EVS30 Symposium
Stuttgart, Germany, October 9 - 11, 2017

Societal Cost of Electrifying All Danish Road Transport

Gabriel Domingues—Olavarrl’al, Francisco J. Mérquez—Fernéndezl, Pontus Fyhrz,
Avo Reinap!,Mats Alakiila®
! Lund University, Dep. of Biomedical Engineering, Div. Industrial Electrical Engineering and Automation.
2Lund University, Dep. of Mechanical Engineering, Div. Production and Materials Engineering.
gabriel.domingues@iea.lth.se

Abstract

Electric Road Systems (ERS) have emerged as an alternative to deal with the main drawbacks that bat-
tery electric vehicles present (i.e., higher cost, short driving range, long charging times, etc.). This paper
analyses the societal cost of electrifying all road transport in Denmark under four different scenarios.
The first scenario considered in this study is based on todays approach of having electric vehicles with
high battery capacity and fast charging stations, the remaining scenarios study the cost of implementing
different ERS at a national level. The results clearly show the benefits of implementing electric road
solutions that can be used both by commercial and passenger vehicles.
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1 Introduction

Denmark has the goal of becoming independent from fossil fuels by 2050, as it is outlined in their
“Energy Strategy 20507 [1]. In order to achieve this goal, the transport sector must transition from fossil
fuels (95% of all the energy consumed by this sector [2]) towards renewable energy sources. Moreover,
such a transition would have a significant impact in the total consumption of fossil fuels in the country
as transport accounts for 66% of the total energy consumption from non-renewable sources in Denmark.
Within the Danish transport sector, road transport presents a particularly interesting case, as it is respon-
sible for 75% of the energy consumed in this sector. Therefore, in order for Denmark to achieve their
goal of being fossil fuel independent, it must find a cost effective way of using renewable energy sources
for road transport without modifying, in a significant way, the driving patterns of private and commercial
vehicles.

Battery electric vehicles (BEV) are one of the most promising and popular technologies to lead this
energy transition. However, this technology still presents some drawbacks that need to be overcome such
as its higher cost, limited driving range and longer charging times when compared with conventional
vehicles. In this context, Electric Road Systems (ERS) that allow EVs to charge while driving [3],
have emerged as an alternative to deal with the main drawbacks of BEV. Since ERS are expected to be
deployed in highways and roads connecting urban and industrial areas, the required battery capacity in
the vehicles can be reduced without sacrificing the range and simultaneously reducing the vehicle’s cost.
Moreover, the fact that charging is performed while driving eliminates the need to stop at fast charging
stations. Despite all the aforementioned advantages, since the implementation of a nation wide ERS
requires a significant investment, it is necessary to evaluate the different ERS technologies in order to
determine which one is the most cost effective for the Danish society. Such a study must consider the
composition of the Danish automotive fleet, its usage patterns and the existing road network.

A study quantifying the societal cost of electrifying all road transport both by means of battery packs and
high power static charging, and by different ERS technologies have been previously carried out for the
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particular case of Sweden [4]. It is shown in that work that the cost savings due to having a vehicle fleet
with a smaller battery pack largely exceed the cost of building an ERS infrastructure when most vehicle
types can take advantage of such infrastructure. This conclusion is further confirmed in [5] where a
lower “electromobility equivalent energy cost” is achieved when the infrastructure is shared between
commercial and private vehicles.

Following these works, this paper aims to investigate the societal cost of electrifying all Danish road
transport with and without ERS. To do so, four di%ferent scenarios are evaluated. In the first one, elec-
trification is achieved only by means of big battery packs and high power static charging stations. The
remaining three imply a nation wide implementation of different ERS technologies, namely overhead
lines, road bound inductive and road bound conductive.

2 Electric Road Systems

In this section a review of the most promising ERS is presented. Without focusing on particular solutions,
ER technologies can be classified depending on their physical location with respect to the road and the
type of energy transfer. Following this criteria, five different groups can be distinguished in the literature:
oveilhead conductive, road bound conductive, road bound inductive, road bound capacitive and road side
conductive.

