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Abstract: This article is designed to demonstrate that electric roads are an affordable way to electrify 
all forms of road transport—not only cars, but also buses and trucks. Electric roads represent a way 
to power electric vehicles without relying solely on batteries. The idea is that when an electric vehi-
cle reaches an electric road, it stops using power from the battery and instead uses power directly 
from the road itself. The primary challenge for electric vehicles is still the perception of a compro-
mised quality of life in owning an electric vehicle due to a limited range compared with petrol and 
diesel cars, today. This paper introduces a new technology, currently experiencing rapid develop-
ment, that can not only overcome range anxiety but make electric vehicles better, in terms of range, 
than petrol and diesel cars today. Furthermore, not only can this research help to arrange this, but 
it can also help, for the first time, to cost-effectively electrify heavy-duty transport, such as trucks 
and buses, which would be a huge breakthrough in terms of sustainability, as it is very important 
to start supplying electricity to heavy-duty vehicles. The case study provides a very hypothetical 
example of a trip with and without an electric road, covering a total of 26,011 km of highways and 
main roads. The results indicate that building electric roads is cheaper than many other alternatives. 
If a large battery is replaced with a smaller battery for each new vehicle sold, after 3 years, enough 
savings will be made to electrify all highways and main roads in Turkey. This paper can help 
transport operators and policymakers develop strategies to accelerate the adoption of electric vehi-
cles by appropriately implementing electric road infrastructure. 

Keywords: electric road system; battery-electric car; electric vehicle; sustainable transport;  
profitability; charging infrastructure; optimization algorithm 
 

1. Introduction 
The horse and buggy had still reigned supreme as the mode of transportation of 

choice, but a relative newcomer, the automobile, was about to become all the rage in the 
early 1900s. Then, roads began to be paved, and features such as gas stations and traffic 
lights appeared. Everything looked different; the transition from horse to horsepower 
ushered in a complete infrastructural change that rippled through every sector imagina-
ble and made our modern world possible. A century later, are we on the cusp of another 
transformation of magnitude? Today, the world pretty much agrees on the basic idea that 
it needs to cease using fossil fuels and move toward more sustainable solutions to modern 
needs [1]. 

Energy is the most strategic sector affecting a country’s security and foreign policy 
and it requires long-term decisions. Since the beginning of the 21st century, the world has 
been witnessing a shift from hydrocarbon sources to sustainable clean energy sources in 
the energy age. Energy determines the strategies of international actors, and Turkey aims 
to be an energy center [2]. 

In terms of natural gas and oil needs, it needs to cease its dependence on, especially, 
Russia and Middle Eastern countries. In 2013, the official website of the Ministry of 
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Foreign Affairs focused on four basic elements upon which Turkey’s energy strategy 
would be based: diversification of source countries and routes; increasing the share of 
renewable energy in meeting energy needs; starting to benefit from nuclear energy; in-
creasing energy efficiency; and contributing to Europe’s energy security [3,4]. 

Transport is a big part of today’s society. Cars emit large amounts of carbon dioxide 
(CO2), which contributes to the greenhouse effect and global warming. The transportation 
industry accounts for approximately 27% of global greenhouse gas emissions [5], one of 
the largest contributors to pollution in the world. The average temperature of Earth is 
increasing and there is talk of reaching the 2 °C limit—if the average temperature of the 
earth exceeds this figure, the side effects will be very noticeable [6]. By reducing the use 
of petrol-powered cars, CO₂ emissions are reduced [7]. 

How is it possible to move with the ease and freedom that internal combustion en-
gines offer while successfully reducing our overall carbon footprint? To achieve this 
goal—the use of electric vehicles—decarbonization strategies should include the electrifi-
cation of public transport and heavy-duty trucks and vehicle technology that increases 
the use of renewable energy [8]. However, using electric roads is not a simple panacea for 
the world’s climate problem. There is a need to understand that electric vehicles are very 
good, but, batteries themselves are not so green [9,10]. 

The more electric vehicles are utilized, the more electricity is consumed, and electric-
ity is powered by polluting materials such as natural gas or coal. As with the transition 
from horse to horsepower between the 19th and 20th centuries, the established infrastruc-
ture may need to change. Many unresolved issues remain, such as that there are not 
enough lithium ion and cobalt resources in the world, today [11]. For every kilometer 
travelled, batteries become heavier, which then drains them faster, forcing people to stop 
and charge again and again, which consumes energy; people are left with the ultimate 
riddle. With steady support from leading automakers and governments in the face of the 
COVID-19 crisis, the global market share of electrified light vehicles (mainly SUVs and 
cars) grew from 8%, in 2019, to 12% in 2020. It is expected that electric vehicles will account 
for 15% of new light vehicle sales over the next 7 years [12]. 

For Turkey to achieve its goal of becoming fossil fuel-independent, it needs to find a 
cost-effective solution to use renewable energy sources for road transport without signif-
icantly changing the driving patterns of private and commercial vehicles. Moreover, since 
the transportation sector accounts for 67% of the total energy consumption produced from 
non-renewable resources in Turkey, such a transition will have a significant impact on the 
fossil fuel consumption in the country, improving local air quality in cities and reducing 
CO₂ emissions from energy production and consumption [13]. 

Since fossil fuels are not used in electric vehicle systems and there is no need for an 
internal combustion engine to burn fuel, these systems are both more environmentally 
friendly and more economical [14,15]. However, for electric vehicles to compete with con-
ventional vehicles, low cost [16], driving range [17], and full charging range [18] criteria 
must reach desired levels [19]. Electric vehicles are much less costly and easier to maintain 
than internal combustion engine vehicles, as they do not need oil changes, do not have 
periodic maintenance costs, eliminate various maintenance costs specific to traditional en-
gines, and have fewer parts to wear out. Owning an electric car provides significant sav-
ings, in the long run. 

