minska belastningen pé elniitet och méjliggora reservkraft for
kritiska transporter. Analyserna baserar sig pi ett pigiende projekt dir en per-
manent elviig ska byggas pa en 21 km lang striicka av motorviig E20 mellan Halls-
berg och Orebro. Effekcbehover beriknas som en funktion av crafikflodet per
timme under en tungt trafikerad dag, fordonens energiforbrukning dver striickan
samt p]acering av e]vﬁgssegmenten. Ett energi]agringssystem foratt utjamna top-
par i effektbehovet (peak shaving) dimensioneras for att begrinsa elviigens last
pi elniitet till en satt nivd. Det antas att de fordon som ir i behov av reservkraft
i nddsituationer kan representeras som en andel av crafikflodet.

Sammszattningsvis kan det sdgas att effektbehovet varierar betydande i bade
tid och rum. Toppeflekten frin elvigen dr 15 MWh/h da alla lastbilar antas an-
viinda systemet och 36 MWh/h di alla personbilar ocksd inkluderas. Personbilar
bidrar med en mycket tydlig effekecopp under eftermiddagar, medan lastbilar
har en mer jimn efterfrigan 6ver dagen. Intensiva men korta toppar ir ocksa
dir energi]agringssytem i form av batterier kan gora storst skillnad. Detta gor att
integreringen av energilager i elviigens effektftrsdrjning tycks vara mer effektive
di bilar inkluderas bland anvindarna. Den f6reslagna energilagerkapaciteten for
att minska toppar (6-45 MWh) kan ocksd anviindas f6r atc uppricchilla kriciska
transporter i 1-12 dagar, dir antalet dagar i storsta grad pa beror pd hur stor
andel av trafiken som anses vara kritisk. Slutligen kan det vintas act endast for-
don som kér lingre in rickvidden f6r det inbyggda batteriet behdver anvinda
clviigen. En kiinslighetsanalys gors for att uppskatea vilket effekebehov som kan
forviintas, bide pa kort och ling sike.
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1. Introduction

Electric road systems (ERS) both provide a solution to charging infrastructure as well as re-
duce the need for batteries in each electric vehicle (EV) (Marquez-Fernandez et al., 2022).
By enabling charging while driving, an ERS can reduce range anxiety while freeing up vast
land areas otherwise dedicated to stationary fast chargers. By implementing an ERS, some
estimates say the needed range could be as low as 50 km for cars as well as long-haul vehi-
cles (Fyhr et al., 2017). Additionally, reducing battery sizes can cut down on EV prices and
increase adoption (Shi and H. O. Gao, 2022).

However, the charging of electric road vehicles makes for a significant additional load on
the grid. To mitigate the risk of EV:s exceeding available capacity, grid—sca]e energy storage
systems (ESS) can be used (Preusser, Wei, and Schmeink, 2022). Additionally, the need for
ESS could be further amplified by an increasing share of renewable variable energy sources.
A recent study by Shi and H. O. Gao (2022) shows that a well-controlled ESS, coupled with
an ERS, can lower the strain on the existing grid infrastructure while cutting down the cost
of energy by reducing peak loads.

Critical transport, i.e transport vital for societal functions, needs to be able to keep on rolling
during times of societal disruptions (Trafikverket, 2021). Kelly et al. (2015) show the impact
of vehicle range on the transport sector’s resilience. The reduced in-vehicle battery need
when installing an ERS may adversely affect resilience to disruptions. Simultaneously, there
is a stated need for increased resiliency and redundancy in the transport sector (Regeringen,
2022). One way of solving this issue could be to install an ESS for emergency backup, thereby
increasing the availability of power to the vehicles that need it.

1.1 Goal and Scope

The goal of this thesis is to examine the power demand of an ERS and the integration of
energy storage in its power supply for grid load alleviation and backup power. The study
should be done for a given specific traffic flow, with specific speed limitations and a specific
road topography. In addition, the distribution of the power demand on specific feed-in points
to the ERS will be investigated.




1. INTRODUCTION

1.2 Problem Formulation

In order to achieve the goals set up for this thesis, the following questions will be answered:

« How much power is needed to supply the vehicles using the ERS?
+ How does the distribution between vehicle classes affect the power demand?
« How can energy storage be used to reduce the electric road’s load on the grid?

+ How large does the capacity of the energy storage need to be to ensure that the electric
road’s power demand does not exceed the supply?

+ How large does the ESS need to be to sustain critical transport during times of energy
scarcity?

1.3 Limitations

For the purpose of being able to answer the questions, some limitations are put in place.
Most importantly, the ERS is represented by the Swedish project "Elviig E20" (WSP Sverige
AB, 2021) and the technology used is assumed to be the one developed by the thesis partner
Elonroad (Elonroad, 2022). Finally, the power demand is calculated as an hourly average,
MWh/h, as the obtained traffic flow is given per hour.

1.4 Outline

The report is divided into several parts which reflect the complex nature of the work. Gen-
crally, three areas are covered: power demand, power supply and energy storage. These three
areas are analyzed throughout the report.

Following the Introduction comes the System Description, where an overview of the project
area as well as technical prerequisites are given. In Modeling, the fundamental equations,
models and partial results are shown. Simulation Results contains the final resules for each
arca and provides a sensitivity analysis. The Discussion answers the problem formulations
and provides some recommendations and suggestions for future work. Finaﬂy, the report is
ended with the Conclusion.




2. System Description

In 2018, the Swedish Transport Administracion (Trafikverket) published a national plan
for the transport system 2018-2029 by request from the Swedish government (Trafikverkert,
2018). The plan from Trafikverket (2018) contains the improvement and modernization of
the roads, railways and routes at sea. One part of the plan is to build a permanent electric
road system on an existing highway, hereinafter referred to as the Project.

The Project is currently in the tendering phase where four companies with different tech-
nologies are competing for the contract (WSP Sverige AB, 2021). The ERS will be placed on
a 21 km road section of the E20 highway between Orebro and Hallsberg (WSP Sverige AB,
2021). However, not all of the 21 km needs to be covered with electric road. Each participant
in the tender can decide, based on their technology, where it is most appropriate to place the
electric road. According to WSP Sverige AB (2021), E20 between Hallsberg and Orebro was
chosen because it is a divided highway and one of Sweden’s most busy road sections in terms
of heavy traffic. Furthermore, Orebro is a central hub for logistics (WSP Sverige AB, 2021).

2.1 Description of the Area

The map in figure 2.1 below gives an overview of the Project’s location and its surroundings.
The electric road will be placed between the interchanges Brindsdsen and Adolfsberg. The
highway has two lanes in cach direction and the electric road will be placed in the rightmost
one in both directions. 15 feeding stations will be built to provide power to the electric road,
the placement of which has already been decided by Trafikverket. Feeding station number 1,
4,9, 13 and 15 are located at interchanges.




2. SYSTEM DESCRIPTION

Map of E20 from Hallsberg to Orebro for ERS

| N\ A AsOrebro/
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Legend 0 05 1 15 2 25km
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® Feeding stations Land use The map above shows the area around Orebro where
—— Start nd of Proiect ar Trafikverket plan to place an electric road system on the
Start & end of Project area Croplands highway E20. The small map in the top left corner has
— E20 Other land highlighted Orebro lan. The feeding stations 1, 4, 9, 13
A Transformers Settlements and 15 are located at intersections.
—— Other roads Industrial area
Altitude curves Forrest
—— Railways Water

Figure 2.1: Map of the Project area with the ERS and its feeding stations marked.
Created using QGIS with maps from Swedish University of Agricultural Sciences
(2022).