2.1 Overhead conductive

Overhead conductive electric roads consist of two supply lines placed above the road at a height of around
five meters. The vehicles need to be equipped with a connection device similar to a pantograph in order
to establish contact with the supply lines. Additionally, this connection device must compensate both the
lateral and vertical movements of the vehicle respect to the supply lines. This technology is only suitable
to supply vehicles that are relatively tall (trucks and buses) as mounting the connection device in smaller
vehicles would be impractical. Moreover, due to the fact that the supply lines are hard to be accidentally
reached by humans or animals, long stretches can be electrified at the same time (> 1km).

This technology is currently being tested in public roads in Sanviken, Sweden [6]. Where contact lines
supplying a 650 — 750V DC' are placed in a two kilometer stretch of highway and plug-in Hybrid trucks
equipped with pantographs connect to them in order to drive in full electric mode.

Despite being a relatively mature technology in other applications such as trolley buses and trams, higher
grivi(il spe%ds and possible higher utilization of the infrastructure introduce new challenges that need to

e addressed.

2.2 Road bound conductive

The term road bound ERS refers to a group of dynamic charging solutions that are characterized by pre-
senting power conductors placed in close proximity to the surface of the road. An electrical connection
between the ERS and the vehicle is established by means of a retractable pick-up, placed underneath the
vehicle, that makes contact with the power conductors. This family of solutions tend to present signif-
icantly shorter energized segments in comparison with overhead ERS, as the conductors are placed in
easy reach of humans and animals. The design of both the pick-up and the power conductors on the road
depend heavily on the specific road bound conductive ERS solution.

For example, in [7] the power conductors are placed inside grooves made to the surface of the road,
similar to a slot car. In this system, segments of around 50m are energized when the vehicle is on top
of them. One advantage of this solution is that it allows the energy supply to be either AC (reducing the
cost of infrastructure) or DC (reducing the cost on-board the vehicles).

On the other hand, an ERS solution is presented in [8] where two flat conductors are placed in the middle
of the lane, parallel to the road. Segments of 22m are energized in order to supply the vehicle with
750V DC'. This solution comes inspired from previous experiences in trams and railways.

Another approach is shown in [9], where the conductors are placed a few centimeters above the surface
of the road in a single track. Unlike previous concepts, the positive and negative terminals are not
placed next to each other. Instead, this solution proposes to place the terminals in-line with each other,
alternating positive and negative segments with some insulation distance in between segments. In order
to close the electrical circuit, any vehicle needs to be in contact with at least two segments (one positive
and one negative). For this reason, the segment length needs to be si niﬁcantlf/ smaller than previous
concepts (1m), which can be perceived as an advantage in terms of safety as only the segments directly
underneath the vehicle are electrified in a given point in time.

2.3 Road bound inductive

In an inductive ERS energy is transfered from the road to the vehicle without the need for a conductive
connection. This is achieved by means of two sets of coils, the primary (placed on the road) and the
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secondary (placed underneath the vehicle). Energy is transfered from the primary to the secondary coil
by magnetic induction, similar to a transformer.

Despite the maturity of inductive energy transfer in consumer electronics and static charging of EV, new
challenges comes when this technology is used for dynamic charging. Among these challenges are the
need for a good lateral and vertical tolerance to misalignments, as keeping the coils at the same relative
position while the vehicle is moving is particularly challenging, and the need for a high power density
on the secondary coil, in order to minimize the added weight to the vehicle.

An example of an inductive ERS was demonstrated in 2009 by KAIST [10], as part of the OLEV project.
Moreover, an economical analysis of this technology is presented in [11] showing that the cost reductions
due to the downsizing of the required battery pack for the same driving mission are greater than cost of
installing the dynamic charging infrastructure.

2.4 Road bound capacitive

Another approach to contact less energy transfer to a vehicle while in motion is through capacitive power
transfer. In this case, a capacitive coupling is built between metal plates on the road and the vehicle. This
coupling is used to transfer high frequency power from the road to the vehicle.

The main advantage of this system is the simplicity and low cost of the electrodes as no coupling coils are
needed. On the other hand, a high frequency inverters and rectifiers are needed for this implementation
which can lead to a higher system cost.

This technology has been shown in [12] where a capacitive ERS able to deliver 900W to the battery is
implemented and tested on a single seater vehicle in a 2.4m stretch. This technology requires additional
work to increase both the efficiency and power transfer capabilities in order to be applicable to more
conventional vehicles.