The electric vehicles that are on the market today typically have a range of around 
300 km [20]. The Tesla Model S may be an exception, but it cannot be categorized as af-
fordable [21]. During a travel distance of 1000 km, today, one has to stop perhaps three or 
four times along the way to charge the electric vehicle. For most people, that is a disad-
vantage, because people are used to considering a diesel car, which travels about 800 km 
before requiring filling up. A 300-km range electric vehicle uses onboard storage from its 
starting point to the electric road. Then, once the vehicle gets to the electric road, it con-
nects directly to the road and uses the electricity from the road to power the vehicle, trav-
eling another 1000 km. The vehicle leaves the road with a fully charged battery on board 
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and travels 300 km anywhere around the city area. Thus, should electric roads be in place, 
it can be ensured that electric cars provide a better quality of life than do diesel and gaso-
line cars [22]. Secondly, heavy-duty trucks can only be conceivably powered by electricity. 
Here, electric roads provide electricity for a huge fraction of a journey for heavy-duty ve-
hicles, such as buses or trucks, assuming electricity in place [23]. Additionally, based on 
original product manufacturer data collected in the literature, it has been shown that the 
average period for which automobile manufacturers will warrant high-voltage lithium 
ion batteries is 8 years for cars and 4 years for trucks and buses [24]. 

Over the last decade, one of the most interesting things to observe has been the in-
troduction of the Model S, from Tesla [21]. If manufacturers can provide a higher quality 
product than people have had in the past, then people are more than happy to move from 
petrol and diesel to electric vehicles. The Model S has demonstrated that a better quality 
of product is something people are willing to pay a lot of money for even though it is an 
electric car. 

One of the most important factors creating cost in electric vehicles are battery packs 
[25]. Therefore, studies [26–28] on electric vehicles have mostly focused on batteries. Bat-
tery technologies are under development, and the problems of battery cost and the driving 
distance of electric vehicles are in the process of being eliminated. 

The concept is to strategically place electric roads in cities and on main roads such 
that vehicles can be charged during use, regardless of whether the vehicle is in static or 
dynamic mode [29]. This means that the car can run on continuously without having to 
stop to charge [30]. Moreover, charging while driving is both time-saving and economical 
as the petrol station becomes completely redundant. Within this context, electric road sys-
tems are an alternative for overcoming the main disadvantages and eliminating the range 
problem of the batteries of electric vehicles and the charging of these batteries and heavy 
vehicles while driving [31]. The other area that can heavily benefit from electrified roads 
is the transport sector. The highways today are greatly trafficked by heavy trucks; if they 
could run on electricity, the environmental and the economic gains for haulage contrac-
tors, would be enormous. Since electric road systems are expected to be used on highways 
and main roads, a green solution is presented by reducing the required battery capacity 
in vehicles. The question of how to create a charging solution where the car battery can be 
as small as possible remains. Considering the battery capacity and battery density, not 
every vehicle needs a large battery; not every vehicle needs to travel hundreds of kilome-
ters. Consequently, the vision is to empower the transition to electric vehicles most sus-
tainably and as efficiently as possible whilst ultimately lowering the cost of ownership of 
the vehicles owners. 

Despite these many advantages of electrified roads, it is necessary to evaluate differ-
ent technologies to determine which are the most economically and technically feasible 
for Turkey, as the implementation of a nationwide electric road system requires signifi-
cant investment. Such study should take into account the existing road network, the com-
position of the country’s land vehicle fleet, and usage patterns [31]. It should be consid-
ered that there is much cost on the vehicle side and the infrastructure side in the transition 
to electrified roads. Studies investigating the societal cost of electrifying all road transport 
with different electric road systems technologies (wired and wireless) have already been 
carried out for the cases of Denmark [31] and Sweden [32,33]. 

The scientific literature, in recent years, has generally investigated electrified road 
systems in terms of technology. Some articles have studied a three-phase inductive power 
transfer system [34], advantages of inductively coupled power transfer [35], and the ma-
turity of ER (electric road) technologies [36]. Some articles [37,38] have the demonstrated 
ERSs (electric road system) offer better possibilities in electric power demand for roads. 
For example, ERSs have been investigated in terms of electricity demand in Norway [38] 
and the Netherlands [37]. In some other articles [39,40], the environmental performances 
of ERSs and EVs and their effects on total energy use and greenhouse gas emissions have 
been investigated; they depend on the fuel mixture used to generate the necessary 
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electrical energy to power the ER vehicles. In addition, different aspects of ERSs were 
evaluated in some other reports [31,41–44]. Some studies have investigated ERSs in terms 
of a feasibility study [45,46], costs [31], CO₂ emissions [31], and technical aspects [47]. Fol-
lowing these articles, this paper aims to explore the societal cost of electrifying road 
transport on Turkish highways and main roads with and without ERS. 

In this study, it is observed that the cost savings of owning a fleet of smaller battery-
pack vehicles greatly exceeds the cost of installing an electric road system infrastructure 
in which most vehicle types can benefit. This result confirms that a much lower equivalent 
cost of electrified roads is achieved when the infrastructure cost is shared among all vehi-
cles. Installing the technology means vehicles’ battery capacities can be massively re-
duced, which can reduce the cost of the vehicles themselves. Vehicles never need to stop 
to charge again, and they can be charged with different amounts of energy in different 
vehicles on the same platform. In this study, we develop alternative scenarios for large-
battery, electric vehicles and fuel vehicles, mainly since such alternatives will reduce for-
eign energy dependency in countries such as Turkey, as electric vehicles save much more 
fuel than vehicles with internal combustion engines, thereby providing a significant re-
duction in carbon emissions caused by heavy traffic. If the price of the batteries is low 
enough it will overcome of the important problem of the weight of large batteries, which 
is a significant part of the total load of the vehicles, since electric vehicles are much more 
fuel-efficient than vehicles with internal combustion engines. Using this against invest-
ment costs can produce a cost-benefit analysis. 

The remainder of the article is organized as follows: 
Section 2 summarizes the ERS principle and technology. Additionally, studies related 

to the ERS in the use and the project phases are introduced. In Section 3, cost modeling, 
assumptions, measurement, and payment system for Turkey are presented. In Section 4, 
electrified road scenarios and vehicle fleet scenarios are introduced. In addition, a sensi-
tivity analysis of cost and price elasticity for 2040 is made and the results and discussions 
detailed. Finally, in Section 5, the findings are summarized, and the results are discussed. 