2.2 ELECTRIC ROAD SYSTEMS

Figure 2.2 below shows the topography of E20 between Brindisen and Adolfsberg. It also
shows the placement of the feeding stations as white vertical lines, which are separated by
a distance of 1-2 km. The maximum slope is located between feeding stations 2 and 3 and
measures 1.54°.

Feeding stations

Brandasen 2 3 Byrstatorp 5 6 7 8 Ekeby 10 1 12 Marieberg 14 Adolfsberg
90 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
80
70
.60
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o 50
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Distance [km]

Figure 2.2: Topography of the Project area

2.2 Electric Road Systems

There are several different types of ERS technologies. In Sweden, four technologies have
been tested in pilot projects and these are now the ones competing in the tender to build
the electric road between Hallsberg and Orebro (WSP Sverige AB, 2021). Figure 2.3 below
shows the major differences between the technologies, where (b) represents two of the four
technologies as they share the main principles.

Figure 2.3: Three types of ERS technologies. Modified from Domingues-Olavarria

et al. (2018) with permission.




2. SYSTEM DESCRIPTION

ERS technology (a) in figure 2.3 represents a conductive system where overhead lines (cate-
nary wires) are used to supply electricity to the vehicle (Domingues—Olavarr{a ecal, 2018). A
pantograph is mounted on the top of the vehicle and connects it to the lines above. The height
of the wires increases safety as it reduces the risk of accidental human contact (Domingues-
Olavarria et al,, 2018). On the other hand, the height limits the system to only work with
larger vehicles such as trucks and buses (Domingues-Olavarria et al., 2018).

Technology (b) represents all conductive electric road systems where the contact is below
the vehicle. Two of the participants use this system. One has two grooves in the road with
a conductor in each (positive and negative pole) which are connected to the vehicle with a
moveable arm (Elways, 2022). The other has a longitudinally segmented rail, with alternac-
ing negative and positive segments, using three or more pick-ups mounted underneath the
vehicle for continuous power supply (Elonroad, 2022). The first system uses its grooves to
countersink the conductors in the road surface, reducing the risk for human contact (Elways,
2022). The second system only electrifies the segments which are under the vehicle to ensure
no accidental contact (Domingues-Olavarria et al., 2018).

Tec}mology (c) represents an inductive system that uses coils to Charge the vehicle, one or
more in the vehicle and several integrated into the road. The system is similar to a trans-
former and supplies energy through magnetic induction (Domingues-Olavarria et al., 2018).
As the coils are installed inside the road, the system has a minimal impact on the surrounding
environment (Electreon, 2022). However, according to Domingues-Olavarria et al. (2018),
the system is sensitive to misalignment of the coils which can reduce the maximum power
output.

For this study, the ERS system with a longitudinally segmented conductive rail is used. With
this system, the maximum charging power is currently 300 kW (Elonroad, 2022). For the
other ERS technologies, the maximum charging power ranges from 180 to 540 kW (Natanaels-
son et al., 2021).

2.3 The Power Grid

The Project site is located in the power zone (bidding area) SE3, which is one of two zones
in the southern parts of Sweden (Svenska Kraftniit, 2022a). Generally, the northern parts of
Sweden are net producers of‘cheap e]ectricity, whereas the majority of the consumption takes
place in the southern parts (Svenska Kraftniit, 2022a). Apart from zones, the power grid is
divided into several voltage levels with different purposes. A breakdown of the power grid
can be seen in further detail in the figure below:




2.4 ENERGY STORAGE
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Figure 2.4: The Swedish power transmission system. Modified with
permission from Energiforetagen (2021)

The Swedish power grid is built up from transmission- and distribution grids. The trans-
mission grid operates at high voltages (220-400 kV), over long distances and transfers large
amounts of power, generally from north to south (Svenska Kraftnit, 2022b). The sub-transmission
grid normally operates at 130 kV and transfers power from the transmission grid to the local
distribution grids (Svenska Kraftniit, 2022b). The distribution grid operates at or below 40

kV and serves most consumers (Svenska Kraftnit, 2022b).

2.4 Energy Storage

According to Rouholamini et al. (2022), there are three main types of ESS, pumped hydro,
compressed air and batteries. Rouholamini et al. (2022) exp]ain that battery energy storage
systems (BESS) are the most flexible of the three as those can be used almost anywhere. The
authors also state that Li-ion BESS has the greatest commercial interest because of its high
energy density, fast charging, compact size and long lifetime. In this study, Li-ion BESS is
assumed to be the technology of choice.




2. SYSTEM DESCRIPTION

2.4.1 ESS for Peak Shaving

According to Uddin et al. (2018), a major challenge for the electric utility industry is to meet
the varying electricity demand during a day, especially the peak hours. Energy storage sys-
tems can be used for peak shaving, where load from power peaks are moved to times of lTower
power demand. The authors also state that peak shaving can reduce the risk of power failure
and decrease the cost of electricity. Figure 2.5 below shows how the peak power is reduced
with peak shaving. N-1 secure capacity represents a set power limit and the battery is as-
sumed to be charged during the night when the demand is lower.

Power
A

Required energy

N-1 secure capacity

]

1

i
Local demand !
1
I
I
I
I
I
1

Peak hours {ir’ne

Figure 2.5: Example ofpeak shaving with ESS over a day (Strbac, Konstantelos,
and Djapic, 2016)

2.4.2 ESS for Emergency Backup

There are several vital societal functions that are dependent on a continuous energy supply
and require backup in case of supply disturbances (MSB, 2022b). One way to ensure unin-
terrupted supply of electric energy during times of energy scarcity is to use ESS as a backup
(Szott et al,, 2021). A case study in Croatia by Barac et al. (2022) shows that a BESS has
the potential to provide ancillary services to healthcare facilities in extreme events, such as
earthquakes. According to Jansen, Dehouche, and Corrigan (2021) ESS can also be used to
en ensure electricity to mobile network operators.

Reasons for loosing the ability to supply energy could be natural disasters, conflicts or other
types of emergency situations. In the case of an emergency situation in general, the Swedish
Civil Contingencies Agency (MSB) recommends that houscholds should have supplies to cope
with one week without external help (MSB, 2022a). This means keeping extra batteries, an
alternative heating source, fuel and drinking water etc. The duration has recently been in-
creased from 72 hours which was the previous recommendation (MSB, 2022a). The Swedish
Armed Forces are working to make sure the country is able to handle an emergency lasting 3
months (Regeringen, 2020). Furthermore, the Armed Forces communicate that a major goal
for emergency situations is to ensure that important societal functions are sustained.

10



2.4 ENERGY STORAGE

One type of vital societal function is critical transport, such as the delivery of groceries,
chemicals for drinking water purification as well as emergency vehicles'. All of which need
to be sustained in an emergency situation. A discussion with MSB shows that the amount of

traffic flow which can be regarded as critical currently is unknown'.

2.4.3 Dimensioning an ESS

When dimensioning an ESS there are several factors that affect the storage system’s function-
ality and profitability. Specifically for BESS installations, the system can cither be designed
as one large installation or multiple smaller units distributed over a larger area. According
to Alsaidan, Khodaei, and W. Gao (2018), a distributed BESS provides increased redundancy
and will also increase the lifetime of the system. The authors also state that the profitability
is heavily dependent on the size of the BESS, where an over-dimensioned system can be too
expensive and an under-dimensioned one may fail to deliver the desired benefits.

According to Alsaidan, Khodaei, and W. Gao (2018), an important factor when designing a
BESS is the batteries’ rate of degradation. The authors state that the degradation of a battery
is dependent on two factors, calendar aging and cyclic aging. As described by the authors,
calendar aging occurs even if the battery is unused and depends on the system’s voltage and
temperature. The cyclic aging varies with the Depth of Discharge (DoD) (Alsaidan, Khodaet,
and W. Gao, 2018), i.c the percentage of the battery’s capacity that is utilized each cycle
(Khizbullin, Chuvykin, and Kipngeno, 2022). Deep DoD degrades the batteries faster than
shallow DoD levels (Alsaidan, Khodaei, and W. Gao, 2018).