2.5 Road side conductive

Conductive ERS are not limited to be placed above or below the vehicle, the Japanese OEM Honda has
groposed to place the power conductors on the side of the road [13], which allows both passenger and
eavy vehicles to take advantage of the infrastructure while keeping the road surface unchanged. This
can potentially translate into lower maintenance cost for the road and the installation cost for the ERS.
This system has been tested at transfer powers of up to 18057 and driving speeds between 5— 156km /h
[14]. However, further test in public roads in order to ensure the reliability and safety of the system.
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Figure 1: Different electric road technologies. Power supply in blue and power take off in red

A representation of all the aforementioned ERS technologies is depicted in Fig. 1, where the power
supply is represented in blue and the power pick-up is shown in red. In the upcoming sections of this
paper, only the first three ERS technologies are considered as currently they are the most mature [15]
and the ones where most of the research have been carried out.
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3 The Danish case

In a similar fashion as it is presented in [4], the Danish automotive fleet of 3.3M vehicles is divided in
four segments according to driving patterns and vehicle weight. The first and most numerous segment
(2.8 M vehicles) includes all light duty vehicles (LDV) with a gross combination weight rating (GCWR)
below 3.5tons and is dominated by privately owned passenger cars (2.4M) and vans (400k). Vehicles
in this segment, tend to have a relatively low utilisation compared to other segments and in average
to drive shorter distances. The second segment includes all buses driving intra-city routs (7k), they
are characterized for having a high utilization but a low average driving speed. No limits are imposed
on the CGWR of the vehicles in the second group, therefore single-decker, double-decker and multi-
articulated buses are all part of this segment. Distribution trucks (16k) with CGWR between 3.6 and
16tons compose the third segment, these vehicles are extensively used, driving both inter and intra-city
routs. The final segment is composed by heavy vehicles used for long hauling (32k), this includes long
haul trucks and couch buses. Outside of this classification are left two-wheelers (200k) and agricultural,
recreational and specialized vehicles (227k), as they only represent a small fraction of the CO2 emitted
by road transport and their electrification requires more specifically tailored solutions.

The societal cost of electrifying the whole Danish automotive fleet not only depends on the fleet com-
position but also on the extension of the road network and driving patterns of the population as these
factors affect the required investments in infrastructure for some electrification scenarios, as well as the

potential cost savings in fuel. Although Denmark is a relatively small country (43000km?) it counts
with a dense road network with a total Iength of 73500km, out of which 4509km are highways and dual
carriageways [16], these are depicted in figure 2. In total, 43.4TWh are consumed every year by road
transport in Denmark which accounts for 34% of the total energy consumed in the country [2].
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Figure 2: Extent of the Danish highway network

4 Cost Modeling and Assumptions

In order to assess the societal cost of electrifying all road transport in Denmark under different scenar-
i0s, it is necessary to account for the required investments in charging infrastructure (both static and
dynamic), the additional electromobility related on-board components, as well as the savings due to the
removal of the conventional powertrain and the lower energy cost and consumption that electric vehicles
offer in comparison with their conventional counterpart.

The cost of the ERS infrastructure is modeled as presented in [5] which is based for the conductive
solutions is based on preliminary data obtained from the existing pilot test sites in Sweden, and for

EVS30 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium



the inductive solution is approximated based on the component and installation costs estimated for a
potential system layout. Similarly, the cost of the required connection devices whether it is a receiver
coil or an automotive conductive pick-up are estimated based on figures reported by [7-9]. It is worth
keeping in mind that, as ERS are relatively new technologies, accurate cost estimations are difficult to
obtain; however, in upcoming sections of this paper, it is shown that the impact of significant variations
in the estimated cost of the ERS do not change the results in a considerable manner. Furthermore,
the maintenance cost may vary significantly between each individual technical solution, but data on
maintenance costs are lacking and have been kept proportional to the cost of deployment.

Besides the ERS, Li-ion batteries also add uncertainty to the total system cost estimations presented. In
recent years, the cost of Li-ion batteries at pack level has being steadily decreasing, and by 2030 a figure
between 150 and 300 €/kWh can be expected [17]. However, following the projection in [18] a figure of
100€/kWh is used in this work as it poses a more difficult challenge for the deployment of ERS.