2. The Principle and Technology of ERS 
This section briefly explains how energy in the road area can be extracted and the 

theory behind how each technology in energy distribution to vehicles. Lithium batteries 
are heavy and expensive [48]. They require fossil fuels to mine and assemble, and limit an 
electric vehicle range with their small charge capacity [20,49]. The cost and associated 
range of batteries is the biggest obstacle to the more widespread adoption of electric ve-
hicles [50]. That is where electric roads come in. Capacity and costs are not the only down-
sides of batteries, there is also a lack of charging stations, their environmental impact, their 
reliance on rare-earth metals. The things that rely on batteries in daily life are flashlights, 
cell phones, and wireless speakers. These are things that are used only for short periods 
away from a power source. TVs toasters do not work on batteries—nobody would buy a 
TV that needs to recharge after three hours. Batteries are task-specific; if a product does 
not need batteries, they are not included. Lithium ion batteries offer short trips; after driv-
ing for approximately 300 km, they needs to charge for a couple of hours. Let us start 
thinking of cars as TVs and give them access to power all the time while using and driving 
them. The concept is not brand new; it has been happening for over a hundred years. 
Municipalities have been powering trackless trollies from overhead wires for exactly that 
long. 

A literature study that deals with past, ongoing, and future projects in energy distri-
bution and energy recovery at the roadway has been conducted. According to these crite-
ria, two different main groups and three subgroups can be classified in the literature: wire-
less and conductive charging electric roads, which in turn include road-bound conductive, 
overhead conductive, and roadside conductive classifications [44]. 
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2.1. Inductive (Wireless) Charging 
Induction is a way of wirelessly transferring energy between the source and receiver. 

It is a system that is common in households; induction cookers and cordless phone 
chargers are examples of this. 

Wireless charging is nothing new. Its use has been around almost as long as the dis-
covery of electricity itself. The principle is based on Nikola Tesla’s discovery more than 
100 years ago. Nikola Tesla was so ahead of his time that his vision for wireless energy 
transformation was buried by his competitor, Thomas Edison, in favor of a less egalitarian 
and more capitalistic system of energy transmission. Today, he is practically worshiped 
by the tech elite and the Tesla coil remains the inspiration for wireless internet connections 
as well as charging solutions such as electric roads. 

The existing solutions based on plug-in charging may not satisfy the transition to 
electric vehicles alone. Wireless charging, or wireless electric roads, are thought to be tech-
nologies that could help accelerate the adoption of electric vehicles [51]. Wireless charging 
is a way to transmit energy from one coil to the other coil without having a hard connec-
tion between the two [44]. The vehicle can be charged while driving, while waiting for 
passengers inside the city, or while loading goods at the loading dock; it means charging 
the vehicle almost anytime, anywhere. It is possible to reduce the size of the battery and 
energy can be delivered almost all day long. It is done with copper coils that are installed 
under the roadway or wherever charging is deployed, which transfer energy over the air 
to a receiver installed directly under the vehicle chassis. 

This charging can occur even when the car is moving and comes with a holistic power 
management system to maximize the process. Wireless electric road technology is made 
up of four major components [52,53]. 
1. the copper coils, directly under the road; 
2. the receiver unit, which accepts the energy from the copper coils and is under the 

road; 
3. that relationship, managed by a management unit at the side of the road that receives 

energy directly from the grid and then safely transfers it to the copper coils under the 
road; and 

4. the management of these three components by cloud software, which allows the en-
tire relationship to be monitored remotely, ensuring adequate energy is transferred, 
and ultimately charging and billing the energy. 
Although there is no electrical outlet, thanks to the induction plates, which the vehi-

cle stands on, the vehicle can be fully charged during the night. Induction plates could 
even be built into driveways. Driving on country roads or in the city the vehicle gets its 
power from the small and light battery. Induction technology comes into play once again 
when longer distances need to be covered. Driving, onto main roads or motorways one 
lane has induction power built into it. The car automatically senses the power unit and 
starts recharging the internal battery once again. 

2.2. Conductive Charging 
Conduction is the opposite of induction, in which energy is transferred through 

physical contact between the source and the receiver. There are mainly three ways to con-
ductively charge vehicles while driving: a power source above the road; a power source 
next to the road; or a power source in the road [44]. The two most explored are power 
sources above the road and in the road. The principle their operation can be compared 
with electric power running a train; an arm folds out and it is in contact with the power 
supply while in motion. However, where trains can take electricity from above and trans-
fer it backward via rails, for vehicles on roads, there is no such possibility, as they roll over 
asphalt or concrete roads with rubber-coated wheels. Thus, conductively charging a vehi-
cle while driving must provide a device that directs the current back to the grid [54]. An-
other difficulty with conduction—especially with pantographs above the road—is that 
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trucks and cars have large height differences. A car would need a long arm to reach the 
same power line that trucks would take their power from. Conductive technology is avail-
able mainly in three different versions [30], described next. 

2.2.1. Overhead Conductive 
The technology is based on the same principle as for electricity transmission to trains 

on railways. The electricity transmission takes place via an overhead line that is connected 
to the vehicle via a pantograph mounted on top of the vehicle that can move vertically. 
The overhead line is located at a height of about 5 m above the road and is suspended in 
poles that stand at intervals of about 60 m. The height means that the system with over-
head lines comes away from the road surface, but also that it is only suitable for larger 
vehicles such as trucks and buses, not for passenger cars [44,55]. 

In particular, conductive charging above the road should be used along sections 
where there is regular heavy traffic. Modern trucks can be fitted with an electric engine 
and a roof-mounted pantograph. When driving on a motorway this pantograph is hoisted 
up towards an overhead electric wire suspended from roadside posts, thus supplying the 
electric engine with the necessary electric power [44,55]. Buses and trucks that travel the 
same route every day between factories and ports are a good example for this. The Swe-
dish project at the Aitik mine, where heavy trucks travel the same route in the open pit 
every day get their energy supply from conductive lines [56]. 