Personal communication, Sundstrém, Maria, MSB, Interview, 2022-08-12

11
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3. Modeling

The need for energy storage is determined by the power demand as well as the available
supply. Therefore, two models are constructed, one for the power demand at each feeding
station and one for the supply. Subsequently, the ESS need for peak shaving and backup can
be determined using these models.

3.1 Power Demand

The model for average hourly power demand per hour, P [MWh/h], is constructed as follows.

P = q- Eveh (31)

Where g is the trafhic flow [vehicles/h], E,.p is the energy needed for each vehicle [kWh/vehicle].
The energy, E,ep, can be calculated using the following equation.

n

Eu= [ Pt (.2)
To

Where Pye;(t) is the power needed for each vehicle using the ERS [kW/vehicle]. Py, varies

over time as it travels over some distance with changing conditions, such as topography. 1,

to t; is the time when the vehicle enters and leaves the ERS.

Calculation of the power demand is done in four steps. First, the traffic flow is collected
from real-world data (section 3.1.1). Second, the power for each vehicle is determined with
the help of a Simulink model which gives the power over time and distance (section 3.1.2).
The third step is to decide on which parts of the highway to place the electric road (section
3.1.3). Finally, equation 3.1 is used to get the total power demand at each feeding station
(section 3.1.4). The results are shown for each feeding station in section 4.1.2 and aggregated

in4.13.

13



3. MODELING

3.1.1 Traffic Flow

The traffic flow data are taken from Trafikverket’s service called TIKK (Trafikverket, 2022),
a clickable map of Sweden with data points containing measured trafhic flow. Measurements
were done some years apart, where each one contains hourly data for one or several consecu-
tive days. Data for the Project’s road sections are available from 1994-2022. In this analysis,
data from 2010-2022 is taken to represent present day while keeping enough information to
perform the analyses.

For the entire Project area, Brindisen-Adolfsberg, there are sample measurements for the
four road sections between ecach of the five interchanges. There are data for traffic flow
around the interchanges as well, but for the purposes of this report, interchanges are repre-
sented and considered as points. This is done by assuming that each road section starts and
ends where feeding stations 1, 4, 8, 13 and 15 are located respectively (see section 2.1).

Each sample of traffic flow can be separated into cars (including motorcycles) and trucks.
Within these two categories, vehicles with and without trailers can be distinguished. The
trucks can also be separated into two-or three-axle tractors. For the purposes of this report,
data are separated into cars without trailers, trucks without trailers as well as crucks with a
trailer. The flow of cars with trailers is excluded.

Motorcycles are included in the cars’ traffic flow data. However, the average daily flow of
motorcycles during the summer months is 101-250 for all road sections. Compared to the
total daily average of 7000-19000 for cars and motorcycles combined, this amount is deemed
negligible.

The sampling of measurements have been done for both directions and for all days of the
week. However, the measurements do not always provide complete 24 hour days. Therefore,
data points for hourly traffic flow from different days are aggregated to create a representa-
tive day. To avoid underestimating the power demand, sample measurements from weekends
are excluded. This leaves 552-696 data points for each road section, divided into 240-456 data
points for each direction.

With Python, an average weekday is calculated using the hourly craffic flow data for each
vehicle class. To cover most of the probable trafhic flow scenarios, the 95th percentile for the
samples is chosen. This means 95% of days will have a craffic flow at or below the chosen
level. The equation used to get the 95th percentile is shown below.

g(t) = u(@) + 1.64 - o (1) (33)

Where g is the calculated trafhic flow during a specific hour ¢, u is the mean of the craffic flow
and o is the standard deviation.

The result of the data analysis is shown in figure 3.1. In the figure, the 95th percentile is
shown with a solid line and the mean with a dashed line. Direction 1 represents northward
from Hallsberg to Orebro, whereas direction 2 represents the opposite.
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3.1 POWER DEMAND
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Figure 3.1: Traffic flow over 24 hours separated by road section, vehicle class and
direction.
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3. MODELING

3.1.2 Vehicle Energy Consumption Model

An overview of the Simulink model used to simulate the energy consumption of electric ve-
hicles is shown in figure 3.2 below.

EC [kWh/mil

Full EV model =) »

Energy Cons [kWh/10km]

. Logg

V& v m/s -> km/h " EC [kWhmil]
= Power flow Distance [x 10 km] | istmily SPeed
:1‘7 control

L

Froad v

Road model

Brake Control

Figure 3.2: Overview of the electric vehicle Simulink model

Two sets OFinput are required to run the model. First]y, a drive Cycle is used in the speed ref’
module (on the left side). The drive cycle describes the road and desired vehicle behavior.
The Driver model controls the wheel torque needed to maintain the desired speed. Secondly,
vehicle ateributes are needed to calculate the vehicle dynamics. These atcributes are used
in the modules called Power flow control, Battery, Electric Machine model as well as Brake
Control. Finally, the power consumption over time and distance is calculated in Mech Dy-
namics.

The drive cyc]e used, the vehicle attributes chosen as well as the results from the Simulink
model are shown in the following subsections.

Drive Cycle

To construct the drive cycles, data on time, speed, distance, altitude and slope data at each
point of the road are needed.

The Swedish land survey authority’s database "Geotorget” provides data on altitudes in Ore-
bro lin (Lantmiteriet, 2022). Their product "Markhsjdmodell Nedladdning, grid 50+" con-
tains altitudes in a grid with points 50 meters apart. Using this grid and the terrain profile
tool in QGIS, an interpolated profile of the road from Hallsberg-Orebro is acquired. The
profile is then exported as points containing horizontal distance (x) and altitude (y).

In Python, the road data are used to generate the drive cycles. Measures are taken to make
sure the vehicles have a running start and finish. To simplify the model, the desired speed of
the vehicles is assumed to be constant. Trafikverket’s traffic flow data provide the speed of
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3.1 POWER DEMAND

different vehicles, from which the speed is chosen. As the speed for cars and trucks differ,
separate drive cyc]es are created for the vehicle groups. Table 3.1 below illustrates the drive
cycle and describes how the values in the columns are obtained. The two drive cycles are also
inverted to represent the opposite direction (Orebro—Hallsberg).

Table 3.1: Tllustration of the drive cycle used in the Simulink model

Time Speed Distance Altitude Slope
d . A
t=— Cars: 110 km/h | d = yAx* + Ay> | The y values from | tanf = A_y
v Trucks: 85km/h QGIS are used di- *
rectly
Vehicle Attributes

The following table (3.2) displays the chosen vehicle ateributes. The car represents a Tesla
model 3 specified by Bramerdorfer and Marth (2021), a modern mid-sized electric vehicle.
The trucks are divided into trucks without trailers as well as trucks with trailers. This separa-
tion is done as it provides some granu]arity regarding the Weight of the vehicles, which can be
matched with available traffic data from Trafikverket (2022). In this report, the truck without
trailer represents a fully loaded rigid body. In the trafhic data, the truck wich trailer includes
all crailer constellacions, such as semi-trailer trucks and rigid body trucks with trailer’. In
this report, it is assumed that a truck with trailer is a fully loaded rigid body with trailer.