On the other hand, the cost of all the different power electronic converters required on-board the vehicle
(traction inverter, DC/DC converters to supply auxiliary loads or to transfer energy between external
sources and the on-board storage, etc) is estimated based on the work presented in [19], where the
different components inside the converter are accurately sized based on the demands of the application
and the cost of manufacturing/purchasing the different components, assembling and testing the converter
are accounted for.

In a similar fashion, for each vehicle segment, the electrical machine(s) are optimized and their cost is
calculated as presented in [20], including not only the material but also the direct manufacturing cost.
It is important to notice, that as the aim of this work is to estimate the societal cost of electrifying
all the road fleet under different scenarios, profits and overhead costs are not taken into consideration.
Additionally, the savings due to the removal of the conventional powertrain and fuel tank are included in
the estimation [21].

Finally, the fuel and electricity cost are assumed to be 1.34€ /litre and 0.135€/kW h based on current

figures in Denmark. Moreover, 20% VAT is subtracted from both as only societal cost is being considered
in this study.

5 Scenarios

The societal cost of electrifying the whole Danish automotive fleet is studied under four different scenar-
ios:

(1) Large batteries: In this scenario the electrification of all road transport is achieved by the sole use
of batteries and high power static charging. LDV’ are assumed to have enough battery capacity to cover
240km and a network of fast chargers is spread through the country allowing them to charge at 120k WV,
additionally a 6kW on-board charger is included in each vehicle in order to charge over ni/%ht. City
buses and distribution trucks have enough battery range to cover a full day of operation (500£W h and
340kW h respectively) and charging is performed over night at T0kW andy 3OM/P/ respectively. Finally,
long haul trucks are equipped with enough battery capacity (480kWh) to drive for about two hours
(200km) before needing to stop at a charging station to replace the tractor for a fully charged one, since
it is not realistic to assume a thirty minutes break every two hours for charging. This tractor swapping
requires increasing the number of tractors in the fleet in order to keep the same flow of goods.

(2) Overhead electric road: This scenario introduces overhead ERS in all major roads in the country
(4500km) for the exclusive benefit of long haul trucks and coach buses. This reduces the required
battery capacity for the aforementioned vehicles down to 120kW h (equivalent to 50km of range). This
technology however, does not affect the remaining vehicles of the fleet, so they remain unchanged with
respect to scenario 1.

(3) Road bound inductive: The overhead ERS from scenario 2 is replaced by an inductive road bound
solution. This means that LDVs can also take advantage of the dynamic charging infrastructure. As
LDVs can now charge while they drive on all major roads, their required battery capacity can be reduced
to provide about 50km of driving range (15kWh). Moreover, opportunity charing is made available
to city buses and distribution trucks which also allows to reduce their battery capacity to 90kW h and
120kW h respectively.

(4) Road bound conductive: the inductive ERS from scenario 3 is replaced by a conductive solution,
which is expected to be cheaper in terms of infrastructure but require additional components on-board
the vehicle in order to provide galvanic insulation between the electric supply from the road and the high
voltage system on-board the vehicle.

6 Results and Discussion

Using the cost models and assumptions previously presented, the societal cost of electrifying all road
transport in Denmark is studied under the scenarios described in Section 5. The outcome of this study
is shown in Fig. 3 where the societal cost for each scenario is presented as a bar, which in turn is
divided into the major cost contributions. The positive sections of the bars in the chart represent the
investments required to achieve a full electrification of the fleet under the predefined conditions. On the

EVS30 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium



other hand, the negative sections of the bars represent the societal savings associated to the absence of
the conventional powertrain and the savings in energy cost due to the higher efficiency of the electric
powertrain and lower cost of electricity compared to fossil fuels.

Yearly societal cost of the different scenarios
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Figure 3: Societal cost of electrifying all road transport in Denmark under 4 different scenarios

In Fig. 3 it is possible to observe that even for an optimistically low battery cost, the first scenario, using
large batteries and high power static charging barely breaks even. This also indicates that at current
battery prices, long-range BEVs are not yet cost effective from a societal perspective (unless additional
factors such as lower maintenance cost are considered as well). Moreover, it can be noticed that when
only the long haul trucks benefit from the ERS (scenario 2), the societal cost is not significantly re-
dUCﬁd wit(lil respect to the first scenario, since the major cost driver (the battery packs for LDVs) remains
unchanged.