2.2.2. Road-Bound Conductive 
Vehicles that use an road-bound conductive electric roads have receivers that are 

lowered into a rail. The upper part of the rail is flush with the road surface and must meet 
the same friction requirements as the road. Conductive electric road technology is availa-
ble in two versions [44,57]. 

In the first one, there are two separate tracks in the rail. The opening in each groove 
is about 2 cm. The contact surfaces are immersed about 6 cm to 10 cm into the road surface. 
Under the vehicle is an energy receiver that automatically connects to the electric road 
system when it has been detected. The energy receiver on the vehicle consists of a me-
chanical arm that can be moved both vertically and sideways. 

The second one is a rail mounted on top of the roadway, part of which is immersed 
into the roadway. Beyond the difference in installation, these variants are functionally 
identical. They mainly consist of an aluminum profile that holds the earth’s potential. In-
side it is a voltage-carrying rail that holds the supply potential and contact rails in the 
middle/top edge. The top rail is designed as a triangle, 30 cm wide and 3.5 cm high. The 
contact rails for the receiver on the vehicle are exposed at the top of the rail. Both the 
positive and negative contacts are in the same line and are separated into 1 m sections by 
15-cm-long insulation rails. The rail must meet the requirements for friction on the road 
[58]. 

2.2.3. Roadside Conductive 
In this method, the conductor is not limited to being placed above or below the vehi-

cle in the electrified road system. The Japanese manufacturer Honda proposes this differ-
ent alternative, in which they place the transmitting power lines to the side of the road 
[55,59]. This allows both passenger and heavy-duty vehicles to take advantage of the in-
frastructure without changing lanes on the road. This can potentially mean lower mainte-
nance costs for the road and lower installation cost for the ERS. It can extend a mechanical 
arm or pantograph from the side of the car to slide on a conducting rail on the road barrier 
for charging. Although this system has been tested at driving speeds between 5 and 156 
km/h and transmission powers of up to 180 kW, further testing on public roads is neces-
sary to ensure the reliability and safety of the system [55]. All the mentioned electric road 
system technologies are depicted in Figure 1. 
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Figure 1. Different concepts for electrifying roads investigated in this study. 1. Road-bound induc-
tive; 2. overhead conductive; 3. road-bound conductive; 4. roadside conductive [55]. 

Inductive and conductive system solutions have many advantages and disad-
vantages compared with each other. The most important advantage conductive systems 
have over inductive systems is that higher power can be reached relatively easily, while, 
in inductive charging, the conductor isolates the vehicle from the supply, which is an im-
portant safety feature. Regarding safety, the conductive solution to energy transfer is more 
difficult than the inductive method, as exposed live parts are unavoidable. Another dis-
advantage of conductive energy transfer is mechanical wear, which requires a certain de-
gree of maintenance and exposure to the elements over inductive solutions [60]. 

In the next sections of this paper, only conductive ERS technologies are considered, 
because they are the most mature, popular, and the ones about which most of the experi-
mental research has been carried out. 

2.3. Electric Roads Internationally 
As electric vehicles become increasingly prominent on roads and charging capacity 

increasingly an issue, countries need to find broad solutions for their fleets of vehicles. 
There are several studies and test activities concerning electric roads around the world. 
Current developments for conductive and inductive road technologies are summarized 
in Table 1. Some technical conditions in the electric road system are summarized below. 
The summary includes the three main techniques that have been tested in the world. 

Sweden [32,33,44,55]: Since 2017, Sweden has been conducting an innovation part-
nership with Germany, wherein electric roads are one of four areas of cooperation. Since 
2019, Sweden also has had an innovation partnership with France, part of which concerns 
electric roads. The Swedish Transport Administration has been tasked with coordinating 
both of these partnerships. The project in Gotland, Sweden where the charging of a 40-
ton, large truck and a large electric bus have shown the capacity for battery reduction. 

Germany [61,62]: In Germany, work on electric roads has been going on for over 10 
years, mainly through Siemens’ development of electric roads with overhead lines. On 
three sections of public roads, this technology is now being tested with trucks delivered 
from Scania. In Karlsruhe, a 100-m-long section of inductive electric road, from the com-
pany Electreon, has been installed. An electric Higer bus is expected to start running on 
the route in the spring of 2021. Planning for the next stage, which is a 500-m extension on 
a public road in Karlsruhe, has begun. In addition, a 100-m electric road is planned at a 
test facility in Cologne, in collaboration with Volkswagen and Eurovia. 

France [63,64]: Renault began looking at the ER idea in 2012, creating a route on the 
outskirts of Paris that enabled the ongoing charging of two of their Kangoo electric vehi-
cles as they drove. Moreover, in France, an analytical work is underway regarding electric 
roads that will be presented in the autumn of 2021. The study deals with economic and 
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other aspects of electric roads, various electric road techniques, and suitable test distances. 
The vehicle manufacturer Renault and the company Vedecom develop and test an induc-
tive electric road technology. They are planning demonstration routes to be put into op-
eration in central Paris in the summer of 2022. The power transmission technology is 
based on a commercially available solution for static inductive charging from the com-
pany Qualcomm and has been installed in a Renault Van. The company Bombardier has 
also tested dynamic inductive power transmission on an 80-m-long closed test track in 
Mannheim. 

UK [65,66]: In the United Kingdom, a feasibility study on electric roads, presented in 
the summer of 2020, has presented electric roads as a possible technology for reducing 
CO₂ emissions from heavy vehicles. In the summer of 2021, it was decided that a 30-km-
long section of the M180 near Scunthorpe would be equipped with overhead lines from 
Siemens. The project will link the port of Immingham with the Doncaster Logistics Center 
and airport. It is funded by the British government to test zero-emission solutions for 
freight transport. 

United States [67,68]: There are a couple of interesting electric road projects under 
development in the US, one, in Indiana, and another one in Michigan. Purdue University 
in Indiana is collaborating with the state to develop a pilot stretch of roadway built with 
magnetizable concrete. The Michigan project is only at the request-for-proposal stage, 
which plans to have it running by the end of 2025. In the spring of 2021, the US Federal 
Transport Administration decided to grant permission for tests of electric road technicians 
on public roads. In the USA, five universities have collaborated in the SELECT project on 
inductive technology. Siemens has also conducted tests of its conductive technology in 
the United States, in 2017, on a 1.6-km-long road in an industrial area near the port outside 
Los Angeles. The work was carried out under the direction of the South Coast Air Quality 
Management District. 