Table 3.2: Vehicle atcributes for the three vehicle classes

Vehicle class Epae [kKWh]  m, [kgl  ry[m]  Cy C, A, [m?] P emmax [KW] Py [KW]
Car 542 16450 034*  023* 0013 228° 208P 2.6
Truck w/o crailer 2004 27000¢ 0548 036' 00038 & & 2254 7h
Truck with trailer 360 60000°  0.548° 05  0.0038°  9° 8 490! 7h

* Bramerdorfer and Marth, 2021
b Electric Vehicle Database, 2022
¢ Fiori, Ahn, and Rakha, 2016

4 Volvo AB, 2022a

¢ Hammarstrom et al., 2012

£ Zhang, Qu, and Tong, 2022

¢ Holmberg et al., 2014

" Singh et al., 2022

! Volvo AB, 2022b

Where Epy; is the battery capacity, m,, is the vehicle mass, r,, is the wheel diameter, Cj is the
drag coefficient, C, is the rolling resistance coefficient, A, is the vehicle front area, Py may is
the traction motor’s max power and Py, is the auxiliary power draw.

Personal communication, Lindstrom, Ylva, Trafikverket, e-mail, 2022-10-26
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3. MODELING

Power Consumption

The result from the power consumption simulations is shown for each vehicle class in ﬁgure
3.3 - 3.5 below. The figures show power as a function of distance, where distance = Okm
represents junction Brindisen and distance = 21km represents junction Adolfsberg. All
figures have two subplots, where the upper one represents traveling Hallsberg to Orebro (1)
and the lower represents the opposite direction (2).

Feeding stations
Brandasen 2 3 Byrstatorp 5 6 7 8 Ekeby 10 1" 12 Marieberg 14 Adolfsberg

—— Total demand

Power [kW]
N N w w
o [6)] o (&3}

-
o

Power [kW]
N N w w
o [6)] o [$)]

-
pm
o

1.4 3.1 49 6.1 7.8 9.2 10.8 12.813.6 14.9 16.4 18.0 19.7 210
Distance [km]

Figure 3.3: The car’s power demand over the distance, one plot for each direction
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Feeding stations
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Figure 3.4: The trucks without trailer’s power demand over the distance, one plot
for cach direction
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Figure 3.5: The truck with trailer’s power demand over the distance, one plot for
each direction
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3. MODELING

3.1.3 Electric Road Model

The electric road is placed in segments, the placement of which will hereinafter be called the
electric road model. The electric road model is designed from a number of principles. First and
foremost, the model is designed to provide power where the vehicles need it the most. The
parameters and the method used to accommodate them are shown in table 3.3. Additionally,
cach ERS segment is connected to a suitable feeding station. It is also assumed that the
onboard battery has an efficiency of 90%, meaning the energy needed to propel the vehicle is
slightly higher when it is passed through the battery.
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3.1 POWER DEMAND

Table 3.3: Design parameters used when modeling the ERS.

Design Parameter

Method used

Cause

Targets
ERS prioritized
where the power

demand is largest

75% ERS coverage

Primarily, the electric road is
placed where the power demand
is in the top three-quarter range.
This is done by drawing a line
in the power-distance graph
through  the
Locations, where power is larger
than this line, are covered with

electric road.

The coverage is accomplishcd by
using the 25th percentile as a
baseline for where to put the ERS
and by ensuring removed electric
road caused by some criteria is
placed somewhere else suitable.

25th  percentile?

Done to maximize direct usage
ofc]ectricity7 minimizing detours
via the battery which puts strain

on [hC CCHS erld reduces efﬁciency.

A trade-off between cost, effi-
ciency and performance. Allow-
ing uphill slopes to be covered,
while downhill slopes can be left
without ERS.

Requirements
Maximum 750 m
between  feeding
station and end of

electric road

Minimum 500 m
per ERS segment

Providing 150 % of
energy needed

Electric road is terminated where
the distance from the electric
road to the connected feeding sta-
tion is larger than allowed.

Segments shorter than 500 m are
aggregated with other segments
where power need is high and the
other parameters fulfilled.

Adjusting the battery charging

power.

Too far of a distance can cause
voltage spikes, reduced efficiency
and heat issues. Simulations so far
have been used to approve a spac-
ing of up to 750 m.

To avoid unnecessary lifting of
pick-up and streamlining con-

struction.

A public procurement require-
ment for the Project.

* The 25th percentile represents the level which 25% of values are below, meaning 75% of values are

highcr than this level. This is used to make sure a certain percentage of the road is electrified, see

75% coverage.
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3. MODELING

3.1.4 Power Demand for each Feeding Station

With the electric road placed and each segment connected to a feeding station, the energy
needed for each vehicle and feeding station is calculated using equation 3.2. The calculations
are separated for each vehicle class and done in each direction. Furthermore, three feeding
stations are located at an interchange where the traffic flow changes from one road section to
another. Therefore, the energy needed at each station is also divided into which road section
(A-D) it is used in.

To calculate the power demand using equation 3.1, matrix multiplication is performed as
shown below in equation 3.4. In the matrix with traffic flow (g), the rows represent hours over
one day and the columns denote the four road sections. For the energy (E), the rows represent
the road sections and the columns denote the feeding stations. The matrix multiplication is
done for each vehicle class and in each direction. Finally, the power for each direction at each
feeding station is summed up, giving the total power for each feeding station at every hour
of the day for the selected vehicle classes.

Pooq P2 . . Poois qo.a Goos dooc qoo.p) p E E
P P P, Al A2 - - A5
01,1 012 - - 01,15 qo1,.4 4o1,B 4oi,c 4o1,p E E E
_ B,1 B2 - - B,15 (3 4)
Eci Ecp, . . Ecis
P P P Ep1 Epp Eps
23,1 232 - - 23,15 q23.4 423B 423.c 423D
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3.2 POWER SUPPLY

3.2 Power Supply

The power system supplying the ERS is assumed to be connected to the 130 kV sub-transmission
grid. The voltage will then be brought down by a distribution substation to distribution
levels, here assumed to be 10 kV. This will form a private distribution grid and supply the
individual feeding stations with power. The 15 feeding stations will convert the 10 kV AC
to around 750 V DC which will be used to power the road. The system can be seen in figure
3.6 below where the boxes numbered 1,2 and 3 represent a few of the feeding stations, all of
which are assumed to be powered by the same pair of 130/10 kV transformers.

130 kv AC
10 kV AC 10 kV AC
1 2 3
750V DC

Figure 3.6: Model of the power system

When talking to Holtab and E.ON who are responsible for constructing the feeding stations
and distribution substation respectively, they both stated that the power system will be di-
mensioned and constructed as needed to cover the peak power from the ERS*?. Furthermore,
the sub-transmission grid in the Project area currently has enough capacity to supply the ERS
Project’. However, this could change quickly in the ongoing electrification of transport and
industry’.

Personal communication, Gyllenhammar, Carl-Fredrik, Holtab, Interview, 2022-11-07
3Personal communication, Backéus, Jonas and Bernebrand, Anneli, E.ON, Interview, 2022-11-09
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3. MODELING

3.3 ESS Model for Peak Shaving

The power demand and a set power limit are the two main parameters used to estimate the
ESS need for peak shaving, as shown in figure 2.5. This is primarily done for the total power
demand, i.e the entire Project area. However, it is important to ensure that the lifetime of the
ESS is adequate. This is done with the model described in section 3.3.1. Thereafter, the total
ESS capacity is distributed between the feeding stations into 15 smaller units as described in
33.2.

3.3.1 Lifetime Model

The flowchart in figure 3.7, gives an overview of how the lifetime is calculated for a certain
grid power limit and a number of ESS capacities.

Grid power limit
(MW]

Power Energy for peak Depth of
demand/day shaving/day Discharge/day
[MWh/h] [MWh] [%]

Lifetime/capacity
[years]

Figure 3.7: Flowchart of the lifetime model for peak shaving

Power demand is calculated hour by hour for each day. A dataset of 24 h days is created using
the normal (Gaussian) distribution for power demand for each hour, ¢, of the day according
ro:

P(t) = u(t) +z- o(t) (3.5)
zeN(,1)

Where u(t) is the mean, o () is the standard deviation and z is the normally distributed fac-
tor which lets P(#) vary within its normal distribution. It is assumed that z is constant during
one day, meaning a busy day will present as a power demand significantly larger than y con-

stantly throughout the day.