On the %ther hand, when road bound ERS are introduced (scenarios 3 and 4), a significant reduction in
the societal cost can be observed. This is primarily due the fact a large reduction in the battery capacity
of LDVs (from 72kWh to 15kWh) can be achieved without sacrificing the overall driving range or
usability of these vehicles. In addition, it can be appreciated that in these scenarios the total battery cost
is comparable to the cost of the other powertrain components, which makes these scenarios cost effective
even at higher battery costs. This is further confirmed in Fig. 4, where a sensitivity analysis is carried out
on the battery cost. From this figure it is clear that road bound solutions (either inductive or conductive)
remain cost effectives even for battery costs above 300e/kW h, which would make them cost effective
at today’s battery prices.

Another assumption that is worth to examine further is the required number or cost of fast charging
stations for the LDV segment. In this study the required number of fast chargers per vehicle is assumed
the be the same as in [4]. As discussed in that work, this assumption can be argued and a more detailed
optimization is needed in order to find the minimum number and size of fast charging stations that can
cope with the peak demand for charging. However, as it can be seen in the sensitivity analysis presented
in Fig. 5 the scenario that presents the highest sensitivity to this parameter is the first. This 1s mainly
due to the high number of additional (very high fpower) charging stations needed to supply the long haul
trucks. When the trucks are moved away from fast charging stations (scenario 2) societal cost becomes
more insensitive to the cost of the static charging infrastructure.

A clear conclusion from Fig. 3 is that investments in ERS lower societal cost and that the advantages are
even greater if LDVs can also benefit from the infrastructure. However, this study relies on cost figures
for the ERS that are surrounded by uncertainty as these are relatively new technologies that are not
currently being mass produced. Nonetheless, it is shown in Fig. 6 that overhead ERS would still provide
benefits when compared with scenario 1 even if the ERS cost was three times higher. Additionally, in
Fig. 7 it can be observed that road bound conductive ERS remains as the most cost effective solution
even if its cost is increased by a factor of three.

6.1 Comparison with the Swedish case

An interesting comparison can be made between the societal cost of electrifying the Danish and the
Swedish automotive fleet as both countries have different fleet compositions, electricity and fuel prices,
road network density and usage patterns. Figure 8 shows the percentage of savings relative to the required
investment in electrification for both Sweden and Denmark in the scenarios described in this work. For
absolute values on the Swedish case refer to [4].
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It can be observed that for the first two scenarios the differences between the relative savings in both
countries are significant. The main reasons for this is that Sweden consumes a higher amount of energy
per vehicle and has an remarkably low electricity cost. These factors increase the relative savings gap
between the two countries. Interestingly, when a road bound inductive ERS is introduced, Denmark has
a higher potential benefit than Sweden. This has to do with the fact that the number of vehicles per km
of major road in Denmark is around 650 while in Sweden is half of that, meaning that the infrastructure
investment is spread among a higher number of vehicles in the Danish case. However, when the cost of
the ERS infrastructure is reduced (moving from scenario 3 to 4) the difference in energy consumption
gnd Snergy cost becomes the most significant factor again and the potential benefit becomes larger for
weden.

7 Conclusions

From the results shown in Fig. 3 and the sensitivity studies in Fig. 4-7 it is clear that ERS offers a
potential to dramatically reduce the cost of vehicle electrification for a nation if the technology can be
deployed at scale within the investment range and installed useful life used in this study. The technology
selected needs to be accessible to both heavy and light vehicles, a difficult proposition as the operators
of each vehicle category have different incentives. The marginal savings from scenario 1 to scenario
2, compared to the dramatically lower societal cost in scenario 3 and 4 as shown in Fig. 3, motivate
why ERS should be available to all vehicle categories. The same result, when viewed as a percentage of
savings relative to the cost of fossil based transport in Fig. 8, shows an even clearer distinction.

In the comparison performed in section 6.1, it is worth noticing how sensitive the savings are to the price
of electricity. As Denmark is a country with higher population density and a more compact highway
network than Sweden, the expected result of higher savings than the Swedish case only materialized in
one out for four scenarios.
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