China [69]: In China, players have taken an interest in static and dynamic inductive 
electric road technologies and solar roads. An inductive electric road has existed as a 2-
km-long test facility since 2016. There are plans for extensive test activities, with a maxi-
mum length of 45 km. 

Finland [70]: A Finnish clean energy company, Thornton, through their charge and 
drive program, with major car firms like Jaguar and Land Rover, are also stepping up to 
wireless plates; the very first step is expected to be active in 2023. 

Norway [71,72]: The Scandinavian country Norway has already committed to requir-
ing all new cars sold to be electric by 2025 [73]. Norway also intends to build an entirely 
emission-free taxi service to assist in its lofty aims. With charging time and efficiency be-
ing limiting factors for electric commercial vehicles in particular they will be doing this by 
charging the cabs wirelessly through the taxi rank they sit on, as the taxis wait to be hired. 
This saves in several ways; there is no need to hunt out an available charger, no need to 
wait separately for a charge, and no need to plug in or unplug. The charging will allow 
up to 75 kW, entirely without cables. 

Table 1. Overview of functions in different electric road techniques identified. 

Name Reference Country Type of ERS Company Type of Vehicles Considered 

Sandviken 

[58] Sweden 

overhead Siemens for heavy-duty trucks; it was inaugurated 
in 2016 

Arlanda road-bound Elways all road vehicles; it was inaugurated in 
2018 

Lund road-bound Elonroad 
The project will be built in a bus lane 

along 1 km. The project’s budget is 9.3 
M€. 

Visby inductive Electreon Wireless 1.6-km test section between the airport 
and the center of the city of Visby  
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Los Angeles [67] USA overhead Siemens for heavy-duty trucks; inaugurated 2017 
eHighway [61] 

Germany 

overhead Siemens heavily used truck routes, 2017 

  [62] inductive 
Eurovia and Elec-

tReon 
100 m (90 m of dynamic load/10 m of 

static load) 

Cologne [62] inductive ElectReon  
a Volkswagen electric vehicle to be tested 

on an electric road 

Paris [63,64] France inductive 
Renault partners with 
Qualcomm Technolo-

gies and Vedecom 

charge of up to 20 kW at speeds up to, 
and above 100 km/h 

Smart road [58] Israel inductive ElectReon  powers 200 public buses at city terminals 

Scunthorpe [66] UK overhead Arcola Energy overhead, 20-km stretch of the M180; the 
trucks could be on the road by 2024  

Shandong  [69] China inductive Qilu Transportation 
Development  2-km stretch of solar-powered highway 

OLEV [74] South Ko-
rea 

inductive OLEV for electric buses 

3. The Turkish Case 
As of the end of June 2021, the total number of registered vehicles in Turkey was 24.7 

million. These vehicles consist of 54.3% cars, 16.3% pickup trucks, 14.6% motorcycles, 8.1% 
tractors, 3.5% trucks, 2.0% minibuses, 0.9% buses, and 0.3% special-purpose vehicles [75]. 

Vehicles in the car segment travel relatively shorter distances compared with other 
segments. Second-segment vehicles are characterized by a high utilization but a low av-
erage driving speed, as all buses use the city lines. Distribution trucks with a combined 
gross weight rating of 3.6 to 16 tons form the third segment; these vehicles are widely used 
on both urban and intercity routes. The fourth segment consists of heavy vehicles used 
for long-haul transport, including buses and trucks. 

The societal cost of electrifying a nation’s entire vehicle fleet depends not only on 
fleet composition but also on road network expansion and the driving patterns of the pop-
ulation. As shown in Figure 2, Turkey’s surface area is 783,562 km² [76]. As of the end of 
2020, the length of the highways in Turkey is 3523 km and of the divided roads is 27,470 
km [77]. The Turkish transport sector’s detailed breakdown is summarized in Table 2 [78]. 

 
Figure 2. ERS map of Turkey, which is examined in this study [79]. 
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Table 2. Vehicle cost assumptions and detailed breakdown of the Turkish transport sector for 2021. 

Vehicle Type Cars Vans and Minibus Motorcycles Tractors Trucks Buses 
road vehicles (%) 54.30% 18.30% 14.60% 8.10% 3.50% 0.90% 

number of road vehicles 13,428,336 4,525,572 3,610,566 2,003,122 865,547 222,569 
average annual mileage 

(km) 
15,000 20,000 4000 NA 75,000 58,000 

average fuel consumption 
(l/100 km) 

7 10 2  28.5 20.5 

average fuel consumption 
(kWh/100 km) 

19.8 32.1 4.0 - 121.8 82.5 

transport demand (Mkm) 201,425 90,511 14,442 NA 64,916 12,909 
investment ($/vehicle) 20,000 3000 20,000 99,220 177,184 

annual O and M  
(% of invest) 4.10% 3.50% 6% 21.10% 9.10% 

lifetime (years) 16 20 20 10 10 
vehicle efficiency 

(kWh/km) 0.7 1.3 0.2 NA 10.7 6.5 

transport fuel consumption 
(TWh/year) 39,882 29,054 577.690 NA 79,068 10,650 

3.1. Cost Modeling and Assumptions 
To assess the societal cost of electrifying road transport in various scenarios, it is nec-

essary to consider the low energy consumption of electric vehicles, the additional electro-
mobility associated with onboard components, and the necessary investments in charging 
infrastructure. 

When modeling ERS infrastructure it is necessary to account for costs of operating 
and the maintenance costs of control and monitoring systems, network fees, operation 
and maintenance costs for the electric road system, the increased cost of road mainte-
nance, the cost for energy losses in the electric road system, electricity cost, energy tax, 
and the cost of electricity administration, the operating and maintenance costs of user au-
thorization and fee systems, such as measurement values and invoicing. 

The cost of ERS infrastructure is modeled based on results from pilot test data in the 
literature (Denmark and Sweden), conductive solutions, and approximate estimated in-
stallation costs [43]. 