Energy for peak shaving is the energy needed from the battery to cap the power drawn from
the distribution substation at some set grid power limit.

Depth of discharge is determined here by the percentage of battery capacity used per day to
perform peak shaving. This is calculated for a wide range of battery sizes. It is assumed that
the batteries only perform one cycle per day.

The lifetime in this study is limited to cyclic lifecime. This is determined by the cycling depth,
meaning a bactery that is discharged deeper can perform less cycles. As stated by Mallon,
Assadian, and Fu (2017), the loss of battery life can be assumed to follow:
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3.3 ESS MODEL FOR PEAK SHAVING

1
=N
Where Dy is the battery damage per cycle k. Ny is the number of cycles a battery would

Dy (3.6)

survive if every cycle would be of a certain Depth of Discharge, DODy. This is called the
Palmgren—-Miner (PM) rule (Mallon, Assadian, and Fu, 2017; Serrao et al., 2009). The number
ofcycles is also called the cyc]e life. Mallon, Assaidan and Fu state that the cyc]e life can be
calculated using;

N =y - DOD'™) . (5(1-DOD) (3.7)

In this report, a LiFePO4 is assumed to be the chemistry used. Its characteristics are shown
in GWL (2015). To find the coefficients (8) — B3) applicable to this battery, a curve fit is
done. However, it was found that ficting the equation to a logarithmized version of the curve
resulted in a better fit. Therefore, the following equation is used:

In(N) = In (o - DOD . 2(1700D)) (3.8)

The resulting curve fit gives By = 6.90490, B; = 0.15372 and 8, = 0.15735. The curve and

its input data are shown in figure 3.8.
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Figure 3.8: Cycle life as a function of depth of discharge shown as a fitted curve

and real data, the data is taken from (GWL, 2015)
Finally, the cyc]e life is calculated using the data set of‘power demand/day created with equa-
tion 3.5 which, through integrating to get the energy used/day, can be used in equation 3.6 to
get the daily cycle life loss. Summing the total cycle life loss for an average year, the percentage
of the battery life lost is calculated. Equation 3.9 - 3.10 gives the lifetime of the battery.

365
D,y = Z D, (3.9)
i=1
1
Ly = — 3.10
o = p (3.10)

Where Dy, is the yearly damage and L,,, is the total lifetime.
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3. MODELING

3.3.2 Dividing ESS Capacity Between the Feeding Stations

The ESS is assumed to be distributed between the feeding stations rather than being one ag-
gregated system, as the construction of the feeding stations is within the scope of the Project.
Co—]ocating the two also means uti]izing ground a]ready set aside for power electronics, trans-
formers etc. However, this calls for a method to partition the ESS into several smaller units.

The ESS units are categorized by their individual energy need to perform peak shaving during
a heavily ctrafficked day. Some rules are set up to make sure the ESS units are dimensioned
properly. Each unit needs to cover at least 90 % of the energy demand required to peak shave
its feeding station’s power demand. The units are divided into as few variants of capacities
as possible while ensuring as good a match as possible. Practically, this means dividing them
into two or three variants.

3.4 ESS Model for Emergency Backup

The ESS model for emergency backup is mainly based on one parameter, the flow of critical
traffic. Critical transport is assumed to be a percentage of the total traffic flow. 1%, 5% and
10% of the flow were determined to be appropriate levels for this context in discussion with a
representative from MSB*. The capacity needed to provide backup power is calculated using
the daily energy demand (95th percentile) and the assumed percentages. Subsequently, this is
used to determine how long the critical transport can be sustained for a number of‘capacities.

3.5 Sensitivity Analysis - Utilization

It is unlikely that all of the trafhic will use the ERS, both in the short and long term. Only
vehicles traveling further than the range of their onboard battery are likely need to charge
en route. Additionally, in the early stages of ERS implementation, only some fraction of the

traffic is likely to be equipped for and use the technology.

Two scenarios are set up for a sensitivity analysis to exemplify this reasoning, using fractions
of the traftic flow. It is estimated that 50% of cars, 75% of trucks without trailer and 100% of
trucks with trailer drive such long distances that they need to use the ERS. As a low scenario,
representing early adoption, it is estimated that 10% of cars, 20% of trucks without trailers
and 30% of trucks with trailers will use the ERS.

#Personal communication, Sundstrém, Maria, MSB, Microsoft Teams, 2022-12-08
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4. Simulation Results

In this report, the traffic flow is divided into three vehicle classes: cars, trucks without trailers
and trucks with trailers, see chapter 3.1.1. When designing the electric road and calculating
the power demand, these categories are used. The calculations are done using the 95th per-
centile of traffic flow. This high level of traffic flow is chosen as it is assumed to provide
the 95th percentile of power demand and represent a heavily trafficked day. The power de-
mand for each feeding station can be seen in section 4.1.2 and the total power demand for
the Project is shown in 4.1.3.

When estimating the ESS need for peak shaving and emergency backup, the crafhic flow is
divided into two cases. The first case, "Trucks", includes the two types of trucks. The second
case, "All traffic", includes all three vehicle classes. Since the power supply will be built pur-
posely for the Project, no firm power limits have been established. Therefore, the ESS need
for peak shaving is estimated using some assumed power limits.

Throughout the report, all vehicles have been assumed to use the ERS in the interest of find-
ing the upper limits of the power demand using as much known data as possible. Since the
adoption of the ERS technology is highly uncertain, this chapter ends with a sensitivity anal-
ysis covering other possible scenarios.

4.1 ERS Power Demand

In this section, the power demand for the ERS is calculated. The targets and requirements
from table 3.3 are used to decide on the ERS design. Thereafter, the power demand for each
feeding station is calculated.

4.1.1 ERS Design

Using the design parameters from table 3.3, a suggested ERS design is shown in figures 4.1
- 4.3 together with the power draw from the ERS for each vehicle class. All colored parts
represent road segments covered with ERS. The blue field represents power directly used for
powering the vehicle, orange represents power used to charge the battery whereas the lines
represent the vehicle’s power usage, just as seen in section 3.1.2.
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Figure 4.1: The car’s power demand over the distance, one plot for each direction
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Figure 4.2: The truck without trailer’s power demand over the distance, one plot
for each direction
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Figure 4.3: The truck with trailer’s power demand over the distance, one plot for
each direction

The table below shows the vehicle energy consumption, E,, and total energy provided from
the ERS (direct usage and charging), Eggs, for both directions.

Table 4.1: Vehicle consumption and energy provided from the ERS

Vehicle class Direction  Eye, [kKWh]  Eggs [KWh]
1 4.6 73
Car 2 47 74
. 1 14.1 22.0
Truck w/o trailer 5 15.8 248
. . 1 26.1 40.8
Truck with trailer ) 300 479

4.1.2 Power Demand for Each Feeding Station

The power demand over a heavily trafficked day (95th percentile) for each feeding station is
shown in figure 4.4 below. The demand from both directions are summed to give the total
demand per feeding station. In the tender for the Project, Trafikverket has written that the
ERS should be able to sustain one truck every 22 seconds. This is included as a base case,
where every truck is assumed to be a truck with trailer.
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Figure 4.4: Power demand (95th percentile) for each feeding station
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4.1.3 Total Power Demand
Figure 4.5 below shows the total power demand for all stations combined.
35 T Base case

B Trucks without trailer
[ Trucks with trailer

mm Cars

Power [MWh/h]

4 8 12 16 20
Time [h]

Figure 4.5: Power demand for all the feeding stations aggregated

The results show that when all vehicles types are included, the power demand varies between
5 and 36 MWh/h. For all trucks combined, the power demand varies between 4 and 15.6
MWh/h. The base case has a power demand of 14 MWh/h
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4.2 Energy Storage Demand for Peak Shaving

This section exp]ores the ESS capacity needed to limit the peak power demand from the ERS.
The general analysis is done in an aggregated manner for the whole system. The resulting ESS
capacity is divided between the feeding stations in section 4.2.2.

4.2.1 Dimensioning ESS for Peak Shaving

To get a starting point in setting the power limit and dimensioning the battery capacity, a
graph showing how the peak power demand from the ERS can be reduced with different bat-
tery capacities is shown in figure 4.6 below. The maximum peak power in the graph below
(x=0) shows the peak power from figure 4.5 for the two cases.

35 — All
Trucks

N N w
o [6)] o

ERS peak power [MWh/h]

N
()]

10

0 20 40 60 80 100
Battery capacity [MWh]

Figure 4.6: Change in ERS peak power as a function of ESS capacity used for peak

shaving

From the figure, two power limits are chosen for each case. One to represent where the
curves go from appearing exponential and start approaching a linear behavior. The second
choice represents the point when the curves show a linear dependency between change in
peak power and battery capacity. Using this reasoning, 30 MWh/h and 25 MWh/h is chosen
for All craffic. The chosen limits for Trucks are 14MWh/h and 12.5 MWh/h Trucks.

These limits are subsequently used in the lifetime model. The battery lifetime versus battery
capacity for the chosen power limits are shown in figure 4.7 - 4.8. The percentage of days
which can be handled with each battery capacity is shown with the color bar,
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Figure 4.7: ESS lifetime vs. battery capacity for All traffic for two power limits.
The color bar shows percentage of days during which the capacity is sufficient for

peaks shaving.
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Figure 4.8: ESS lifetime vs. battery capacity for Trucks for two power limits.

The color bar shows percentage of days during which the capacity is sufficient for

peaks shaving.
When dimensioning for a coverage of 95% of the days in an average year, around 6MWh and
20MWh are needed to limit the peak power need from the grid to 14MWh/h and 12.5MWh/h
respecitvely, assuming the case Trucks. For All traffic, the needed capacity is around 15MWh
and 45MWh to limit the peak power to 30MWh/h and 25MW /h respectively.
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During the analysis, it was noticed that the vast majority of days resulted in a DoD of 0-10%.
This made the modeled cyc]e life exceed the calendar life, assuming the latter is roughly 20
years. Therefore, to make sure the battery is utilized, the ESS is forced to discharge with at
least 30% of its capacity each day, e.g to avoid buying electricity during the most expensive
hours. Even with this forced utilization, which is included in figures 4.7-4.8, it can be seen
that the lifetime for the chosen capacities is between 15 and 20 years. This is assumed to be
an adequate lifetime.

Table 4.2 below compiles the suggested capacities and relates them to the resulting reduc-
tion in peak power. The capacity ratio represents the needed ESS capacity [Wh] per unit of
reduced peak power [MWh/h].

Table 4.2: Characteristics of the suggested total ESS capacities for peak shaving

Case Power limit [MWh/h] AP peqr [IMWh/h]  ESS capacity [MWh]  Capacity ratio [%]
-_ 14 16 6 38
rueks 125 3.1 20 6.5
30 6 15 25
All traffic 25 1 45 41

Figure 4.9 shows an example when using 45SMWh for peak shaving with a power limit of
25MWh/h. The day in the example corresponds to the total power demand for All traffic
during a heavily trafficked day (95th percentile). This results in a full charge (to 100%) and
discharge of the battery (to 0%). Such a cycle might not be well advised, but shows the maxi-
mum capabilities of the system. The upper part shows the power demand from the ERS (ERS
demand), the load on the grid (Grid Load) and the load on the ESS (ESS Load). The lower
part shows how the State of Charge (SoC) changes over the day.

34
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Figure 4.9: Peak shaving example using All trafhic, a power limit of 25MWh/h
and a ESS capacity of 45MWh. Upper graph shows power demand, lower shows
corresponding SoC.

4.2.2 Dividing ESS Capacity Between the Feeding Stations

The ESS capacity needed for peak shaving at each feeding station is shown in figures 4.10 -
4.11. The result is shown for both Trucks and All traffic, where each of these has two different
power limits, forming four cases.
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Figure 4.10: ESS capacity need for the different feeding stations when Trucks use
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Figure 4.11: ESS capacity need for the different feeding stations when All traffic
uses the ERS.

Using the graphs above, the ESS units are generally divided into two variants for cach case,
except for the lower power limit for All craffic. This case, "All 25", has a larger spread of ESS
capacity need, causing it to call for three ESS unit variants. In determining the unit size, each
unit’s capacity is set to cover at least 90% of the energy demand at each station. The total
capacity of the units is made to cover the total capacity needed. The resulting configurations
are shown in table 4.3 below.

36



4.3 ENERGY STORAGE DEMAND FOR EMERGENCY BACKUP

Table 4.3: Number of ESS units for each case, each unit capacity is expressed in

MWh
Unit capacity [MWh]
Case Power limic [MWh/h] 035 05 09 12 15 27 35 45 Total capacity [MWh]
14 7 8 6.5
Trucks 12,5 9 6 19.8
30 12 3 153
Allerathic 2 0 3 2 465

4.3 Energy Storage Demand for Emergency Backup

The battery capacity needed to sustain critical traffic is determined by the share of trafhic
which is seen as critical and by how many days this craffic is to be sustained. An explorative
approach to this problem is shown in figures 4.12 - 4.13. The power demand used corresponds
to a heavily trafficked day (95th percentile) for each case.

Trucks

20.0 Critical traffic
— 1%

17.5 5%
— 10%

- N
N a
S} o

Time [days]
S
o

5.0
2.5

0.0
0 20 40 60 80 100
Battery capacity [MWh]

Figure 4.12: Number of days during which some fractions of the truck traffic flow
can be sustained with a given ESS capacity.
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Figure 4.13: Number ofdays during which some fractions of the flow of All traffic

can be sustained with a given ESS capacity.
The graphs show that the battery capacity increases linearly with the time needed to sustain
the traftic. In the case Trucks, 12 MWh would sustain 1% of the traffic flow for a week. When
critical transport is 10%, over a 100 MWh is needed to sustain a week and about 50 MWh for
72 h. For All traffic, 25 MWh can supply 1% of the traffic one week. 1f 10% of All traffic needs
to be sustained, 100 MWh is just enough for 72h.

4.4 Sensitivity Analysis - Utilization

The graph below shows the aggregated power demand for all feeding stations over a heavily
trafficked day (95th percentile) for the different scenarios set up in section 3.5. Each scenario
is represented by a different line style and each group of vehicle classes (case) has its own
color.
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Figure 4.14: Power demand (95th percentile) over the day for All traffic and

Trucks for three different scenarios
The need for ESS capacity, as a function of peak power demand, for the different scenarios is
shown in figure 4.15 below. Again, cach scenario is represented by a different line style and
cach group of vehicle classes (case) has its own color.
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Figure 4.15: ERS peak power vs. battery capacity for All traffic and Trucks for

three different scenarios
From both figures, it can be seen that the peak power demand is the largest for 100 % of All
traffic by far. Additional]y, there is little difference between long—distance trucks and 100 %
of Trucks. The Low scenarios in general have a significantly lower power demand than the

other scenarios.
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5. Discussion

In this chapter, the problem formulations are answered and discussed based on the results
shown in chapter 4. The discussion is divided into the main parts of the report, i.c. power
demand, ESS for peak shaving and ESS for emergency backup. Finally the importance of de-
termining the utilization of the ERS is discussed and some recommendations for the Project
as well as future work is given.