Since electric road systems are relatively new technologies, it is useful to keep in 
mind that it is difficult to obtain cost estimates because the projects are unique and not in 
the mass production-type as in the production sector, due to not having been standard-
ized yet. 

Besides the cost of the electrified road system, Li-ion batteries also add uncertainty 
to the total system cost estimates presented. The cost of Li-ion batteries used in electric 
vehicles is known, at approximately $175–300 per kilowatt-hour [43,80]. With innovations 
in energy and batteries, these costs are expected to come down to $100 per kilowatt-hour 
in the future [80]. Researchers working on electric vehicle technology emphasize that this 
figure will play an important role in bringing electric vehicles to the same level as the 
fossil fuel vehicle market. In this study, a figure of $100 /kWh was used. 

In addition, electricity and fuel prices are assumed to be $0.059 /kWh and $1.09 /liter 
including VAT, according to current figures in Turkey. The lifetime of the conductive 
charging system is assumed to be 15 years for all items [81]. The key assumptions are 
summarized in Table 3. Finally, profits and overheads costs are not taken into account, as 
the aim of this study is to estimate the societal cost of electrifying highways and major 
roads over different scenarios. 
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Table 3. Key assumptions for ER infrastructure in this study, based on a conductive charging sys-
tem. 

Total ERS Installed (One Way) 26,011 km 
Lifetime of ERS 15 Years 

ERS investment for a full installation, 
including electric grid costs (One 

Way)  

overhead electric road $1.1 M 

road-bound conductive $0.7 M 

interest rate 4% 
fixed O and M (per km) $16,000 

conversion cost to ERS for cars and vans $2,000 
conversion cost to ERS for buses and trucks  $10,000 

3.2. Measurement and Payment System 
One issue that has arisen in very few previous studies and has not been properly 

addressed is how the energy used by vehicles should be paid for. Pricing of the user fee 
can be adjusted for the socioeconomically efficient use of the electric road according to the 
capacity of the energy system and the time of day. The user fee can be differentiated at 
different times of the day to reduce the load on the country’s electricity grid. Measurement 
of electricity transmission can take place either in the vehicle or in the electric road system. 
Advantageously, when the measurement of data takes place inside the vehicle, it is sent 
directly to the electrified road system via the GSM network. With charging during travel, 
it will be different compared to today’s stationary charging and refueling where payment 
is made before departure. When using charging systems for road transport, safe, individ-
ual payment of consumed electricity should be possible. On the other hand, such a system 
should be well protected from IT attacks so that aftermarket gadgets cannot be sold that 
enable a kind of anonymous driving, where used electricity is not registered. 

4. Scenarios and Results 
The societal cost of all Turkish highways under four different scenarios and the elec-

trification of the automotive fleet is studied under six different scenarios. 

4.1. Electric Road Scenarios 
Overhead electric road: This scenario creates overhead electric road systems of 26,011 

km of main roads in the country for the benefit of trucks and buses. Vehicles will only 
have enough battery capacity to drive 70 km. 

Road-bound conductive: In the second scenario, the overhead electric road system is 
replaced by a conductive solution, which is not an overhead line but a road-bound solu-
tion that is expected to be less expensive in terms of infrastructure. Both cars and trucks 
can receive the energy directly from the road, consequently, the total battery capacity is 
significantly reduced. Vehicles will only have enough battery capacity to drive 70 km. 

Roadside conductive: Other than the systems mentioned above, side charging means 
that an arm is pointing to the side of the vehicle. While this alternative is very dangerous 
for pedestrians and cyclists, it provides lower maintenance and installation complexity. 
Vehicles will only have enough battery capacity to drive 70 km. 

Road-bound inductive: The conductive scenarios mentioned above are replaced by 
an inductive-path, coupled solution. As vehicles can be charged while driving on all major 
roads, battery capacities can be reduced to provide a driving range of approximately 70 
km. 

Due to the uncertainty of the infrastructure investment cost and the fact that this 
study did not explore a specific path, three cost levels have been chosen to explore: the 
overhead electric road of infrastructure $1.1 M/km, road-bound conductive cost $0.7 
M/km, road-side conductive cost $1 M/km, and the road-bound inductive costs $2.2 
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M/km. In the literature, it is estimated that the maintenance cost is 1–2.5% of the initial 
infrastructure investment cost. Overhead electric road, road-bound conductive, roadside 
conductive, and road-bound inductive maintenance and repair costs are assumed to be 
$16,000/km, $11,000/km, $15,000/km, and $33,000/km, respectively [43,46]. Figure 3 shows 
the total investment and maintenance cost for 26,011 km of ERS infrastructure. 

 
Figure 3. Total investment and maintenance cost to install 26,011 km of ERS in Turkey. 

The gross domestic product (GDP) in Turkey was worth $869.7 B and $720.1 B in 2016 
and 2020, respectively, according to official data from the World Bank [82]. The total cost 
for implementing ERS is $18.2 B. 

4.2. Vehicle Fleet Scenarios 
With the detailed breakdown of the Turkish transport sector in Table 2, it is possible 

to develop various scenarios for the transport sector and thus compare electric roads with 
battery-powered electric vehicles with conventional fuel types diesel and gasoline. 

In the first scenario, it is assumed that existing vehicles continue to use diesel and 
gasoline. 

In the second scenario, the electrification of road transport is provided by batteries 
only. As a penetration rate defined for electric vehicles, it is assumed that 50% of existing 
cars, vans, buses, and trucks are converted to battery electric vehicles. Vehicles weighing 
up to 2 tons are assumed to have sufficient battery capacity to travel 300 km, and a net-
work of 400 V, 125 A, 50 kW, typical medium-power DC charging stations are installed 
across the country. Trucks and buses used in the city are assumed to have a battery range 
of 300 kWh and 450 kWh, respectively, to cover a full day. Long-distance trucks assume a 
battery capacity of 500 kWh and can travel 200 km; however, waiting 40 min for charging 
is unrealistic. To avoid this, replacing the truck with a fully charged one has been imple-
mented for this scenario, although this represents additional cost. In the third scenario, all 
vehicles in Scenario 2 were converted to battery electric vehicles. 