5.1 Power Demand

The total peak power demand of an ERS determines the dimensions of its power supply sys-
tem. In this report, the power demand is obtained using real-world traffic data and simulated
vehicle power consumption. The power demand is calculated with the assumption that all
vehicles driving on the road use the ERS (see 5.4 for another perspective). For the Project
area, the peak power is 36 MWh/h when both truck types and cars use the ERS and 15.6
MWh/h when only the power demand for the two truck types is considered. For both cases,
the peak power demand is in the afternoon, between three and five p.m.

The most evident result from the power demand analysis is that it varies in both time and
space. First of all, every day has a different power demand. This can be seen from the traffic
flow (section 3.1.1), where the difference between days can be identified by comparing the
mean traffic flow with the 95th percentile. The power demand also shows a distinct variation
within each day due to the hourly traffic flow fluctuation. At night, the demand is no more
than 5 MWh/h, whereas the afternoon peak demand can be three to seven times higher.

Furthermore, the power demand varies greatly as a result of the topography. The highway
is fairly flac between Hallsberg and Orebro, with a max slope of 1.54°. However, the vehicle
power consumption is still significantly higher when the vehicles drive uphill. The increase is
further amplified for heavier vehicles, where the max power consumption is 13 times higher
for a truck with trailer compared to a car. The variation of power demand in space mainly
affects the distribution between the feeding stations.

Another factor that affects the power demand distribution is the ERS design, i.c where the
clectric road is placed. The chosen design is one where no ERS is placed on downhill slopes.
One instance where this influence can be seen is at feeding station 6, which has significantly
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lower power demand than its neighboring stations. This is caused by the presence of a gentle
slope where the ERS segment, supplied by the station in question, is placed only in one di-
rection. Furthermore, a certain ERS coverage has been assumed, which also affects the power
demand distribution between the feeding stations. With more coverage, the power demand
becomes more evenly distributed. However, changing the ERS design has lictle effect on the
total power demand.

Finally, power demand also varies with the choice of ERS technology. The maximum dis-
tance to the feeding stations and the maximum power/vehicle is different from technology
to technology. The higher the maximum distance, the more coverage is possible given fixed
feeding station locations. With higher maximum power, less coverage is needed to supply the
vehicle.

The distribution between vehicle classes has a significant effect on the power demand. When
studying the total power demand for the Project area, the demand is doubled when cars are
included. However, the number of cars is substantially more than double the number of
trucks. The explanation for this is that the total vehicle power consumption from cars is
between 3 and 6 times lower than for trucks. Still, the sheer volume of cars is the reason why
this class of vehicles has the highest power demand.

Another difference between the vehicle classes is the character of their power demand. Cars
vary more over the day and have a peak that is short and intense. On the other hand, both of
the truck types have a more constant traffic flow with a more moderate peak over a longer
period. This phenomenon could be seen already in chapter 3.1.1, since the power demand
curves have the same character as the traffic flow for each vehicle class.

The share of each vehicle class differs between the road sections. For cars, the traftic increases
significantly closer to Orebro. Both truck types have a more even flow over the entire Project
area. This could be an indication that most of the trucks drive the whole distance between
Orebro and Hallsberg. Cars on the other hand, predominantly use the parts of the highway
which are closer to the larger city (Orebro), indicating shorter driving distances.

5.2 Energy Storage for Peak Shaving

In this report, energy storage for grid load alleviation is investigated. There are many ways of
implementing an ESS, meaning some assumptions had to be made. Here, it is assumed that
the ESS is distributed between the feeding stations and is designed to make sure the power
drawn from the grid does not exceed a set power limit. It is also assumed that the ESS does
one charge-discharge cycle every 24hrs, where charging occurs during the night. Generally,
it is found that ESS can be used when the traffic flow, and subsequently the power demand,
varies significantly over the day. This makes the base case from the Project, one truck every
22 seconds, unable to benefit from ESS. However, the real-world-based flow of Trucks may
be able to use it. For the case All traffic, where cars are included as ERS users, ESS appears
to make the most difference as light-duty vehicles in the Project area have a far more pro-
nounced afternoon peak in craffic flow.
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The needed ESS capacity is very different from case to case. For Trucks, 6(MWh is needed to
reduce peak power by 1.6MWh/h. To reduce it by 3SMWh/h, the needed capacity is 20MWh.
When cars are included to make the case All traftic, I5MWh and 45MWh are needed to re-
duce the peak power by 6MW/h and 11IMW/h respectively.

The capacity need depends on a number of factors. The main aspects covered in this report
are the power demand, power limit, battery lifetime and the percentage ofdays during which
the ERS is required to deliver 100% of its power demand. For the Project, it turned out that
the power system will be built purposely for the ERS, meaning there is no firm power limit.
However, one may be able to reduce the investment in substations and feeding stations cost
by installing an ESS anyway. Additionally, the cost of energy can be reduced by drawing less
power from the grid during peak hours.

The character of the power demand also heavily influences the ESS potential, i.e. short and
intense peaks gets a higher reduction in peak power for each installed unit of ESS capacity
than longer-duration peaks. A capacity ratio is introduced in table 4.2, showing the needed
capacity per reduced unit of peak power. Indeed, each unit of capacity results in the most ef-
fect when the most intense peaks are targeted. When dimensioning the system to peak shave
only the most demanding hours for All traffic (power limit = 30MWh/h), the most benefit
can be gained from each unit of ESS capacity. When trying to set the power limit low for
Trucks (power limit = 12.5MWh/h), the capacity ratio is more than double that of the previ-
ous example. Conclusively, the dimensions of the ESS determine its efficacy.

One way of approaching energy storage for an electric road system is to see ESS as a way
to increase available power down the road when usage increases. In the Project description,
trucks are the main targeted customer for the ERS. One scenario is that only a fraction of
the trucks will use the ERS in the early days of the technology. As more trucks start using
the system, ESS could help reduce or remove the need for raising the peak power capacities
of the power supply system. Another scenario, maybe even more compelling for ESS imple-
mentation, is that cars might start using the ERS after some number of years in operation.
As they bring more traffic with a very clear peak during the afternoon, a large part of this
peak could be handled with an ESS installation.

5.3 Energy Storage for Emergency Backup

To be able to dimension an ESS for emergency backup, it is of vital importance to know the
volume of traffic that can be considered critical. During this study, it has been discovered
that this volume is not well known. However, there is an ongoing effort to fill this knowledge
gap ever since it recently emerged on the agenda. As a result of this gap, the approach in this
study is of an expiorative character.

Another important factor when dimensioning a backup system is the amount of time the
ESS needs to sustain the critical traffic. This too is an uncertain topic since the duration of
energy scarcity can vary greatly depending on the cause. The recommendation from MSB,
which states that households to be able to endure one week without external help, is there-
fore used as a baseline in the further analyses.
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The results show that if the critical transport corresponds to 1% of Trucks, a battery of around
12 MWh would sustain the traffic for a week. 25 MWh would suftice to assist 1% of All traffic.
These results show that battery sizes for peak shaving could be used to sustain the baseline
in this case.

When the critical transport is increased to 5% of the flow, the battery sizes increase dras-
tically. For Trucks, it is possible to power the traffic for a week with a capacity of around
60 MWh. This is three times the size of the largest ESS installation suggested in this report
for peak shaving Trucks’ power demand. However, it is just about possible to sustain the
traffic for 72 hours with the same capacity used for peak shaving. When including 5% in the
All traffic case, over a 100 MWh would be required to reach the baseline. 72 hours could be
sustained with a capacity of around 50 MWHh, close to the capacity needed for peak shaving.

If the critical transport is 10% of the traffic, both cases would require well beyond 100 MWh
to reach the baseline. In this case, 50 MWh would be enough to sustain 72 hours for Trucks
whereas it would require 100 MWh for All craffic.

The results discussed above are based on an important assumption, that the batteries are fully
charged when the power outage occurs. If the ESS has been used for peak shaving, the capac-
ity left for backup in case of an emergency that day is decreased and the critical transport
can be sustained for a shorter period of time. As a consequence, the reliability of the emer-
gency backup may be jeopardized. However, as the power demand most days stays below, or
only slightly above the power limit, the ESS’ State of Charge will stay high and available for
emergency backup most of the time. Additionally, the power demand considered for backup
corresponds to a heavily trafficked day and exceeds the average conditions by far. Conse-
quently, a combined peak shaving and emergency backup system will require an in-depth
risk assessment and decision on the required availability of the backup.

The battery capacity needed for emergency backup varies greatly with the different cases.
When the sizes are similar to the need for peak shaving, the incentives might be more ev-
ident. However, when the required capacities approach 80-100 MWh, further incentives
might be needed to motivate the high investment cost. For instance, a revenue stream from
ancillary services could increase the profitability of the investment. Alcernatively, such large
capacities might be required if infrastructure supporting critical societal functions are re-
quired to operate in islanding mode for a set amount of time. Another interesting aspect is
the future cost of batteries. An emerging availability of second-life batteries from electric
vehicles could make for an ample supply of batteries and lower the investment cost signif-
icant]y. The deve]opment of new battery chemistries suitable for ESS could also result in a
lower cost.

5.4 Utilization

In this report, the users of the electric road are assumed to equal all the traffic currently driv-
ing on the road. However, this might not be very likely neither in the short nor long term.
Short term, only a fraction of the traffic could be expected to use the ERS. To use the system,

44



5.5 FUTURE WORK AND RECOMMENDATIONS

the vehicles need some form of equipment on board to connect with the ERS. It might take
some time for vehicle operators to want to get the equipment and to get their hands on it.
Additionally, the Project is limited in size, making it unlikely that neither all traffic nor all
trucks using the highway will adapt to this local installation. Therefore, the "Low" scenario is
set up in section 4.4. The rough power demand estimate for early adopters results in a peak
of about 6MWh/h for All traffic and just above 4MWh/h for Trucks. Using around SMWh
of ESS capacity, these peak loads could be reduced by about IMWh/h.

Long term, as more vehicles get the necessary equipment and as more ERS is installed, a larger
share of the traffic might start using the system. Even so, all vehicles probably don’t need to
use it. Vehicles driving daily distances within the range of their onboard battery will proba-
bly be better off charging slower, but cheaper at home or some depot. Vehicles driving longer
distances will likely benefit from, or even need, the ERS as reflected by the "Long-distance”
scenario in section 4.4. The scenario estimates a peak power demand of around 24MWh/h
for All traffic and about 14MWh/h for Trucks. The effect of an ESS installation becomes
significantly different if cars are included or not. For All traffic, around 12MWh is needed to
reduce the peak power by 4MWh/h. For Trucks, 122MWh reduces the peak power by around
IMWh/h.

Heavy vehicles are pointed out as the main priority for the ERS Project. Therefore, there
is a real risk that the Project, and other ones to come, will focus solely on trucks and other
kinds of heavy vehicles. This focus on trucks limits how many can benefit from the ERS and
determines the dimensions of the installed power supply. Trucks make up about 40% of craf-
fic’s total peak power demand when considering the traffic flow in full and about 60% when
considering the (theoretical) long-distance traffic.

The size and character of the power demand determine the dimensions of the ERS’s power
supply and a potential ESS. Allowing cars to use a system designed for trucks will quickly
make the power supply inadequate because of the heavy afternoon peaks. However, as dis-
cussed in section 5.2, there is great potential for ESS to help reduce the increase in peak power
if or when cars start using the ERS.

5.5 Future Work and Recommendations

The work carried out to produce this report comes with a number of limitations described
in section 1.3. In summary, the limitations are: the choice of technology, the use of hourly
average power demand and the focus on a specific project. The choice of technology mainly
decides whether or not cars are able to use the system, the effect of which has been covered in
depth. Maximum power draw is also a technical limitation and mainly affects to what extent
power can be delivered for direct usage by the vehicle.

Considering only the hourly average of power demand means that potential power spikes
have been neglected. These may have adverse effects on both the ERS and its power supply.
Estimating traffic flow on a sub-hour scale would be desirable to examine the extent of such
spikes in power demand. An effort to statistically estimate the craffic flow on a minute scale

has recently been made by Lewis et al. (2022). Furthermore, an ESS installation could hypo-
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thetically make the grid unaffected by short-term power spikes.

It would also be desirable to investigate how the traffic flow considered in this report com-

pares to that of other highways in Sweden and the world, both in character (pattern) and

amplitude. If the highway considered here is generally representable, the results from this

study might be applicable to most ERS installations for public use.

This study shows that there is little knowledge of how much critical traffic there is on the

roads. To be able to design a backup system, knowing this is crucial. Therefore, a study on

the flow of critical traffic would be desirable to enable the incorporation of adequate backup

systems in ERS installations.

Finally, some recommendations for the Project have been compiled and can be seen below.

Build feeding stations to deliver 14 MWh/h in total, i.c. the base case as well as demand
from trucks driving long distances

Include the possibility to upgrade the power supply to allow for cars to use the ERS.
Consider letting ESS cover part of the additional peak power demand.

Investigate the possibility to extend the usage of the ESS by providing ancillary ser-
vices, this could heavily increase the storage system’s profitability.

Over-dimension the battery units with 20% to avoid charging the battery to 100% SoC
as well as maintain the ability to peak shave at the targeted power limit during the
lifetime of the battery

Distribute the ESS between the feeding stations and place it on the DC side of the
rectifier to use as much of the existing power electronics as possible.

Perform a detailed cost analysis to determine the profitability of the ESS. Include cost
reduction from reduced grid peak load, reduced cost of energy as less power is drawn
during high-demand hours and revenue from ancillary services.
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The aim of this thesis was to determine an ERS’s power demand and how an integration of
ESS in its power supply can be used for grid load alleviation and backup power. To perform
the analysis, the Project "electric road E20 Hallsberg - Orebro" has been studied. Using che
traffic flow from the Project area and the vehicle energy consumption, the power demand
could be calculated. Subsequently, a number of set power limits and the power demand were
used to determine the ESS capacity needed for peak shaving. Finally, an explorative approach
was used to find the capacity needed for supplying critical cransport with power during times
of energy scarcity.

The ERS’s power demand shows a variation in both time and space. The most significant
variation in time occurs over the day where an afternoon peak can be distinguished. For cars,
the peak is more prominent but of shorter duration compared to trucks. Generally, it was
found that ESS is used best when the traffic flow, and subsequently the power demand, varies
significantly over the day. Consequently, ESS has the most effect when cars are included as
users of the ERS studied in this report. Critical transport was found to be a topic under
investigation by the Swedish government. If the critical transport corresponds to 1% of the
traffic flow, the battery capacities used for peak shaving can sustain the critical transport for
2-12 days. Alternately, 10% of the traffic flow be sustained for no more than 1-2 days with the
capacities used for peak shaving.

Finally, it is unlikely that all of the traffic between Orebro and Hallsberg will use che ERS
in its carly days. Eventually, all vehicles driving daily distances surpassing the range of their
battery distances could become customers. Therefore, ESS for peak shaving could provide a
solution to meet all or a part of the increase in power demand coming from a higher adoption

of the ERS.
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