In Scenario 4, it is assumed that the vehicles in Scenario 2 are converted to electric 
road vehicles with the same battery capacities. In Scenario 5, it is assumed that 100% of 
the vehicles in Scenario 4 are converted to electric road vehicles. In Scenario 6, it is as-
sumed that the battery capacities of the vehicles in Scenario 4 are reduced to 70 km and 
converted to electric road vehicles. In Scenario 7, it is calculated that 100% of the vehicles 
are converted to ER vehicles. 

The list of scenarios implemented in this study is summarized in Table 4 with a brief 
description of each scenario. This study aims to analyze the long-term economic impact 
of the ERS application by making a feasibility study. For this reason, conversion penetra-
tions are considered in 50% or 100% of existing vehicles. 
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Table 4. Summary of the scenarios analyzed in this study. 

Number Scenario Name Description of the Scenario 
S1 petrol vehicles 99.9% of the diesel and petrol vehicles 
S2 battery electric vehicles 50% of the cars, vans, buses, and trucks are converted to battery electric vehicles 
S3 100% of the cars, vans, buses, and trucks are converted to battery electric vehicles 
S4 ER vehicles (big battery) 50% of the cars, vans, buses, and trucks are converted to ER vehicles 
S5 100% of the cars, vans, buses, and trucks are converted to ER vehicles 
S6 ER vehicles (small battery) 50% of the cars, vans, buses, and trucks are converted to ER vehicles 
S7 100% of the cars, vans, buses, and trucks are converted to ER vehicles 

4.3. Managerial Implications 
For a detailed calculation, Turkey is used as a case study, comparing not only electric 

roads with battery electric vehicles or large batteries but also gasoline and diesel vehicles. 
The two of the most important benefits of all of these are not only affordablility, but also 
those electric car roads that could facilitate the electrification of heavy-duty transport, 
such as buses and trucks. That is a significant add-on benefit for cars, but buses and trucks 
are included in the study. The results of various ERS, fossil fuel, and battery electric vehi-
cle scenarios (Table 3) are shown in Figure 4. The total annual energy cost for all types of 
land vehicles for Turkey in 2020 is approximately $48.5 B/year. Figure 4 also shows the 
CO₂ emissions for each scenario, with the smallest CO₂ emissions in Scenario 7. Naturally, 
the ER process would be of limited green benefit unless the electricity being supplied to 
the vehicles was already from a green source. Electric cars can be much greener than their 
petrol equivalent but only where care is taken that the electrical source is better for the 
environment than the petrol it is replacing. However, Turkey has an ever-improving mix 
of solar PV, hydro, and wind energy—one of the greenest energy supplies in any country 
in the world. 

 
Figure 4. The societal cost of the different scenarios for 15 years. 

As seen in Figure 5, in terms of costs, large battery electric vehicle S2 and S3 scenarios 
are more expensive than petrol S1 scenarios. However, more importantly, the ERS scenar-
ios are cheaper than the corresponding battery electric vehicle scenarios. For example, if 
50% of all vehicles are converted to ER vehicles with a small battery, S6 scenario energy 
system costs are reduced by approximately 8.5%. 
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Figure 5. Various penetrations of ERS by the electricity and fuel costs, based on the year 2040. 

Due to the use of much smaller batteries, battery savings should also be taken into 
account; there are two important features for batteries: unit price and range. The range 
assumed, here, for a typical electric vehicle, today, requires a range of around 300 km. 
Typically, the efficiency of an electric vehicle travels around 7 or 8 km for every kilowatt-
hour battery. It is a relationship between how big is the vehicle’s battery versus how much 
distance has to be traveled; for a 300 km range, we assume a 30 kWh battery. 

The second really important thing is the unit price assumed to build such battery. In 
other words, how much should be paid per kilowatt-hour to make the battery? The reason 
that the unit price of batteries so important is because, today, batteries are produced at 
around $500 per kilowatt-hour [43,80]. However, according to the literature, in the future 
many scientists predict that this can be reduced quite significantly. The lowest price ever 
estimated per kilowatt-hour is $100. In this article, it is assumed the average of these, for 
this simple calculation, is $300 per kilowatt-hour. The total contribution of the battery to 
the vehicle price is around $9000. Although a range of 300 km is used in this study, when 
electric roads are activated, this 300-km range will no longer be needed. 

When ERS is put in place—assuming that the electric vehicles require only 100 km of 
range—that the battery price will be only $3000. That means saving $6000 for every elec-
tric vehicle sold. A relevant question is how many ER vehicles would need to be sold with 
smaller batteries to justify the construction of the ER versus not constructing the road and 
buying much bigger batteries. There are a lot of variations identified by more than 10 
different companies that are currently trying to develop different forms of electric road 
technology. Although there are many uncertainties around this, the development price of 
about $1.5 M/km for one-way travel is assumed. Electric roads are a very affordable pro-
ject to undertake as a society because of the savings the public receives from smaller bat-
teries. We estimate a of cost $39 B to construct the 26,011 km of electric roads needed for 
all Turkish highways. That is a huge number, but, to finish this story, one needs to con-
sider how much money can be saved subsequently from electric roads, once built. 

The construction cost of $18.2 B is divided by the $6000 saved for every sold vehicle. 
It shows that 3 million electric vehicles with smaller batteries need to be sold and the the 
saved money used for the business of ERS rather than relying on bigger batteries. 

Three million electric vehicles may seem ambitious, but in 2017 the number of cars 
sold in Turkey was 956.194 (excepting buses and trucks) [83,84]. If 1 million cars sold every 
year in Turkey were to be electric and have smaller batteries, within 3 years enough would 
be saved to electrify all highways and main roads in the country. If society stops spending 
money at the individual level on bigger batteries and instead spends money collectively 
on electric road infrastructure, a small battery and an electrified road infrastructure can 
cost less than a larger long-range battery. 
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The benefits do not only concern cost; there is a huge amount of additional benefit 
that comes with electric road infrastructure. The first benefit is, in theory, that ERS pro-
vides an unlimited range for electric vehicles. If an electric road is built from Istanbul to 
Ankara, the capital, then an electric vehicle can travel on one single charge from Istanbul 
to Ankara city. The other major benefit is enabling smaller batteries in electric vehicles. If 
electric roads are provided, then an electric vehicle will only need enough battery to reach 
the electric road rather than its final destination. That means the battery capacities can be 
significantly reduced and, therefore, significantly reduce the cost of electric vehicles. Fi-
nally, perhaps the most important benefit of ERS is that would enable us to electrify all 
forms of road transport, which means not only cars can be electrified, but also heavy-duty 
vehicles, such as buses and trucks. It will be a huge breakthrough in the sustainable tran-
sition because renewable energy resources, such as hydro, wind, and solar power, can be 
used to provide electricity to drive heavy-duty transport, which currently does not have 
an affordable and obvious sustainable alternative. 

CO₂ emissions are reduced in all scenarios that include increased penetration of bat-
tery electric vehicles and ER vehicles. Yet, it is accepted that the carbon emitted in the 
production of batteries and in the generation of consumed electricity of electric vehicles 
that do not produce CO₂ while operating is greater than that of diesel vehicles. It takes 11 
to 15 tons of CO₂ to produce one battery-electric vehicle battery. Assuming that this bat-
tery is used to travel 15,000 km per year for 10 years, the CO₂ emission per kilometer is 73 
to 98 g. 

4.4. The Sensitivity Analysis of 2040 Cost and Price Elasticity 
The following results are based on high battery and low fuel costs by 2021, but battery 

costs are expected to decrease significantly in the coming decades and fuel costs are ex-
pected to increase. Other costs, primarily renewable electricity costs, are expected to de-
crease, while CO₂ prices are expected to increase. Each of these key trends will have a 
major impact on each scenario, so the same scenarios are repeated in this section using the 
forecasted 2040 costs in Table 5. The results using 2040 costs for the 2021 model with var-
ious battery and fuel levels are presented in Figure 5. 

Table 5. Electric Vehicle and Battery Assumptions for 2021 and 2040. 

  
Type of Vehicle 

Electric Road System Battery Electric 
Cars and Vans Trucks Buses Cars and Vans 

power capacity(kW/vehicle) 30 200 200 30 
battery life (Years) 10 4 4 10 

conversion cost to ERS ($/vehicle) 2000 10000 10000 - 

distance to cover with battery 
2021 100 km 100 km 100 km 300 km 
2040 100 km 100 km 100 km 500 km 

battery unit cost 
2021 137 $/kWh 
2040 73 $/kWh 

fuel cost 
2021 1.09 $/kWh 
2040 1.5 $/kWh 

electricity cost 
2021 0.059 $/kWh 
2040 0.050 $/kWh 

The cheapest scenario now comes with the conversion of all road vehicles to electric 
road technology, which reduces the cost of the energy system by almost 63% compared 
with the current scenario for the present. 
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5. Conclusions 
The purpose of this work was to investigate whether roads can be developed and 

made smarter to promote greener, more electric vehicle traffic, and better energy distri-
bution in the road area. One of the main goals of ERSs (electric road system) is to reduce 
vehicle costs by reducing the size of the battery required in electric vehicles. The ERS sce-
nario developed for Turkey in this study requires the establishment of an ERS infrastruc-
ture of 26,011 km to reach the electric road at a distance of 70 km from anywhere in the 
country. The cost of implementing this infrastructure is approximately $19 B, and the an-
nual operating maintenance cost is approximately $286 M. However, these figures are rel-
atively small when compared with battery and vehicle costs; it would be possible to install 
ERS in Turkey with 3 years of vehicle costs by the average of 2021 prices. 

Consequently, ERS vehicles are cheaper than the corresponding battery electric ve-
hicle scenario under all assumptions. This shows that, for Turkey, a combination of elec-
tric road infrastructure and smaller battery-electric cars is cheaper than bigger battery-
electric cars. According to the results of the sensitivity analysis study, if the battery, fuel, 
and renewable energy costs improve as expected in the future, electrified roads will be 
much cheaper than oil. 

To figure out all the pieces of the puzzle it is necessary to educate the market, deal 
with standardization, regulation, and to teach many students, from which to gain new 
knowledge. Additionally, the electric companies and the grid companies need to work 
together to figure out how best to deploy this technology in terms of the grid requirements 
at scale. What is interesting about this technology is how it fits into each different type or 
use case, such as for long-range vehicles. Long-haul trucking companies, traveling be-
tween states or between countries, want extended mileage. They are limited today by ve-
hicles’ battery capacities and how often they need to charge. Buses, too, operate on fixed 
routes; it makes perfect sense for them to be able to charge while driving and reduce 
downtime. The simulation study was limited to the main highways and so the demand 
for petroleum cars will be long lasting for all those that will not use frequently the electric 
roads. 

This is the first study that analyzed the economic impact of the implementation of 
26,011 km of electrified Turkish highways and divided roads. Therefore, many areas re-
quire further investigation, in terms of road types and installation, operation, and mainte-
nance costs before concluding that electrified roads are the optimum solution, in practice. 
However, a deeper study is thus required regarding the costs of the various alternatives 
presented concerning the electrification of all the country’s roads. When evaluating how 
to decarbonize the transportation sector, e-roads will present an important alternative to 
decision makers and investors, in the future. Various ERSs have been developed over the 
last 5 years, so more robust economic and technical data are likely to be available as vari-
ous tests are concluded in the next decade. 

Despite the potential limitations of this study, we have determined that electrified 
road systems are, under all assumptions, less expensive than the relevant battery electric 
vehicle scenario. In addition, a combination of ERS and smaller battery-electric vehicles 
are cheaper on their own than larger battery-electric cars. It can be concluded that the 
installation of an electric road system can improve the performance of vehicles in terms 
of battery degradation and energy consumption. However, research to determine whether 
a different approach to ERS layout should be the subject of future study, and will be pub-
lished in a later paper. Moreover, it remains an open question whether this result can be 
transferred to a large area from small-population countries. Additionally, in future stud-
ies, different scenarios should be analyzed by taking into account international traffic 
flows in cross-border standardization. 
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